
 

 
 

AB-INITIO STUDY OF SUPERIONIC CONDUCTORS 

 

 

 

MARZIA BATOOL 

 

 

 

 

 

DEPARTMENT OF PHYSICS 

KINNAIRD COLLEGE FOR WOMEN,  

LAHORE, PAKISTAN 

2023 

 

 

 



 

i 

AB-INITIO STUDY OF SUPERIONIC CONDUCTORS 

 

 

 

A RESEARCH REPORT SUBMITTED TO  

KINNAIRD COLLEGE FOR WOMEN 

IN FULFILLMENT OF THE REQUIREMENTS  

FOR THE DEGREE OF 

BACHELORS OF SCIENCE  

IN 

PHYSICS 

 

BY 

MARZIA BATOOL 

DEPARTMENT OF PHYSICS  

KINNAIRD COLLEGE FOR WOMEN, LAHORE 

2023 

 



 

ii 

RESEARCH COMPLETION CERTIFICATE 

It is certified that Ms. Marzia Batool of BS (session 2019-2023), Department of 

Physics has carried out research work entitled “AB-INITIO STUDY OF 

SUPERIONIC CONDUCTORS” under my supervision. 

It is assured that research work is original and has not yet been published anywhere 

else. 

Supervisor: 

 

                                                            Dated: 17-05-2023 

Dr. Faiza Uzma 

Assistant Professor of Physics 

Kinnaird College for Women, Lahore. 

 

 

 

Ayesha Aftab 

Head of Physics Department 

Kinnaird College for Women, Lahore. 

 

“All changes suggested by examiners during defense are incorporated in this final 

copy.” 

         

        Student                          Supervisor                              Head of Department 

 

 



 

iii 

ANTI-PLAGIARISM DECLARATION 

I certify that this is my own research work. The work has not, in whole or in part, 

been presented elsewhere for assessment. Where material has been used from other 

sources, it has been properly acknowledged. The similarity index of the research 

report is 15%. If this statement is untrue and I am found guilty of plagiarism, the 

punitive action against me should be taken as per Kinnaird Anti Plagiarism Policy. 

Marzia Batool 

Registration No: F19BPHY006 

Program: BS Physics 

Signature: 

 

Supervisor: 

 
 

Dr. Faiza Uzma 

Assistant Professor of Physics  

Kinnaird College for Women, Lahore. 

 

 

 

  

Ayesha Aftab 

Head of Department: 

Kinnaird College for Women, Lahore. 

 

 

 



 

iv 

ACKNOWLEDGEMENTS 

 

First and foremost, I would like to praise ALLAH the Almighty, the most 

Beneficient, Glorious, Omniscient, Gracious and Merciful, who created ua in 

Muslim Ummah. I greatly thankful to ALLAH for giving me wisdom, strength, 

courage, and the ability to bar the circumstances throughout the course of my study. 

All respect and praise to the Holy Prophet Hazrat Muhammad (P.B.U.H), who came 

as alight of knowledge for all seekers and a real role model for all mankind. 

I feel highly privileged to take this opportunity to express my sincere and deep sense 

of indebtedness from the core of my heart to my parents who supported me all the 

way morally and financially, they encouraged me throughout my life and always 

stand by my side. Without their support it is impossible for me to do all this. I would 

like to thank my parents from the core of my heart for their love and prayers that 

have always been a source of courage and confidence for me and key to my success. 

I would like to thank my supervisor Dr. Faiza Uzma, whose expertise was 

invaluable in formulating the research report. Her insightful feedback pushed me to 

sharpen my thinking and brought my work to the higher level. I am thankful for her 

patience, inspiring guidance, co-operation throughout my research work, and keen 

interest as well as the editorial corrections that she made during thesis writing. 

May Allah bless all of us. Ameen 

                                                                                                                

                                                                                                  Marzia Batool 

 

 

 

 

 



 

v 

ABSTRACT 

 

The use of halide materials as solid electrolytes has recently attained gigantic 

research interest due to their ability to operate at high temperature. Under over 

present knowledge novel halide electrolytes, such as LiYCl4, LiSmCl4, and LiAlCl4, 

exhibit high Li-ionic conductivities, approaching 10-3 S/cm, with low activation 

energies. A considerable experimental as well as theoretical efforts have been made 

in the identification of optimal combination of Li-M-X, (M: metal, X: halide) that 

are suitable at high temperature. Whereas, being a novel promising electrolyte 

material, LiAlCl4, there are not too many literatures available for the electronic, 

structural characteristics analysis of LiAlCl4. However, these characteristics 

decides the suitable battery material such as the materials with wide bandgap of ~ 

6 eV are highly desirable. In this work, we employ Density Functional Theory 

(DFT) simulations to conduct a study of Li-M-X with M= Al and X =Cl. Electronic, 

structural properties and phase stability of LiAlCl4 is found. The values of the 

bandgap 5.63 eV and 5.2 eV are calculated by the exchange correlation functionals, 

Generalized Gradient Approximation (GGA) with Perdew-Burke-Ernzerhof (PBE) 

and the Local Density Approximation (LDA) for LiAlCl4, respectively. Results 

indicate that the GGA-PBE calculation gives a more desirable value closer to the 

experimental band gap. These results agree with the true nature of GGA-PBE 

method. On the other hand, experimental synthesis of electrolytes is time-

consuming and requires a lengthy process to achieve a perfect solid electrolyte. 

Computational modeling minimizes cost, time and complements experiments by 

providing unique theoretical insights to predict the state-of-the-art solid-state 

electrolytes, which have been rarely reported. Our calculations determined that 

LiAlCl4 shows promising potential as a battery electrolyte with a band gap of 5.63 

eV, indicating the suitability of LiAlCl4 as a superionic conductor. 
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CHAPTER  1 

INTRODUCTION 

 

1.1 iIntroduction to Batteries 

A battery is a device that converts chemical energy to electrical energy battery’s 

chemical reