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Abstract

One of the key challenges to boost the progress of sustaiadtblmative
energies and sustainable transpsithe development of environmentally friendly,
low-cost and safe lithiuAon batteries (LIBs) with in@aseé energy and power
densities.To promotethe largescale diffusion of thdow-fuel consuming vehicles,
such as hybrid electric vehicles (HEVAnd totally electric vehicls, the
development of advanced LIBs with speciéinergyhigher than200 Wh kg' is
necessaryo achieve longlectricdriving range Approaches to increase the energy
density of a batteryare the useof highvoltage and/orhigh-capacity cathode
materials and LiNiyMn; 0, and LiNiysMn; 0, are amonghe most promising
cathode materials fahe high theoretical specific capacity of 147 mAhand high
nominal operating voltage of 4.7 V¥s. Li*/Li. The combination witha graphite
anode shoulgield full cells with specific energy higher th&200Wh kg™. Despite
their appealing propertiese.g. low cost, environmental friendlinesand good
safety the major concern that limits the use safch materials is theireactivity
towards conventional electrolytes, which are prone to decompose at high potentials
leading to thick surface layem the cathodendresulting incapacity lossSince
advanced electrolytes stable over 5 V are under investigation but notajitotey
several strategies have been pursued to address the interface instability issues

This PhDwork, developed in the franwf the EuropealPAMELIE Project (FP7
Transport)andthe ENEA-MSE lItalian Project deals withthe development of high
energy andpower LIBs featuring higivoltage LiNig/Mn; O, (LNMO) and
LiNigsMn; 5O, (LNO5MO) cathods, mainly for HEV applications. &rting from
the challenging study focused on some cell components, sudckeetsolyte,
separator, conductive addi and electrale binder, whose selection is greatly
important whenLNMO and LNO5MO cathodes are involved,ulf cells with

graphite anodewere assembled and tested according to the U.S. Department of
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Energy (DOE) protocols in view @dhe use oSuchLIBs for powerassistHEV and
plug-in HEV (PHEV) applications.

Fluorinated materials were proved to play a key role for the electrochemical
performance of graphite//LNMO cellg.was demonstrated thdte use of LF30, a
carbonatebased electrolyte witthe nonconventional (Li[(GFs)sPF;]) lithium salt,
even in presence of SEdrming additives, and of thesinforcedpolyvinylidene
fluoride macrporous membrane (PVARCC) as separatosignificantly improwe
the rate capability, cycling stability and sdichargeof the cells with respect to
those with the conventional LP3@based electrolyte and the commercial
polypropyleneCelgard2400 separator

The studyon the effect of different conductive additives on the cycling
performance of LNOSMO composite electrodes testetd P30 demonstrated that
homemade partially @duced graphene oxide (pRE@nd commercialRGO
improve the electrode/electrolyte interface byiagtas a protective barrier that
hinders the formation of a thick passivation layer of low electronic conductivity on
the cathode surface due to the si@actions with the electrolyte.

The study a the effect of watesoluble carboxymethyl cellulose (CMC) binder
carried out during theix-monthinternship aHelmholtz Institute Ulm proved that
CMC remarkably improve the cycling performance IONO5MO composite
electrodes especially upon leterm cycing in LP30 compared to those having the
most widely used PVdF binder

Furthermore the results of characterization tegtsrformedaccordingto the
DOE protocols demonstrated that graphite/LNMO and graphite//LNO5MO cells
canmeet the E targets of engy and power fopowerassistHEVs andplug-in
HEVs. Outstanding results were obtained with graphite//LNMO cells featuring both
electrodes with optimized composition and mass loasliitgible for the scalap of

batteries for higkenergy demandinglug-in HEV applications.



Chapter 1.  Introduction

1.1 Overview

Nowadays the arthropogenic emissions of grebouse gase{GHGSs) are
higher than ever and are largely determinalignate change Emissionsdue to
energy consumptionaccount for threguarters of theanthropogenic GHG
emissions,and CO, contributes for about 60% to the global emissidHsSince
fossil fuelsare the mainprimary energy supply and the main source of ,CO
emissionsthe growing engy demandstrongly influence the upward trend in CO
emissions and, thethe shift from a fossifuel economy to a lowearbon economy
is mandatory. This can be feasible by boosting the progress of sustainable
alternative energies and sustainaisémsport? For instance automotivetransprt
accounts for more than 204 CO, emissionsin the 27 Member States of the
European Union (EU27Beveralmeasures have been introducedttey European
Commission to reduc€O, emissions frommoad vehiclestesponsible fomore than
70% of the transpbrenergy consumption in the EU27. The suggested target to be
achieved by 2020 is 9§(CO,)/km.®! Accordingto the 7th Environment Action
Programme (EAP), thelR7 ageed to achieve a reduction of at least 209 HfG
emissions by 20200 ensure that 2@ of energy consumptiorelies onrenewable
enegy.!

Renewable energy sources, such as solar or wind power, are inherently
intermittent and, hence, require high efficient energy storage systemddress
timely load demand and add flexibility in load managemasitwell asto be
competitive with the converanal fossil fuels. In this scenario, the electrochemical
energy storage systenmay a crucial role and have a significant potential to

influence the future fossflel demand in the transport sector andbster a greater
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penetration of the renewable egye Amongthese systems, batteries apecellent
energy storage technology for the integration of renewable soimroelsctrical
energysystens.”! Energy returrfactor and overall energy efficiencgre thetwo

key parametergor the choice of suitabl®attery system forstandalone power
plants.According to the estimation of energy return factors and energy efficiencies
carried out for eight different battery technologies usestandalone photovoltaic
(PV)-batterysystemt® lithium-ion batteriegLIBs) canprovide the highest overall
battery efficiencywith respect taonventional batteries, e.g. leadid and NiMH,

and arealsoexpected tallow highenergy ratrn factos. LIBs arealsoconsidered

the best option as power sources for H4emvission electric vehicles (EVs) and
hybrid electric vehicle (HEVs)."! Despitethe widespread success consumer
electronics markethe largescale diffusbn of LIBs for EVs andHEVs market is

still sluggish Many improvements in terms of safety, cost, cycle life, power and
energy densityand faster charge timeare still neededto meet the increasing
automotive energy demand and, hertoeanake EVs and HEVs competid with

the vehicles driven by the conventional internal combustion engine (ICiE).
development of advanced rechargeablBsLis thus one of the most important
challerges of modern electrochemistty make vehicle electrification even more
penetrating irworldwide society.

HEVs arebasedon thesynergic combination oan ICE andan electric motor
which ispowered bya batterysystem. The wheeld the car are driven by both the
ICE andthe electric motor. HEVs combine the benefits of high fuel economy and
low emissions with the power and range of conventional vehidiegrgy
requirementsof the battery systenmighly depend on the level of powaain
hybridization and the unassisted electric driving rangeere are basically two
types ofHEVs: powerassist HEVs and plumy HEVs (PHEVS).

Powerassist HEVs the most mature technology and already marketed by

several car manufacturensse the bagry system dring acceleration and braking
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and operate in a very dynamic mqadeamely chargesusgaining (CS) mode.The
battery is used only foshort time and kept within an almost constant state
charge, since it receivesnergy pulses from regenerative braking tom the
engine.ln powerassist HEVghe battery provides an extpwer to the IE that is
kept at a constant power level and auxiliary power when idklogvever, in HEVs
the primary vehiclarive power source is still the gasoline.

PHEVs are the next step towagelectric mobility because thegan enable all
electric driving rangéabout 10 to 40 milem current models PHEVs caroperate
bothin charg-sustainingmode, similar to HEVsyhen the battgrsystem reaches a
set statef-charge(SOC) and inchargedepleting(CD) mode with a net decrease
of the battenylSOC The batterycanbe charged by plugging to an outside electric
power sourceby the ICE or through regenerative brakiikg in HEVs.

The fully electric vehiclesHVs) havethe highest degree of electrificatiorhey
arepropelled by one or more electric motors that receive power from the onboard
battery thatprovides more energy than PHEWAn extendedrange EV (EREV)
operateessentilly like a battery electric vehicleBEV) for a certain driving range
when the batterys dischargedan ICE powers armlectric generatofor seveal
hundredkilometres of extendedange drivind®

While the powerdemand for the battery system is almost the same for power
assist HEV and PHEMhe energy demandylihe latteris significantly higheisince
it operats alsoin chargedepleting mode. ThpresentLIBs canthuswidely satisfy
the energy demandsf HEVs but not those of PHEVs thiagquirethe use of high
energy density batteriesver 200Wh kg* to achieve longer electrdriving range
and meet the high energgnd powerdemand of such vehicledloreover, the
environmental benefits of thedgpes of vehicles increase if they are powered by
electricity from renewable sources.

Given that he batteryenergy(E) depends otthe capacity @) andthe operating
voltage V) of the cell,according to th&quation 1.1
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E=V T OQ (1.1

it can be impoved by pursuing mainly two strategies One strategy ighe

increase of cell voltage bysingcathode materials thd¢ature high potential(>

4.5 V)of Li* de-insertiorfinsertionreactions Anotherstrategyis theincrease of cell
capacity by using highcapacity cathode materialg.g. lithium-rich oxide$ or

developng battery chemistriesthat can reachspecifc energymuch higherthan
those ofthe stateof-the-art LIBs. In particular lithium-air and lithiumsulfur

batteries withtheoretical value of 5200 Wh Rgandof 2500 Wh k¢, respectively,
couldmeetthe energy demand &ill electricvehicles® !

1.2 Lithium -ion batteries

The operatingprinciple of rechargeabldithium-ion batteres is based on the
reversible isertion/de-insertionof lithium cations between two electrodeth the
concomitant electron transfer process (Figure 1DLlxing the discharge lithium
ions are extracted from the negative electrode and inserted imoghive or; the
reverse process takes place during tharge Such a type of battery waslled

"rocking-chairbattery"!

5 +
22
? Li conducting *
Li,Cq organic Li,,C0,

Copper current electrolyte Aluminum
collector current collector

Figure 1.1. Scheme of a commercial lithimn batteryduring dischargeReprintedfrom ref. [7],
Copyright(2010, with permissiorfrom Elsevier.
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Most of the commercially availableLIBs are based on graphite anode,a
lithium-metal transition oxide cathode, such akiCoO, (LCO), and a Li"
conductingelectrolyte solutiorconsisting of a lithium salt (e.g. LiBFin a mixed
organic solvent (e.g. ethylee carbonatalimethyl carbonae trapped in a
polyolefine membrane as separator.

Although graphite//LCO battery is one of the most widely used litham
battery it displays an operating voltage of ca. 3.7 V anovidesa specifc energy
of 100150 Wh kg* that cannot fulfil the energy and power demandEdfs and
PHEVs!

Graphite is so far considered the negative electrode of choice for its appealing
propertiesj.e. relatively high specific capacity (thesiical value 0f372 mAh @),
low average redox potentialose to that of lithium metg0.1 V vs. Li*/Li), long
cycle life, highionic/electronic conductivity, and low cost. Even though its
gravimetric energy density cannot be further increased, iglehithan that of any
practical cathode material and no cathode withsiderablyhigh specific charge
(> 400 mAhg?) is yetavailable!™? therefore it is generally accepted by the battery
community that graphite electroslavill continue to be the most important and
relevant anodein LIBs for EV applications®® Giventhat cathode materials are the
limiting factor for the energy density in lithium battery sysiéne research efforts
are mainly devoted to develop suitable catlsotte improve LIBs'energy and
power. The combination o highvoltage cathode material with graphite anode
should allow fullcells with specific energies higher than 200 WH.kg

1.3 Cathode materials for lithium-ion batteries

Tablel.1 reportscapaciiesand averagdischargepotentias vs. Li*/Li of several
cathode materials for LIBS he main categories of cathodeateriat are layered

oxides, spinel oxideandphosphatesf transitionmetal****!



6 Chapter 1

Table 1.1. Capacity and average discharge poterstial */Li of several cathode materials.

Practical discharge Practical
Material midpoint potential specific capacity

(V vs.Li*/Li) (mAh g™
LiCoO, (LCO) 3.9 150012
LiNiO, (LNO) 3.8 16016
LiNi 1.x.yMn,C0,0, (NMC) 3.7 17002
LiNi.6C0p.15A1 0,002 (NCA) 3.7 20012
LiMn ,O, (LMO) 4.05 130012
LiNi o sMn; €0, (LNOSMO) 47 130112
LiNi 9 sMny O, (LNMO) 4.7 13017
LiFePQy (LFP) ~3.45 16008
LiaVo(PO)s (LVP) 3.8 1301
LiM nPQ, (LMP) 4.0 15020
LiCoPQ, (LCP) 4.8 130042
?l\l;li iMSi(,) églg(rz;ik/l/l(r?)z(LRNMC) 3.75 225
0.6 LMP-0.4 LVP 3.80 13024

Layered oxide materials pioneered by LiCog) featurethe LiMO, structure
where Mcould beCo, Ni, Mn, or a combination of thesaetals?? Becauseof its
very goodcycling performance, low setfischargeliCoGQ; is the most widely used
cathode material in LIBBr electronic market.CO's major limitations are the high
cost due to the lowobalt availability, low thermal stability, and fast capacity
fading at high currentsnlorder to overcoméheselimitations, very crucial for
automotive applicationsLiNiO, (LNO) was proposed However, the LNO's

structural instability due to thendency oNi** cationsto occupy L sites (similar
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ionic radius) during synthesis and#telithiation, thusobstructing LT diffusion, led

to the develomentof LiNi 15C0ysMNny0, (NMC) and LiNpgCap 15Al5.0602 (NCA).
Their appealing propertiesuch asow-cost, highcapacity and good rate capability
make NCA and NMCparticularly attractivecathode materialgor automotive
applicationsindeed, NCAis used in Panasonic batteries Tesla EVs'?

The major concermof layered oxide materials is thetructural reorganization
and, hence, somspinel crystal structure materiglsvhich also enable higher
working potentials than layered oxideaterials have beernntrodued because of
environmental friendliness, good safety characteristics, and high power
capability™® LiMn,0O, (LMO), which is the most common spinel material in
commercial UBs, displays a working potential @bout4.0 V.t crystallizes in the
spinel structurd-d-3m where Li and Mn cations are located in tetrahedral (8a) and
octahedral (16d) sites, respectively, in a cubic efmmeked array of oxygen atoms
(32e sitesF? Although LMO showshigh rate capabilityjt suffers from ahuge
capacity fading due the stictural transition from spinel to tetragonal structure
causedby the JahnTeller distortion of MA" ions, and the dissolution of M#ions
into the electrolyteThe partly replacement of Mwith other metal iongrovedto
effectively improve the LMO'sperformance andhe most promisingcathode
material of this class ithe highvoltageLiNiosMn, 0, **! (LNO5MO), wherethe
high working potential of approximately 4.7 . Li*/Li is due tothe reversible
oxidation ofNi** to Ni** andof Ni*" to Ni** during lithium deinsertion.The high
electronic and Li ion conductivities,good rate capability and safety, make
greatly attractive mainly forhigh-erergy density LIBsfor PHEV and EV
applications Despite these appealing properties, tiegor concerrthat limits the
commercialization of these LIBs isthe electrochemical instability othe
conventional electrolystowards oxidatiorat potentiahigher thard.5 Vvs.Li"/Li.

Lithium-transition medl phosphate&iMPO, (M = Fe, Mn, Co or Niwith the

olivine structure(Pnmg werefirstly investigatedoy Goodenougtet al’*!! Besides
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their environmentally friendliness, LiMROmaterials exhibit high thermal and
chemical stability,and low cost The thermal stability is provided byé strong
covalent bond between oxygen aptiosphorusions that makes diffcult the
removal of oxygen atoms from the lattiddowever, the major dravackof these
cathodes ighe intrinsically low ionic and electron conductiyit Some strategies
werethuspursuedn orderto facilitate their kinetics as tinsertion electrodesuch
asthe synthesis ofhe materials in nanoscale forrthe use of carbon layer tmat
the particle surface andthe doping of the material with a different elemant
LiFePQ, (LFP)was the first member of olivine materialwidely investigateagandit
is now used in commercial LIBs for its excellent rate cydiaband safety features
Moreover, LFPtodayreaches almost the theoretisakcific capacity (170 mAhy
in real operating conditionddowever, the low working potential (34 V vs.
Li*/Li) significantly reduces EP's energy density on the cédvel. Moving to
olivine materialscontainingmanganese (LiIMnPQ LMP), cobalt LiCoPO,, LCP)
or nickel (LiNiPO,, LNP), whichwork at highredox potentialsmay improve the
cell energy densityHowever,LNP is not a realistic alternative as cathode materi
due to its high working potentiaf 5.2 V vs. Li*/Li and LCP needsof extensive
efforts to developotha reliable synthesianda suitableelectrolytesystems*® For
these reasos, the current research is devotedLidnPO,. It displays the same
theoretical capacitpf LFP and aworking potential of 4.1 Ws. Li*/Li that falls
within the electrochemical stability window of conventional electrglyteaking t
inherently safeland more stabland attactive than LCP and LNPNevertheless
LMP shows poor cycle stability and rate capabititye tothe low intrinsic electric
conductivity, and many issues have still to be solved before LMP becomes the
cathode of choice forigh-energy lithium-ion batteries forPHEV and EV
applications. 8veralstrategies have been pedl to enhanceMP's electrochemical
performancethe synthesis ofiano sie particles,thetransition metal siter Li-site

doping and the carboncoating of theparticle surface®™ More recently, another
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strategywasproposedli.e. the synthesis of a composite material composed of LMP
and LgV,(PQy)s (LVP). LVP, known for its excellent cycling stabilityeatures a
high theoretical specific capacity of 197 mAhghen three Liions are reversibly
deiinserted/inserted in the potential range-8.8 V vs. Li*/Li. However, it is
preferred to limit the charge at potential lower than 4.5 V in order to timeit
electrolyte decomposition and tmprove cycling stability therebyconsequently
decreasing the LVP practicalapacity!® The LMPLVP (LMVP) composite
materialleads to a cathode materi#that should combine the attractipeopeties of
the single componentshe great cycling stability andhe rate capattity of LVP,
which also shows higher conductivity than LMRnd the high and safe working
potential of LMP, thus improving theelectrochemical perfmmance of the
material®?®! Even thoughthe LMVP composite materialdisplays greater
electrochemicaperformance than those of pristine LMBrtherimprovements are
needed to achieve a LMBased cathode with outstanding properties.

Li-rich oxides are also taacting great interest as they displaigh specific
capacity For instance, Xxl,MnOs-(1-x)LiIMO, (M = Ni, Co and Mn) (LRNMC) is
a notableexample of this group of compounds displays an average working
potential of about 3.8 V and a reversible speéic camcity of 225 mAh g
However, lithiumrich oxideswithstand arirreversible capacity I@sduring the first
charge the secalled "activation”, which results in destabilizingtructual
reorganizations and partial loss ofoxygen from the structure at the surfanear
regions of particlesThe structure is alsexposedo transition metamigration and
formation of defective spinel domainghich lead to fastcapacity fading and

gradualvoltagedecay™?

1.3.1High-voltage cathode materials: LiN /Mn; 04 and LiNigsMn ;0,4

Spinel LiNigsMn; 5O, (LNO5MO) is one of the most promising higloltage

cathode materials for the development of higlergy lithiumion batteris for
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PHEV and EV applicationst>#*?"?8lin particular, the great interest ftire spinel
LiNi,Mn,.04 (0 < x < 0.5) was first highlighted in 1997°*% LN05MO's high
nominal operating voltages due to the reversible oxidation of NiNi** and
Ni**/Ni** that occurs at 4.70 andl75V, respectively, during the process of' Li
insertion/deinsertion. The high operating voltage and the hitjeoretical specific
capaity of LNO5SMO (146.7 mAh ¢) shouldenable to provide theighestenergy
densitiesamong the commercially available cathode matgrialg. LCO, LMO,
LFP andNMC .3

LNO5MO is also competitive from the point of view of thbattery costs
Lithium-ion batteriesfeaturing LND5MO cathods arethe cheapest amongBs,
along withLR-NMC- based batterid¥? as showrin Figure 1.2.

Il Cathode
S NCM [ Cen

I Electrolyte
Curr. collec.

" Separator
I Process
"I LNOSMO | overhead

S P
P L cP
W i S i
DI NVFP/HC
W SR-NCM/HC
VIS SR-NCM/Sn

100 200 300

Cell cost ($/kWh)

Figure1.2. Cost stimation on battery cell levaitashed regions indicate rough estimates due to

unavailable cost data and notation marked in red denote other negative electrode than graphite.

Reproducedvith permission fronref. [12]. Copyright 2015, The Electrochemicabciety.

Depending onsynthesis conditios) LiNiggMn; 0, can cystalize in two
crystallographic structures: the facentredspinel ¢d-3m), namely the disordered
spinel, and the cubic phade4£32), namelythe ordered spinelshown in Figure 1.3.

In Fd-3m disordered phase, Ni and Mn atoms are randomly distriboté@d sites
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with Li and oxygen atoms occupy 8a and 32e sites, respectindP;32 ordered
phaseNi and Mn atoms ardistributed regularlyon 4a and 12d sites, respectively,
Li atomsare locaedin 8c sitesandO atomsin 8c and 24e siteé\n orderdisorder
phase transition can occhy annealing procesassociated with a loss of oxygen
that lead to the reduction part ofMn*" ionsto Mn** to keep the electric neutrality.
The disordered phase withe oxygen deficiency is usually considerasl nor
stoichiometricLiNi o sMn. 045 phase where NiO and.i,Ni;,O can also appeas
undesired impuritiesin the final product and can worsen LOBMO's

electrochemical behaviofir?*

[ Fd3m ®)

hT a

¢

@Li
@ Ni/Mn
@0

Figure1.3. Structure of disorderédNisMn, 0, in Fd-3mdisordered ané4,32 orderechhase
Reproduced form ref32]. Copyright2013with permission of Springer.

The presencef Mn®" affects the electrode performant®hereasts larger ionic
radius with respectto Mn** results in anexpanded lattice thatenefits fast Li
diffusion, Mn®*" may leadto the formation of MA" via disproportionation reaction
the Mn?* dissolves into the electrolyte mostly at high temperaturesausing
importantcapacity los®ver cycling ®*? The amount of MA" in LNO5SMO's spinel
structure can be quarigfl by the characteristic platean the voltage profilef the
Mn**/Mn** redox couple atabout 4.0 V. However, it is demonstrated that
LINO5MO Fd-3m disordered phase exhibissiperiorelectochemical performance
than theP4;32 ordered or*"*! This was explained by the investigation of the

structural changes that boFrd-3m and P4;32 phases undergover cycling®"*
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During lithium extractionupon clarge processwhile LiNigsMnysO4y (Fd-3m)
undergoesa onestep topotactic phase transition beten two cubic phases,
LiNigsMn; 504 (P4532) undergoes dwo-step topotacticphase transitioetween
three cubic phasdeading to a much higher strain during cyclinmgrticularly at
high ratesThe Li extraction inP4332 causes disordering of the Ni and Mn ions
with the structural transfonationfrom P4;32 to spineFd-3m of low reversibilityat
high rates P4532 thus shows a structure similar to that Bfl-3m at fully charged
state.

Patouxet al’*% introducedthe disordered LiNiMn, O, (hereinafter called
LNMO) and prepared it withoutany impurity. Owing to its remarkable
electrochemical properties even at high rat®$MO appearedvery attractive for
nextgeneration LIBs. They proposed successfll V-high-energy cells by
combining theLNMO with graphite anode and 3-8&fe and power cells by
combiningit with Li4TisO;, anodeln LNMO the oxidation of MA" ions at ca. 40
V vs. Li*/Li contributes with one fifth to the capacity of the materiaindthat of
Ni%* with four fifth. The LiNiy.Mn; ¢O4/Nig.aMn, O, redox couple alsdlisplayed
high structural reversibility

Although LNMO and LNO5MO are very attractive andtheir use as cathode
materials in higkenergy lithiumion batteries isfeasible their high operating
voltage makes critical the use of conventiotelbonatebasecelectrolytes thatare
unstable toward oxidation at potensihigher than 4.5 Ws.Li*/Li. Since astanced
electrolytes are not yet commercially availalgesat research efforts adevotedto
optimize the existing electrolytes do develop new stable ones, as wellfind
strategies todevelop LiNi,Mn,,O, with suitable morphologyand ehanced

electrochemicgberformance.
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1.4 Strategies to improve the interface stability in LiNp4Mn1604 and
LiNi ¢ sMn1 504 electrodes

1.4.1Electrolytes and additivesfor high-voltage cathode materials

The most common electrolyte solution for LIBs is a mixturemfotic organic
solvents,such asethylene carbonate (EC) with dimethyl carbon@&1C) andor
diethyl carbonatéDEC), andLiPF; salt. The choice of proper electrolyte for LIBs
has to meet thdemand of performance parameters like conductivity, temperature
range ancklectrochemicastability. However, ECDMC- based electrolygare not
themodynamically stable anduffer from reductive decomposition on the surface
of lithium metal or lithiated gaphite The decompositiorproducts deposibn the
electrode surfaceluring the first chargecycle leading to the formation of a
passivation layer, namely solid electrolyte ifaee (SEI) that prevens further
electrolyte reduction whiléeing Li* conductor and electronimsulator®>* The
chemistryof electrolyte solutionsignificantly affects the nature of th protective
film. The commercialization of graphite has strongly influenced the choice of the
suitable electrolytdor LIBs, indeedthe combination of the organsolvents,such
asEC and DMC,with LiFPs facilitates the formationof a good SEI on graphite,
making LIBs commercially viablE®

EC is a mandatory component of the organic solvents due to its ufilque
formation ability. It decomposest potentiat lower tharl.5V vs. Li*/Li andforms
a protective laye on graphite surfacthat prevents the cintercalationof solvent
moleculeswithin the graphite bulkand, hencethe graphiteexfoliation. The
structure and stability of SEhusstronglyinfluence the new electrode surfaaed
the electrochemical performance of theaphite electrodeDespitethe protective
role of the surface layers towarthe sidereactions with the electrolyte, they could

alsocreate a barrier for Lions during charge/discharge ogstausing the increase
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of cell impedance and, theof, the capacity fadingf thecell.

The surface film formation and related phenomena are generally associated with
the anode side,albeit they also mvolve the cathodiccounterpart. The
cathodéelectrolyte interface, generally referred as "passivation film" or "surface
layer", should show the same physicochemical propedieSEI formed on the
anode According to Aurbactand ceworkers®"*® which widely investigated the
nature of electrode/electrolyte interfacthe reduction procesef carbonatebased
solventsmainly lead to the formation of LCO;, lithium alkyl carbonates (RCi),
lithium alkyl oxide, andbf othersalt byproductdike LiF andP-containing moieties
for LiPFs-based electrolyte§ he oxidation of EC and DMCausehe formation of
new compounds, which include open chain organicbarsates, aldehydes,
formates dimers and oligomer<CO, and COcanalso be formed ago-producs.

All the formedoxidationproductsaccumulate in the bulk solutionlowever, during
prolonged oxidationvhich likely develops in Liion battery operatig condition, it

is expectedthat long chainpolycarbonate may be formed and precipitate on
electrode surfacd$’

Electrolyteis very sensitive to impuritiesshich strongly affect its stabilityIn
particular,LiPFg which isin equilibrium with LiF and PE(LIPFsz Li Fo)*¥ PF
can react with trace amounts of wagesentinto electrolyte, leading to the
formation of HFand POk (PK + HO R 2 HF + POR).

PF; is a strong Lewis acid which can lead to the ring opening of EC cyclic
carbonate andanalso attack the carbonyl oxygen atoofsthe linear carbonates
because of # higher electron density in those bonEE; may also interact with
SEI layer components leading to electronically insulating LiF/alkyl fluoro
compounds and gaseous £@nd, finally, to the crack of the SEI layén the
other hand,HF and POF may cause further solvent decompositioand gas
generation resulting in rapid performance decay of the battdiyerefore, the

electrolyte has a significant impact on battery safety as well on thermal stability,
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especially in abuse conditions (overheating, ovegihg, external short circuiting
or crushing).Solvent decomposition causedifferent gas species including GO
CH,, GH,, CHsF, and other subsequent reaction produststhese effects are
facilitated at temperatures above 1-3%0°C whereexothemic chemical reactions
betweenelectrodes and electrolytake place, raisingnternal temperaturef the

cell.*4

Chemical reactions are thus acceleratédally resulting in thermal
runaway Exothermic reactions that triggénermal runaway may includéermal
decompositionof electrolyte reductionof electrolyteby the anodepxidation of
electrolyte by cathode,thermal decompositiorof electrodes and melting of
separatqgrresultingin internal short circuitd.i-ion electrolytes have been shown to
breakdown at temperature of about ZAD°C and he venting may occur at
temperaturesis low as 130C, strictly depending on the increased vapor pressure
The high rate gas generatiarsually accompaies the thermal runawaypeak
(generally 256850°C). Gas generation wilbccur wheneverthe cell reaches the
solvent decomposition temperatubethfrom internal or external sources. Even the
safest cathode and anode chemistiaanotprevent tie release of flammable
vapors. The volume of gas released from a cell in full thermal runawagres than
that can be contained by any standard cell fixture.fact, many cell designs
purposely allow gases to be released through a designed \agleratingrate
calorimetry measurements using different cathode materials demonstrated that the
volumeof gas releasedt the end of the thermal runaway peak (typically 350
was almost 1200 mL/mAh evaluatedfrom thermal runaway of 18650 cells
featuring LiCoO, (1.20Ah), LiNi g sCay 157l g 0505 (0.93Ah),
Li1 1(NiysCoysMny3)0602, (0.90 Ah) LiFePQ, (1.18 Ah) and.iMn ,0, (0.65Ah).1*
Electrolyte stability issues becomeparticularly crucial when higholtage
cathode materials aiavolved*® As theanodic stability windowof conventional
carbonatebased electrolytesis lower than4.5 V vs. Li*/Li, they suffer from

oxidative decomposition othe fully charged(delithiated cathodesurfaceat high
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potentials leadng to the formation of thickand high resistiveurface layes that are
detrimental for thecycling performance of the cellherefore, here is a significant
interest in develdpg novel electrolyte systems with higher anodic stabilitse
ionic liquid electrolytes, sulforeand dinitritbasedsolvents®****l However the
major conerns of these electrolytes anggh intrinsic viscositieslow dielectric
constant,low conductivities andno formation of SEI on carbonaceous anode
materials.

More recently, luorinated solvers (e.g. monofluoroethylene carbonatgB€,
trifluoroethyl methyl carbonate-EMC, tetrafluoroethyl tetrafluoropropyl ether F
EPE were investigaed as cesolvents in graphité/LNO5SMO cells as very
promisinghigh-voltage electrolyte systensincethey arethermodynamically more
stable than their nefluorinated counterparts under high operating volt4gé¥
The higher oxidation stability and reduction potahtwith respect to the
conventional electrolytesesult from the fluorine substitution that lowers both
HOMO and LUMO levelssince the electahemical stability window oélectrolyte
is the differencdetween the lowest unoccupied molecular orbital (LUM@d the
highest occupied molecular orbital (HOMO) of the -electrolyléherefore,
graphit¢/LNO5MO cells displayed enhanced cycling performance than those of
cells with conventional electrolytes even at elevated temperature.

Anotherinteresting approacts ithesubstitution of LiPE with fluorinated salts,
such as< (LIFAP) in alkyl cabonatesThe replacement dfuorine atoms of LiPF
with electron withdrawing perfluorinated alkyl groups Ie&al stabilize PF bonds.
Therefore,LiFAP is more stablghan LiPFs towards hydrolysisand, thus, should
contain less Heontaminationmoreover it displays aconductivity comparable to
LiPFs and an improvethermalstability.*” >

An altemative and economically effectivapproachto develop electrolyte
systems with ghanced stabilitfowards oxidation reactions theincorporation of

an additive ito carbonateébased electrolytes orderto form a passivation layer on
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cathode surface, thus stabilizing the cathode/elgtérointerface upon high
operating voltagesThis shouldnhibit further oxidative reactiongetweencathode

54551 The use of adtives was firstly investigatedin graphite

and electrolyte
electrodes and later it was extended to the cathode counterpartpreventits
performance deterioration mainly due veater and acidic imputies, andto
irreversible oxidization of the electrolyte solventdhich is particularly accelerated
when high-voltage cathode materialare involved An electrolyte additive
(commonly no more than &t.%) should exhibit suitable propersig¢o effectively
improve the cydhbility and cycle life of LIBsby forming a stableprotective layer
on both anode and cathode surfaceeducing irreversible capacity and gas
generationdue to the SEI fanation and londgerm cycling, enhancingchemical
stability of LiPFs against tk omganic electrolyte solventgqrotecing the cathode
material fromdissolution and overchargandimproving physicalpropeties of the
electrolyte i.e. ionic conductivity, viscosity angvettability to the polyolefine
sepaator*¥

Recent studies have demonstrated that electrolyte additives effectively improve
the electrochemical performance bNO5MO and LNMO-based cells Lithium
bis(oxalato)borate (LiBOByvas investigated as additive in/LNO5SMO cells as it
forms a thin protective layerwhich inhibits the detrimental reactions of the
electrolyte with the cathode surfaalus improving thecycling efficiency and
capacity retention of the celind decreasingell impedanc&® Moreover LiBOB
could preventhe generation of HF or RRndinhibit the dissoltion of Mn or Ni
from the catbde surfaceTris(hexafluoo-iso-propyl)phosphatés another effective
additive as ifs involvedin forming a protective layer not only orND5MO surface
but also on graphite electrode, making it possildedevelopment of aglectrolyte
system that supports reversible’ lintercalation in the 5/ region®” Glutaric
anhydride which wasinvestigated aglectrolyte additive in LiTisO;2//LNMO cell,

significantly reducedoth the capacityading andthe selfdischargeand forned a
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passivation filmlike a polymer electrolyte interf® at the surface of both
electrode$™

Lee et al® demonstratedhe beneficial effect ofuccinic anlydride and 1,3
propane sulton@s SEHorming electrolyte additives in 1M LIRFEC.EMC (1:2
hgv/v) on electrochemical performance gfraphite/LNO5SMO cells Moreover,
succinic anhydride was lately proved to effectively reduce thedsaiharge of
LNMO based electrodes, which, in turn, showed enhanced coulombic efficiency

and decreased capaciogs per cgle!®”!

1.4.2Particle size

The high reactivity offully charged LNO5MO towardsthe carbonatdased
electrolytes lead to a reactive electrode/electrolyte interface ighgteatly affected
by the LNO5MO's morphology(particle size,shape and surface aredhe proper
combination ofparticle size and shape BNO5MO make it possible to improve the
cycling performance of the electrodesdemmonstrateé in ref. [32]. The matching of
micro-sized particlesin disorderedphasewith nanesized onesin ordered phase
appearedhe best combination to achiewe spinel materialvith both high rate
capability and cycling performancBespite mnosizing can dramatically shorten
Li* diffusion pathsby improving the lithiation/ddithiation kinetics the high
surface arepermits highelectrode/electrolyte contact thimereasinghe interfacial
sidereactions which lead toundesirable capacitypss over cycling.In disordered
LNO5MO the presence of Mfiresults ina Li* diffusion because the largeadius of
Mn** than that of MA" is responsible of an expanded lattice. On the other hand,
Mn** ions can iduce JahsTeller distortion andmanganese dissolutiomto
electrolyte, resulting in detrimentaleffectfor the cycling stability of the electrode.
However, by using micro-sized partiles the unwanted reactions with the
electrolyte are reduced sincéhe surface area isower than that of nansized

particles.
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1.4.3Surface modification

One of the most effective strategy bmprove the stability ofLNO5MO's
electrodes is theurface modification byoating””! Nanosized ZnGcoatingwas
demonstratetb greatly improve the electrochemical performance MOEMO asit
protecs the cathodesurfaceagainst the HF attacknd prevents thiin dissolution
into electrolyte, thus increasing thausttural stability of thespinel materiaf*!
SiO,-coating also enhanak the cycling stabilityof LNOSMO, by lowering HF
content into electrolyt@nd LiF content on thecathode surfacé” Thin LisPO,-
based films deposited on NO5MO surfaces in solidstate lithium battees
significantly affeced the interface propegs as LiPO, avoids the supply of ©
ions from the cathode&luring the charge procegfius preventing the oxidation of
polymer electrolyte and improvingboth the performance and the safety of the
batterysystemi®®! Thethin protective layerof V,0s,*! of TiO, or Al,O; deposited
on LNO5MO by atomic layer deposition as reported in [65], effectively prevent
the electrolyte decompositioand Mn dissolutionin LNO5SMO basedelectrodes,

thusimproving thedischarge capacity retention owsscling.

1.4.4Reduced graghene oxide as additive in iNipgMn; s0,-based electodes

The outstanding properties ofapphenemake it greainteresting and promising
material for the use ielectrochemicakrergy storage applicatisff® Recently,it
was aso explored asefficient conductve additive in cathode materials for
LIBs.[7%8

Grapheneis a twoedimensional material thatlisplays a bneycomb lattice
structureandcomprises anonolayer ofyraphite consisting ofp” hybridized carbon
atoms.It composes théasic structure of carbon materials such as graphite, carbon
nanotubes and fullereneBhe properties ofjraphene are strongly affected the

methods used fats production While themicromechanical exfoliation of highly
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oriented pyrolytic gaphite andchemical vapour deposition of hydrocarbcare
unsuitable for masproduction of graphene for electrocheat energy storage
being both highly expensive methods, ligpidase exfoliation and reduction of
graphene oxide are timeost widely employed methods fies bulk production® In
particular,the latter is thenethod most commorused to prepargraphenebased
cathode materials for LIBs. Graphene oxide (G@pduced by strong oxidation of
pristine graphiteis amonolayer of a graphite oxiddectrically insulating due to its
disruptedspf-bonding network The graphene characteristicnetworkis partially
restoredwhen GO is reducedia chemical, thermal and electrochemical processes
thus obtaining theeduced gaphene oxide (RGQ)pr simply called graphené®”!
The hydrophilic oxygeitontaining functional groupshat remainon graphene
surface after its reduction provide anchor sites for the consequently adhesion of
active material particlesn surfaces and edges of GO shedtie physical and
electric contact between the graphene andattteve material is cruciafor the
development ofgraphenébased cathode materiakith high electrochemical
performancé®®®’!

More recentlyreduced graphene oxideasalso proposeds conductie additive
in LNO5MO electrode$®™ It can act as surface layer that protecthe cathode
against the interfacial sidereactiors, and can suppress the electrojte
decomposition over cycling.RGOs coating also enhances theelectronic
conductivity of the electrode, thus reducing the cell resistance allwving
LNO5MO electrodes withimproved rate capability.In ref. [71], a graphene
sandwiched NO5MO structurewas proposed LNO5MO nanoparticlesare well
interconnected with each othdmy graphene layersia the residual oxygen
functionalities on the basal plane of partly reduced graphene (RBO) This
structure, schematized in Figuret,1permits an efficient conducting network that
lowers the electrode polarization, thus enhancing the coulombic efficemdty

hence, the capacity retention over cyclingloreover, RGO coating also
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suppresses theanganeselissolution thus improving the cycling stability of th
electrodd’®"™

Graphene layers

LiNiy sMn, ;O, particles

Figurel.4. Schematic structure of graphesendwiched LNMOReproduced with permission from
ref. [71]. Copyright 2013 The Electrochemical Society.

1.4.5Separators

Separatotis an importancomponentn LIBs for cell energy and power densities

2731t s basicallya thin porous membrane

andcycle life, andcrucial forcell safey.!
that separates th@node from the cathodehile erabling the ioric transportand
isolating electronic flow inthe cell Separator must be chemically and
electrochemically stablowards both electrodes anelectrolytein order toprovide
a good interfacébetween themespecially under strong reductive and oxidative
environments when the battery is fully charged in presence of higholtage
cathode materialdt should also displahigh mechanical strength to withstarket
tensions during the battery assemtand a proper porosity toassure good
electrolyteabsorptiorand retentionneeded fogoodionic conductivity between the
electrodesHowever, separators adglectrical resistance to the cell antience,
could adversely affect the battery performance.

Tortuosity, mre size and permeability of separators akey properties
Tor t uo,sa longrande (bjoperty ofporous mediumjs the ratio ofmean

effective capillary length to separator thickness;ordng to Equationl.2:
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zZ (12

)
A

where |5 is the ion path through theemarator andd the thickness of the

r™ An appropriate tortuoustructure of poreis desirablen regard

separatindaye
to lithium dendrites. Tortuosity strictly depends opore sizethat must be smaller
than that of active electrode materials ah@ondctive additives to avoidhemto
penetrate into separator and to redbb opposite electrodeA homogeneous
distribution ofporesis crucial toprovidean uniform current distributioand avoid
capacity lossesBasically, sib-micrometric pores are critical for preventing short
circuits and commercial LIB separatoraisually display approximately 40%

[2l Moreover,pore size and porosity of separator stroraffiect the ionic

porosity.
conductivity ofthe liquid electrolyte and, hence, the electrochemical response of the
battery.

The presence of the sepamabasicallyreduces thedonic conductivity of the
el ect ry)dby ayfactr of 46 andthe secalled MacMullin numberNy,) relates

the effectiveconductivity ( d%) of a porous networkio {o, according toEquation
1 3.[74,75]

Co

(1.3)

Co

MacMullin number should be as low as possible for high power and energy
density LIBs for HEVs applications in order to assure higte capability Pore
structure is inherently linked to the permeability tltain be estimateds air
permeabilityvia the Guley number i.e. the time requiretbr a pecific amount of
air to pass through a specificea ofthe separatannder a specific pressufé.

Separator is alsasedas internal safety device bfatteryin abuse conditions

when overheating occumue tooccasional short circuits or overcharde may
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protect the celvia the shutdowrbehaviour as the temperature of the cell increases,
it meltsto close the porethusresulting in a large increase of impedance that stops
ions transport and, then, the current flowhis permits to avoidhe thermal
runawaywhetherthe separator still mntains he mechanical integrity to prevent
the physical contact betwedre two electrode’*™ 8!

Most of separatorsavailable on the marketresingle or multilayersheets based
on microporouspolyethylere (PE) or polypropylene (PPJhe current separators
are approximately 2am thick PE PP bilayer and RRPE PP trilayer separat@re
the most widely usedin multilayer separators each layer has different phase
transition, hencedifferent shutdown behaviouFor insance, in PEPP bilayer
separatorss the cell temperature increaseRE layer melts att30°C and fills the
pores of PP layeblockingion trarsport and current flowfollowed by PP melt at
155°C.l"®

On the basis of structure and composition, separators can be mainly divided into
microporous polymer membranemnwoven fabric mats anishorganic composite
membranesTwo arethe processes for making lithidion battery sparators: dry
and wetprocesse¥? Both processes comprise an extrusion step followed by a
mechanical stretéhg process to inducegorosity. While the dry pocess is
applicable only topolymers with highcrystallinity and providestightly ordered
micropores,the wet process is applicable to both crystalline and amorphous
polymersand provides non-orientedmembane

The optimization o&ll separator's propertiésof greatimportanceto develop a
suitable separatar particulary for high power and energy densitidighium-ion
batteries for which very thin mechanically robust angighly porousmembranes
stable at potentials higher than 4.%/Li*/Li, arehighly demanded

Pdy(vinylidene fluoride) (PVdF)and its copolymer have attracted great interest
as separators for LIBsecause otheir much more appealingropertiesthan those

of commercial polyolefia separators, such as high polarity that aibwgh affinity



24 Chapter 1

with polar conventional electrolytes like those based on EC:BRf& Pvdrbasd
separators are most commonly prepared by phase inversion process or
electrospinning.

Phase inversion process mainly comprises the dissolution gtigmer into a
solvent andhe casting of the resulting viscosslution onto a flat substrate fiarm
a thin polymer layerAfter the evaporain of the solvent, the film is thusimersed
in a nonsolvent coagulationbath to induce the phase inversiothe exchange
between the solvent and neanlvent makes it possiblthe formation of pores into
membrané™

Electrospinning is an alternativefficient and simple methofbr the versatile
and scalable production fibrous mats of various polymers with submicrometric or
nanometric diameter§.he methodis based on the interaction between a charged
fluid, like a polymer solution or melt, andstrong electric field (ca. 125 kV cni®)
leadingto the formation of atructure, namely Taylor conat the nozzle tip from
which the charged jet is ejected when the electrical forces overcome the surface
tension and viscosity of the fluid. Then, as thavent evaporates during the
motion, a solid nomvoven fibre mat is deposited time target collectdf” #!

Lithium-ion batteries featuring PVdbased membranes wetfiest reported by
Tarasca et al®® and later by Boudin et al'® They proposeda gel polymer
electrolyte where théiquid electrolytewas embedded in BVdFRbasel polymer
matrix. This solid lithium-ion batteryshowed electrochemical performance similar
to those ofconventionaliquid lithium-ion batterieswhile displayinghigher shape
flexibility and scaleability Moreover,one of themain advantageof fluorinated
PVdFbased separators is thalility to adapt tadifferent geometries, even in very
thin cells®4 8¢

Macroporous PVdFmembrane was proposed as effective separator in
Li4TisO//LIMN O, cell that showedhigh rate capabilitythanks tothe good

electrode/electrolyte contagiromotedby the good affinity betweenPVdF and
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organic solventsthusenablinga better wettability with respect to the commercial
polyolefine separator€” Despite the strong affinity of PVdfased separators with
polar solvents, PVdF can suffer from swelling that shadelgreases mechanical
propertiesand may modify the electrode/electrolyte interface resulting in membrane
dissolution,evencompromising battery safetA proper combination between salt
and solvent mixtures thus importanto assure good affinity between electrolyte
and PVdF membranes wellits good wettability and longerm stability’® ! The
reinforcement ofPVdFbased separatonwith nanosized particlebas also been
suggesteadseffective strategy torsnancetheir mechanical propertien particular,
the blending ofPVdF with nanocrystalline cellulose whiskers (NG@)ased on
highly crystalline rodike particles with high aspect ratio and surface acea,
greatly improvets mechanical stabilityNCC thusprovides a rigid network through

hydrogen bonds between each adjacent whisker invo$tirfigce-OH groupg®*%2

1.4.6Binders for high-voltage cathode materials

Binders, even though electrochgcally inactive, are also crucial battery
componerg that provide mechanical cohesiveness during battery operation and
affect electrode propertieda aurface modification.The main roleof binder is
holding together the electrode componetitereby presntingtheir chemical and
mechanical disintegration during cyclinghd particles can be boumwih direct or
indirect binding as shown in Figure51The direct binding is typical of elastomers
which contact quite a small surface area of each pagtittie assuregood binding
while giving flexibility to the electrodsince the binder caabsorbthe expansion
and the contraction of the active material during charggidige cyclesthereby
improving battery's cycle lifeBy contrast,in the indirect binding the binder
contacts a larger surface area tbtrenglyinfluendng the electrode flexility and

battery'scyclelife 9394
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active particles

Direct binding Indirect binding
through bridging formation of network

Figure 15. Binding modelsin composite electrodeRepintedfrom ref. [93], Copyright(2008 with

permission from Elsevier.

The binder is also the key factor in determining the choice of the sdiwent
electrodepreparation therebythe overall processing sustainabilitpVdF is the
mostcommonlyemployedbinder in LIB cathodess it shows gooélectrochemical
stability and binding strength. However, ig costly andrequires the use of an
expensive and highly toxiorganicsolvent,i.e. N-methyt2-pyrrolidone Therefore,
many efforts are aimed at the development of fluefiae binders easily processed
in water. The use ofwatersoluble binders for LIBs is a very effectivand eco
friendly approach. &veral natural and naturallgerived polymerswere thus
proposed such assodium carboxymethyl cellulose (CMEJ™ alginate’®
chitosar’®”! polyvinyl acetatd®® Besides their low cost and environmentally
friendliness, watesoluble bindergnable he increaseof the active materiain the
composite electrodeThese binders havealso been proved to enhance the
cyclability of alloying anodes, by assuringgaod contact among particles even
when they undergo large volume expansion.

CMC (Figure 16) is one of the most interestingatersoluble bindersCMC's
environmentally friendliness arldw cost (12 U™, dogorder of magnitude less
than PVdF) make appealing itgsein LIBs. Theemploymenif CMC binderwould
contribute to a muchasier enebf-life disposabilitydue to the absence of fluorine

in the binder. In factonce the electrode is extracted from the ddlé active
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electrode material cabe easily recared by pyrolysis of the bindéFherefore, the
introduction of CMCasbinder could be aritical step for the improvement of the
electrodepreparation and the development of greener andegfesttive lithiumion
batteried®
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Figure 16. Molecular structure of carboxymethyl cellulose.

The advantage of using CM®inder wasalso proved by the enhanced
electrochemical performana# both negative™®'*! and positiveelectroded®* %
with regard to those with PVdRecentlythe use ofCMC binder waslemonstrated
to efficiently improvethe cycling stability of higtvoltage cathode materials, such
as LbMnOsi LIMO 5" LiNi o Mn; 60, ' and LiNip gMn 50,

CMC is a linear polyraric derivative ofnaturalc e | | ul os e ,-linkedd mpr i s
glucopyranose residues with different levels of carbaoethgt substitution, i.e-
CH,COGO groupswhich are responsible of thegueous solubility of CMC with
respect to the insoluble cellulos&he degree of substitution (DS) is most
commonly in the range of &.9%5 derivatives per monomer unbS is a key
factor in determining the hydrophobicity of CMGhereby influencing its
interaction with the active material particlas demonstrated hyee et al™**® for
graphite electrodesCMC can promote the formation of homogenous three
dimensional network between thenductive additive and active material particles,
leading to tight and homogeneous electrode architecture, thereby decreasing the

electrode polarization and the chatgansfer resistancé®’! The homogeneous
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network is formed when CMC is dissolved in water where adopts a fully stretched
molecular conformation, due to the backbone rigidity and the electrostatic repulsive
interactions betweenmized carboxy lateral groups.
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1.5 Aim of the thesis

The aim of this PhDOvork wasthe development of higanergy andigh-power
lithium-ion batteries(LIBs) featuring highvoltage LiNigMn; 04 (LNMO) and
LiNigsMn; 0, (LNO5MO) cathode materials mainly for HEV applications.
Starting from the challenging study focused on some cell components, such as
electrolyte, separator, conduwiadditivesand binder for cathode materialghose
selection is greatly important when highltage cathodes are iolved, full cells
with graphite anodevereassembled and tested according to the U.S. Department of
Energy protocols in view dhe use oL NMO and LNO5MOin LIBs for HEV and
plug-in HEV applications.In particular,LNMO was investigated in the frame of
FPR7 European Project (Transport), AAdva
Safety, Energy and Calendar Lifei t hi um | on Bat andr i es o
synthesized byCommissariat a I'énergie atomique et aux énergies alternatives
(CEA)-Le Labor at oi pow ledT@dhmologies des Energies nouvelles
et les Nanomatériaux (TEN) (Grenoble, FR, Partner &U-AMELIE Projec), the
latter, a commercial material, was investigatedieritalian Prograrme Agreement
i El e c $ysténc Reksearch” supported by Italibiational Agency for New
Technologies, Energy and Sustainable Economic Development (ENEA)hand
Italian Ministry of Economic DevelopmenMSE). Part of the research was also
carried out at Helmholtz Institute UIm (HIWWIm, DE) supported by the Marco
Polo Exchange Pgramme andarlsruhelnstitute of Technology (KITunder the

supervision of ProfDr. StefandPasserini






Chapter 2.  Experimental section

Chapter 2 deals wittmaterialsandmethodsusedfor the study of LiN§ qMn1 60,
(LNMO) and LiNipsMn; 50, (LNO5MO) cathods electrochemically characterized

in half cell vs.Li andin full cells with graphite anode

2.1Chemicals

The LiNipMn; O, (LNMO) active materialvith the cubic crystal structufed-
3m was synthesized byCommissariat a I'énergie atomique et aux énergies
alternatives (CEA) - Le Laboratoired 61 nnovati on pour | es
Energies nouvelles et les NanomatérialXTEN) (Grenoble, FR,Partner of
AMELIE Projec) via high-temperature solidtate synthesjsas described in refs
[17,34] The precursors wereMinCQO;, LiCO; and NiCQ-2Ni(OH),, mixed in
stoichiometric proportions by wet batiilling in hexane The mixed pwderswere
thermaly treaedat 60°C for 10 h andanneatdat 900°C for 15 h followed bythe
cooling stepat 1°C min™. The resulting powders werthus stirred in aqueous
solution for 48 h in order to separde agglonerated particles.

LiNigsMn.<0, (NANOMYTE® SP10, LNO5MO) from NEI Corporation
displays acubic crystal structuré&d-3m with a grain size of 300 nm araverage
particle size of Brm, surface area of2 nt g* and tap density of 1:0.5 g cn.

Graphite electrodes were based on commercial graphite powaensulB T E
SLA-1025 graphite(BET surface area of 1.5 y”, particle size g of 29.9 pm)
from Superior GraphiteCo., and SLP 30graphite (BET surface area.d m® g*,
particle sizedy, of 32 pum)from Imerys SLA-1025 graphiteelectrodeof low- and
high-mass loadingvereprepared byiev National University of Technologies and
Design (KNUTD)and by CEALITEN, respectivelypoth Partners dEU-AMELIE
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Project. SLP 30 graphite electrodes wergrepared at Miinster Electrochemical
Energy Technolog¢MEET, DE)

Binders used fothe electrode preparation were polyvinylidene fluoride (PVdF)
and sodium carboxymethyl cellulosé€NgCMC), i.e. PVdF Solef’5130 and
Solef’5320 from Solvay, PVdF Kynar HSV 900 from Arkema and CMC
Walocel™ 2000 PPA12with a degree of substitution of 1.2 froBow Wolff
Cellulosics N-methyl2-pyrrolidone (NMP, Fluka, purity grade $¥9%) and
deionized watewere usedo dissolve PVdF an@MC, respectively.

Different nanometric arbon black were usediselectrodeconducting additives:
C-NERGY™ Super C65C65,Imerys, Super RSP, Erachemind PureBLACK"
(Superior Graphite, Co\ith PVdF binder and @NERGY™ Super @&5 (C45,
Imeryg with CMC binder C65 and SHeature almost theame particle siz40
nm), BET area(62 nf g%), absorption stiffnesgAS) value (32 mL 5¢*) and
resistivity (0.2 ohm cnp C45features the same particle semed resistivityof C65
and SPwhile differing for BET area45 nf g*) andAS value 86 mL 5g%). All the
given value are from data shee@®45 is recommended for aqueous solutions.
Reduced graphene oxides were also used as conducting additives in LNO5MO
composite electrodesa homemade preparegbartially reduced graphene oxide
(pPRGO) obtained by microwave (MW) irradiation of graphene oxide (GO,
Nanolnnova) in a CEM Discover MWven™® and a commercial reduced
graphene oxide (RGO, Nanolnnovalhe LNO5MO compositeelectrodes with
pRGO always contained carbon C65 or SP in a 1 : 1.4 weight TagoLNO5MO
powder was coated by pRGO before its mixing with the other components. The
coating was carried out by moderate stirring of a suspension of LNO5MO and
pRGO powdersn anhydrous ethanol, abom temperature and then at 45to
evaporate all thesolvent, as in ref[70]. The LNO5SMO composite electrodes
containing RGO and C65 (1 : 1 w/w) or RGO alone were obtained by dry mixing of

the components.


https://www.google.it/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwiO5r2r6rXLAhUGqxoKHYF9Dq8QFggfMAA&url=http%3A%2F%2Fwww.uni-muenster.de%2FMEET%2Fen%2F&usg=AFQjCNELoFCUllAkLet3CjgQWPZ4gS4W4g&sig2=AQ13T9FBR5z_VnIgvmW9qA
https://www.google.it/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwiO5r2r6rXLAhUGqxoKHYF9Dq8QFggfMAA&url=http%3A%2F%2Fwww.uni-muenster.de%2FMEET%2Fen%2F&usg=AFQjCNELoFCUllAkLet3CjgQWPZ4gS4W4g&sig2=AQ13T9FBR5z_VnIgvmW9qA
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Carbonatébased electrolgs used in electrochemical cells weteM LiPF; in
ethylene carbonate (EC)dimethyl carbonate (DMC(1:1) (LP30,BASF) and1M
lithium tris(pentafluoroethyl)trifluorophosphate (LiIFAP) EC:DMC (1:1) (LF30,
BASPF). In both LP30 and LP30 the water content Was 2 0 arml pifnconten©
50 ppm Monofluoroethylene carbonate {EC, Solvay Fluor, purityD 99.9 wt%,
water and HF contei@®20 ppm) ad succinic anhydride (SA, Sigr#sdrich, purity
099%) were useth proger amoungs additives in LP30 arldF30 electrolytes1.6
wt.% F,EC and2 wt% SA. Both were used as receivedhile SA was added to
electrolyteLP30and LF30to protect the cathod&,EC was addeds SEI forming

for graphite electrode
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Figure2.1. Structures of ECDMC, FEC and SA
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Figure2.2. Structure of lithium tris(pentafluoroethyl)trifluoroposphate (LiFARjt
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2.2 Equipments for chemicalphysical characterizations

X-ray diffraction analyses (XRD) were performiegla PANalytical X'PerPRO
powder diffractometer equipped with a X'Celerator detector (Cragliation, 40
mA, 40 kV).

The differential thermal analis(DTA) of dry separators was carried out with a
Linseis L6310 and ththermagravimetric analyses (TGA) with a TA Q50 balance
in argonatmosphere

Scanning electron microscopy (SEMeasurementsere performed with Zeiss
EVO 50at University of BolognandZeiss LEO 155@t Helmholtz Institute Ulm
both equippedvith an energy dispersive-kKy analyzer; the former from Oxford
INCA Energy 350 system and the latter from Oxford Instrumentdax" (50
mn?). Transmission electron microscopy (TEM) images were performed with a
Philips CM100 (accelerating voltage 80 kV).

Fourier Transform Infrared SpectroscofyT IR) analysis was carrgeout using
a Bruker Alpha spectrometer on grind materials scraped off electrodes and mixed
with KBr.

X-ray photoelectron spectroscopy (XPS) measuremastormed on LNMO
based electrodesere carried ouat Minster Electrochemical Energy Technology
(MEET) Battery Research Cent(m the frame of AMELIE Project)with the Axis
Ultra HSA spectroscopyKratos using a monochromatic AU sour c e, at
and 12 kV source energies. To compensiatecharging of the samptie charge
neutralizerwas used.Calibration of the binding energy (BE) of the measured
spectravas performedby usage othe energy of the C1s graphite peak (CC atBE
284 eV) as an internal referencé?S measurements were performed on [pesti
cathodes as well as aftelharge/dischae cycles. The half cells were disassembled
in an argorfilled dry-box and electrodes were analyzed without rinsing to prevent
inequality. The samples were transferred to the spectrometer using sealed vials in

order to avoid air/moisture contamination. iesal electrolyte was removed by

1
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applying ultrahigh vacuum overnight before XPS characterization.

XPS measurements on LNOSMOMC electrodes were performed bBlim
University by Physical Electronics "PHI 5800 ESCA Systemising a
monochromati zed Al KU radiati on (15 kv,
200W) to measure Ni 2p and Mn 3Bhe charging of the sample was neutralized
with an electron flood gun arall XPS spectra were calibrated to the signaCdfs
at 284.5 eV

2.3 Electrode preparation

Table 2.1 reportsactive materials, conducting additives and binders tdised

electrode preparation.

Table 2.1. Comprents for electrode preparation.

Positive active materials LiNi g.4Mny ¢O4, LiNiggMny 50,

Negative activematerials SLA-1025 graphite, SLP 30 graphite

carbon black Super P, Super CémdPureBLACK™; pRGO
and RGO

PVdF Solef’5130 PVdF Solef5320,PVdF Kynar HSV 900,
Na-CMC

Conducting additives

Binders

LNMO compositeelectrodesvere prepared by MEET in tHeame of AMELIE
Project featuring 85 wt.% of active material,2400f carbon black Super C65
conductive additive and 5% PVdfinder (Solef5130) The dsk electrodeg0.636
cn? and 1.13 crf), pressed afl500 psifor 1 min, were dried at 120C under
dynamt vacuumfor 12 hbefore useThe active material mass loading was in the
range of 715 mg cn¥.

LNO5MO composite electrodesere prepred by a lammation techniqueby
mixing 85 wt.%active materigl5% PVdF binder (Kynar HSV 900) and 10% total
carboncorducting additive (SuperC65 or Siper P and/or pRGO or RGQJsing
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NMP as solventThe slurries were prepared by a planetary ball mil{lAgnetary
Mill Pulverisette 6,Fritsch) at 250 rpm or by a IKA Ultr&urrax. The resulting
slurries were coated or®um thick aluminum foil current collector by usindad-
scalemini coating machine (MC 20, Hohsen Corand predried at 60°C for two
hours in air conditionsin order to promote a better adhesion of the slurry to the
current collector, laminum foils were previously etchelly immersion in 5wt.%
KOH at room temperature for one minute, subsequently washed in deionized water
and dried at 60C. Disk electrodes@.636 cm, active material mass loading in the
range of 210 mg cnf) were punchedndpressedt 2500 psifor 1 minute (ICL=12,
Ton EZPress)and, fnally, dried at 120C under dynamic vacuum in a glass oven
(Bichi B-580)for 12 h before use

The aqueous processingf LNOSMO electrodes wasatried by mixing 83%
LNO5MO, 5% CMC binderand 10% SuperC45 conductingadditive CMC binder
waspreviouslydissolved in deionized water by magnetic stirring at 200 rpm For 2
Subsequently, ball milling(Vario-Planetary Mill Pulverisette 4, Fritsch) or
magnetic stirring were used for the making of sksriln the first case, after CMC
dissolving, the active material and the carlaaitlitive were added to the solution
and ball milled togetheat 250 rpm for 3. In the secondcase, C45 was added to
the binder solution and dispersed by magnetic stirring2fdr. Subsequently,
LNO5MO was added and further mixed by magnetic stirring for @llowed by a
high speed mixing (Dremel) for 10 min at 5000 rpihe magnetic stirring
procedurewas also used for thereparation ofLNOSMO-PVdF electrodedo
compare thie electrochemical performance with that of CNd@sed electrodesll
slurries were casted on Al foil current collector (20 um) with a laboratory doctor
blade coater (Olbrich)Disk electrodes (1.13 chmactive material mass loading in
the range of 40 mg cni’) were punched and presse®&00 psifor 1 min Finally,
CMC- and PVdFbased electrodes wedzied at BO °C and 120°C, respectively,

under dynamic vacuum in a glass o¥enl12 h before use.
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SLA-1025 graphite electrodedeaturing 89 wt.% active material, 3%
PureBLACK™ conducting additiveand 8% PVdF (Sol€5130 or Solef5320
were prepared and roll pressed Kiv National University of Technologies and
Designin the frame of AMELIE Project. Disk electrodes (0.636"cmere dried at
120°C under dynamic vacuum for 12 h before .uS@e active material mass
loading was in the rangef 2.5-5.5 mg cm®. SLP 30 graphite electrodes featgy
90 wt% active material, 5%&uperC45 and5% CMC were preparedby using the
battery lineat MEET. Disk eletrodes (1.13 cfactive material mass loadiigthe
range of3.0-4.0 mg crif) were puched and pressed at 1000 psi36rs and dried
at 180°C under dynamic vacuum for IPbefore use

LNMO and SLA1025 graphitecomposite electrodes @lectrodeformulation
and loading optimized for the scalp of batteries for HEVs applications were also
tested. They were prepared by GEXEN by using thebattery line, roll pressed
and provided in the frame of AMELIE Project. The positive electrode composition
was 92 wt.% LNMO, 4% Super C65 conductive carbon and 4% Ridéer
(Solef’5130) The negative electrode composition was 91% graphite, 3%
PureBLACK™ conducthg additive and 6% PVdF (Sof130). The active
material masfoading for singleface electrodesvas 210-21.5 mg cmi for the
positive and 85-9.5 mg cm” for the negative electrodeDisk electrodes (0.636
cnt) were driedunder dynamic vacuumt 120°C for 12 hbefore use.

2 4 Electrochemical characterization

24.1 Tests of LiNi gsMn 160, and LiNi ¢sMn 10, composte electrodes in half

and full cells

All the electrochemical tests were performed threeelectrode mode

configuration in FshapedBOLA (Figures 23a) and Swagelok (Figure 2.3b)
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electrochemical cellssing LNMO or LNO5MO as working eléode and.i metal
asreference electrodeLi in excessand graphiteanode with balanced capacitere
usedas counter electrodes half and till cells, respectivelyThe electrode mass
balancing in the full cells was made by settthg ratio of thecapacity of the
negative to that of the positive near 1.
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Figure 23. Schematic representation of the thedectrode Tshaped(a) BOLA cell(electrode disk
0.636c¢n¥) and (b)Swagelokeell (electrode disk.13cn?).

For cell assembly different separaavereused, i.ecommercial polyolefiner
glass fibre separators and a ndlworinated membrane.Dried and degassed
commercial monolayer polypropylene (Celd&d00, 25 pm) andglass fibre
(Whatman GF/D, 400 um thick) separatongere usedafter soaking inthe
electrolytesolution PVdF (Sole?6020, Sokay)-basedmacroporousnembrand18,

23-28 um), reinforced with nano crystalline cellulose (NCC, FP Innovation), was
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also used as separator. This membranepiggaredvia aphaseinversion process
and provided by Institut Polytechnigue de GrenobldNP) - Laboratoire
d'Electrochimie et de Physiahimie des Matériaux et des Interface€ERMI)
(Grenoble,FR, Partner of AMELIEProjec)."* The amounif NCC in the new
reinforced PVdF separator waslB wt.%. The dried membrane was soaked in
LP30 or LF3Celectrolyteswith or without electrolyte additives {EC and SA)

Cell assemb} was carried out inMBraun Labmaster SP glove box (water and
oxygen ontent <0.1 ppm)and the electrochemical tests were performed by Rerkin
Elme VMP and Biologic VSP multichannel potentiostgalvanostat or by the
Maccor Battery Tester 4000n temperatureontrolled environments The
electrochemical characterizatiorste were performefibllowing different protocols.
Graphite//LNMO cellswere characterized by discharffeigure 2.4) and charge
capability (Figure 24b) tests The former involvedcharge at C/10 up to 4.95 V,
open circuit voltagdOCV) condition of 0.5 hand dischargeat different Crates
i.e. at C/10(from two tofive cycles) and a€/5, C/3, C/21C and 2 Qfour cycles
at each @ate) down to 3.9 V; similarly, the charge capability teshvolved
charges atitferent Grates from C/10 to@, OCV 0.5 hand dischargeat C/10. At
the end, additional two or fowharge/discharge cycles at C/10 (including 0.5 h
OCV) were performed to estimate the capacity retention, i.e. the ratio between the
discharge capacity of the last C/10 cycle and that of the &st on
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Figure 24. Protocos of (a)discharge capabilitand (b)charge capability test

The cells were also tested by 100 galvanostatic charge/discharge cycles between
3.50 V and 4.95 V at 1C effective rate to evaluateirtlaycling stability. Self

discharge tests were performed as follows: the cell was fully charged atnCto0
495V, left in OCV for different times (0.5, 20, 40, 72, 165 h) and discHalgen
to 3.50 Vat C/10 Seltdischarge test was performatter five initial cycles (CIO

charge- 0.5 h OCV- C/10 discharge)The recovered charge was evaluated by the

following Equation2.1:
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Q %) le sch—algeo (2'1)

recovVer
Qoharge

LNOSMO-PVdF electrodeswere tested in half cellvs. Li*/Li by discharge
capability tests with galvanostatic charge up to 4.80 or 4.85 V and discharge at
different Grates (C/2, 1C and 2C3C, 5C and10Q) down to 3.50 V. Deep
charge/discharge cycles were also performiediC within 3.50 and 4.80 or 4.85 V
voltagerange.In some casegalvanostatic (CGpotentiostatic (CVrharge and CC
discharge cycles were performéithe electrodes were charged @C mode at 1C
up t04.80 V, followed by CV charge at 408V with current cutoff of C/7 or C/5
anddischarged at 1@own to 3.50V.

LNO5SMO-CMC electrodes were characterized in half el Li*/Li by rate
capability test followed by cycling stability test. The former, performed &tar
galvanostatiaccharge/discharge cycles at Ctmprised galvanostatic cyclasth
charge and discharge different Crates (C/3, C/2, 1C, 2C, 3C, 5C and 10C, three
cycles at each €ate) the latterconsisted 020 deep charge/discharge cycles at C/3
followed by 400 cycles (except where a different number of cycles is indicated) a
1C where5 cycles at C/3vereperformedeachl00 cycles alC.

The Grateswere calculated on the basis of tHt6.7 mAh ¢ theoretical
specific capacity ofhe LNMO and LNO5MO activeanateriab.*

*The method taharacterize thelischarge (or charge) rates to standardize the currerb the
nominalelectrodecapacityby the Gratewhich indicates the discharge timexpressed i, to deliver
the theoretical capacitgxpressed mAh, and then the discharge curreintmA.

For instane, for anelectrodeof LNMO (146.7 mAh ¢ theoretical specific capacitfaturing 1 g of
active massthe C-rates of C/10, 1C and 2 @hdicate discharge tinsef 10 h, 1 h and 0.5 and, then,
discharge currentsf 14.67 mA, 146.7 mA and 293mMA, respectively.
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The electrode coulombic efficiencies for a defined cycle were determined as the
ratio of discharge to charge capacities when performed at the saae; @hen the
C-rates of charge and discharge were different, it was referred to ageneto
charge.

Impedance spectroscopy (IS) measurementgere performed on
graphite//LNMO cells in dischargedstate inOCV conditions, on LI/LNO5MQO
PVdF cells in charged state OCV and on LI/LNOSMOCMC cells incharged
stateunder dcpotentialusing aBiologic VSP potentiostat/galvanostat or Solartron
SI 1255 frequency response analyzer coupled with a 273 A PAR
potentiostat/galvanostat. An ac amplitude of 5 mV was used, and data were
collected taking 10 points per decade in the range 10-KHk Hz or100 kHz- 10
mHz.

The resistivity of LNOSMO-PVdF composite filmsdeposited on Mylafoil (2.54
cnt area and ca. 50 um thick) was evaluated using a Jandeltraighit, fourpoint

probe apparatus on dried and pressed composite film

2.4.2 HPPC testsfor graphite//LiNi ¢4Mn 160, and graphite//LiNi ¢ sMn 1504 cells

U.S. Department of Energy (DOE) protocols wpezformed on laiscale cells
even with preindustrial, highmass loading electrodes on graphite//LNNAQdF
and graphité/LNO5SMO-CMC cells to simulate the performance of these cells in
powerassist™” and plugin HEV applications"*"l DOE protocolscan bedirectly
applicable to a complete battery pack and can also be applied tabtestls and
modules with appropriate scaling bsingthe battery size factor (BSF) whichtige
minimum number of units (cells or modules) required for a battery pack to meet all
targets.

The characterization tests for hybrid electric vehicle applicatiotiuded the
static capacity(SC) test at castant discharge current to evaluate capacity and

energy of the battery systeat different depttof-discharge (DOD) and hybrid
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pulse power characterization (HPPC) tests with 10 s discharge and regenerative
pulses to determine the dynamic power capability of the battery system. The

discharge ofSC testwas set at 1C effective rate for powassist HEVs and at

constant discharge pawof 10 kW referred to the fudlize battery pack for pluig

HEVs. In powerassist HEVs the battery is used during acceleration for a brief time

and is kept in an almost constant stwftehargewithin a DOD range, never

approachng the fully charged orfully discharged st&, by the regaerative braking

or the enginewhereasn PHEVs the battery can be fully discharged and recharged

by plugging it into the grid. Therefore, the energy demanded by PHEVs is

significantly higher than for powearssist HEVsTable 2.2 shows the FreedomCAR

performance goals for minimum and rmaxm types of poweassist HEVs and

Table 2.3 the DOE goals for the three PHEV typdmimum and maximum are

related to the different types of HEV or PHEV, especially in terms of required

power and energy.

Table 22. Performance goals for powassist hybrid electric vehicles

Characteristics Units

Power-Assist

Power-Assist

(Minimum) (Maximum)
Pulse discharge power
(10's) kw 25 40
Peak regenerative pulse pov KW 20 35
(10 s) (55 Wh pulse) (97 Wh pulse)
Total available energy (over
DOD range where power goi kWh 03 0.5
(at 1C rate) (at 1C rate)
are met)
Cycle life, for specified SOC ovcles 300,00 300,00
increments 4 25 Wh cycleg7.5 MWh) 50 Wh cycleg15 MWh)
Calendar life years 15 15
Maximum weight Kg 40 60
Maximum volume L 32 45
. - max 0400 max 0400
Operating voltage limits Vdc mnd (0.55 minO (0.55
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Table 23. Performance goals for pltig hybrid electric vehicles
Characteristics Minimum Medium Maximum
at EOL Units PHEV PHEV PHEV
(End-of-Life) Battery Battery Battery
Reference equivalent
electric range miles 10 20 40
Peak discharge pulse
power
(2s/10') kw 50/45 45/37 46/38
Peak regen pulse
power (10 s) kw 30 25 25
Available energy for
CD (ChargeDepleting)
Mode, 10 KW rate kWh 34 5.8 11.6
Available energy for
CS (Charge
Sustaining) Mode, 10 kWh 0.5 0.3 0.3
kW rate
CD Life/discharge . oomwh — 5,000/17 5,000/29 5,000/58
throughput
CS HEV cycle life,
50 Wh profile cycles 300,000 300,000 300,000
Calendatife, 30°C years 15 15 15
Maximum system
weight kg 60 70 120
Maximum system
volume L 40 46 80
Operating voltage vde max 400 max 400 max 400

limits

min> 0.55 Vmax

min> 0.55 Vmax

min> 0.55Vmax
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2.4.3 Electrochemical characterization of separator

The electrochemical tests to evaluate thatdown behaviourthe resstances
and the electrochemical stability towardsxidation and reduction of electrolyte
soaked Celgar®2400 and PVdAMCC separatorswere performed inT-shaped
BOLA cells with stainless steel blocking electrodas temperaturecontrolled
environments in Memmert IPP 200 ovérhe separatoravere previously soaked
for 24 h into electrolyte solutiorhe shutdown behaviowand the resistancex
both soakedseparators taalaulate the respective MacMullin numbers at 30
were evaluate by IS measurements using a Solartron S| 1255 frequency response
analyzer coupled with a 273 A PAR potentiostat/galvanostat with a perturbation
amplitude of 5 mV and 10 points/decade in the eab@ kHz- 0.1 Hz In particular,
the shutdown behaviouwas evaluated by IS measuremerdas different
temperaturesThe temperature increasstarting from 30C up to 220°C at 1 °C
min™. The IS spectra were collected each°@0up to 90°C, subsequently each
10°C upto 220°C to betterdeterminethe temperature at which the shutdowak
placeand he celk were kept for 10 min ahe selected temperature before starting
the measurementhe resistance of thebakedseparat® was evaluatethy the real
part of impedance, Zre, at 1 kHz.

The electrochemical stabilitywardsoxidation and reduction of tHeVd~NCC
membrane and Celgard2400 separator as investigated by linear sweep
voltammetries at 5 mV7sin LF30 electrolyte (without additiv& at 30°C in the
range from 0.0%0 6.00V vs.Li*/Li in threeelectrodemode configuration sing Li

as reference electrode.






Chapter 3. High-voltage graphite//LiNiy4qMn140, cells

operating with different electrolytesand separators

Chapter 3 deals with the investigatiohthe effect of electrolytes and separators
on capacity retention over cycling and on skficharge offull cells with
LiNi.4Mn; 60, (LNMO) positive and graphite negative electradeékctrochemical
performance of cells havingarbamatebased (EC:DMCelectrolytewith a non
conventional I(i[(C ,Fs)sPRs]) lithium salt, named LF30, is compared to that of cells
in EC:DMC with conventional LiPE lithium salt, named LP30yith and without
SEHorming additivessuccinic anhydrideSA) to protect the cathodend 1-fluoro
ethylene carbonate {EC) for the graphite anodeEven the effect of a new
fluorinated macroporous PVdF separator reinforced watho crystalline cellulose
(NCC), instead of the commercial microporous Celgar®2400, on cycling

performance ofthe cells is reported and discussed
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3.1 Electrochemical chaacterization of graphite//LiNio4Mn1604 cells
with LF30 and additives

The study on the effect dhe substitutionof LiPFs with the nonconventional
lithium tris(pentafluoroethyl)trifluorophosphate (LiFAM}hium salt in EC:DMC
and of the addition of additives on the electrochemical performance of
graphite//INMO cells was carried out by usingNMO cathodesand graphite
anodes provided in the frame of AMELIE Projéam different Parthnets NMO
composite electroddsased orLNMO active material synthesized IGEA-LITEN
(Grenoble, FRwere prepared by MEET (thster, DE) andthe graphite composite
electrodes based on commercial graphitere prepared byKiev National
University of Technologies and Desiglihe cellswith electrodes of 0.636 ¢m
geometric areaveretested in LP30 and LF30 witlat and with additivesnamely
1.6 wt.%F,EC and 2 wt.% SAwith commercial Celgaft®400 separator at 3C.
Table 3.1 repors the formulation and the active material mass loadingof the
LNMO and graphite electrodeall the graphite//LNMO cells were assemblesith
electrodes having balanced capacity.

Table 3.1Formulationandactive mass loadingangeof graphite and LNMO electrodes testedtitt
cells withLF30 and LP30 based electrolytsd Celgar8i2400 separataat 30°C.

electrode formulation / wt.% active mass loading ing cm?
graphite anode LNMO cathode graphite LNMO
89% SLA1025 85% LNMO
3% PureBLACK™ 10% Super C65 _ _
8% PVdF 5% PVdF 25+52 75+14.8
(Solef’5130) (Solef’5130)

The characteristic charge/discharge voltage profiles of LNMO composite
electrodes display a shoulder at ca. 4.0s\Li*/Li due to the oxidation of MH to
Mn* and a sharp plateau at higher potentials (4.2075 V vs. Li*/Li) due to
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oxidation of Ni** to Ni** and of NF* to Ni*, as clearly shown by the voltage
profiles of Figure 3.1 during the first galvanostatic cybktween 3.6 V and
4.95V of an electrode in half cell with LP30 at 3D. The Mn redox process
contributes taone fifth of the overall capacity while the remaining capacity is due
to the Ni redox process

50 T T T T T T T

potential / V vs. Li
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Figure 3.1. Voltage profile of LNMO (half cels.Li with LP30and Celgarfi2400 separatpover the
first galvanostatic charge/discharggcle at C/1q135nmA cm®) at 30 °C. Repinted from ref.[112],
Copyright(2013, with permission from Elsevier.

Despite the thermodynamic instability of LP30oab 4.5 V, the lithium
extraction/insertion process during the first cycle of LNMO electrode in ha¥gell
Li is highly reversible, thus showing a coulombic efficiency of 9436wever,
moving to full cell, the electrochemical performance of graphite//LNMO cells are
very poor, as shown bthe results ofthe charge capability testef Figure 3.2
performed in LP3Gat 30°C on lowmass loadingraphite and LNMO electrodes.
The test involvedjalvanostatic cyclebetween 3.50 and 4.95 &t different Grates
from C/10 to 2C during charge and the same discharge rate (C/10) after 30 min in
OCV (4 cycles at each-€ate). Additional 4 chargdischarge cycles at C/10 were
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carried out at the end ofuch charge capability test for the evation of the
capacity retentionj.e. the ratio between the discharge capacity of the last C/10
cycle and that of the 1st one.
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Figure 3.2. Specific capacity (referred to the active mass of the cathode) of (©hedgsymbol) and
discharge (full symbol) under charge capability tests in LP30 &C30

With the aim to improve the cycling performance of the c8ls,(2wt.%) was
added to LP30 to protect the cathaslace it should promote the formation of a
protectve layer on the LNMO surface against the oxidative -electrolyte
decompositio® and REC (1.6 wt.%) as SElofming for the anode (instead of
vinylene carbonate not suitable in combination with highage cathodes)”
Figure 3.3 compares the LSVs at Pt electrode in LP30 with and without additives
and evinceshe beneficial effect of the two additives on the oxidapotentials of
LP30. However, the results of the charge capability tests of the graphite//LNMO
cells were not sufficiently enhanced by the presence of additives, as shown in
Figure 3.4 which compares the results of tests in LP30 with and without additives,
even though a slight improvement is observable in the capacity retention, i.e. 49%
in LP30 with additives against 35% in LP30 alone.
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Figure 3.3. LSVs at 20 mV’sn Pt electrode at 3T of LP30 and LP30 1.6% RECi 2% SA with
Celgard2400 separatoRepintedfrom ref.[112], Copyright (2013)with permissiorfrom Elsevier.
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Figure 3.4. Specific capacity (referred to the acthass of the cathode) of charge (void symbol) and
discharge (full symbol) under charge capability test30°C of graphite//LNMO cells having low
mass loading electrodesth LP30 (triangles) and LP301.6% RECT 2% SA (circles) and
Celgar®2400separatorReprintedirom ref.[112], Copyright (2013), witlpermission from Elsevier.
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Owing to the low performance of the graphit&IMO cells in LP30 even with
additives, the shift to a more stable electrolyte at such high operating voltages was
mandatory. The commercial LF30 featurings lithium salt lithium
tris(pentafluoroethyl)trifluoroposphat&ifAP) instead of LP30 was propasand
its effect on cell electrochemical performance wagstigated. The replacement of
fluorine atoms of LiPEwith electron withdrawing perfluorinated alkyl giusileads
to stabilize FF bonds and LiFAP is thusore stable than LiRFowards hydrolysis
Therefore, it iexpected to hava beneficial effect on the performance of the kigh
voltage graphite//LNMO cellsvioreover, LF30 and LP30 display roughly the same
conductivity, and LiIFAP haalsoa positive effect on the flashpoint of the organic
carborates with respect to LiRFthus improving the safety of the resulting lithium
ion cellst”>3

Full cells with LF30 even in presence offEC (1.6 wt.%) and SA (2 wt.%)
additives were assembled with Celd®400 separator and tested at°80 Figure
35 compares the results othe charge capability tests performed on
graphite//LNMO cells with low-mass loadingelectrodesin LF30 and in LF306
FEC-SA. Irrespective of the presence of additives, the charge capabsiults of
both cells are almost the same and the recovered clsacge 80% at the first cycle
(C/10) increasingover cyclingup to 964 at the fifth cycle at C/10The slightly
positive effectof additives isobservedon the capacity retention thaias 64% for
the cell in LF30 and 69% for that in LF30 with additives.
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Figure 3.5. Specific capacity (referred to the active mass of the cathode) of charge (void symbol) and
discharge (full symbol) under charge capability tests &C36f graphite//LNMO cells having low
mass loading electrodes with LF30 (triangles) and LIF3®% RECT 2% SA (squares) and
Celgard2400 separatoReprintedirom ref.[112], Copyright (2013 with permission from Elsevier.

The comparison of the charge capability datzeils tested in LF30 and LP30
electrolytes reported in Figure Xtarly shows the beneficiaffectof LF30 with
respect to LP30n cycling performance of the graphite//LNMO cellfie capacity
retention of the cells with LF30 is 64% against 35% in LP30 and that of the cells in
LF30-FEC-SA is 69% against 49% in LP3QEC-SA. However, the loss of
capacity over the fst cycles at C/1Gtill occurs also in LF30 with and without
additives although it ismore limited than that in LP30.
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Figure 36. Specific capacity (referred to the active mass of the cathode) of charge (void symbol) and
discharge (full symbol) under charge capability test30°C of graphite//LNMO cells having low
mass loading electrodes witlB0 gquars) andLP30 (triangles) whout (red) and with.6% REC

and2% SA plack andCelgar®2400 separator.

Such a capacity logs mitigated in full cells with highmass loading electrodes
as shown in Figure 3.7 which compares the results of charge capability tests of cells
with high- and lowmass loading electrodes. Indeed, Highdingsinvolve high
current densitieghat shouldlimit the sidereactions at the electrode/electrolyte
interface, particularly duringhe first cycles where the effect of additives on the
recovered charge isiore evident. By contrast, at higates (1C and 2C) the current
densities of the higinass loading electrodes are much higher than fornhass
loadings, thus resulting in higher ohmic drops and, hence, higher capacity loss.
However, he capacity retendh at the end of the tests of the cells with higass
loading electrodes increased to 70% in LF30 and 87% in LF30 with additives.



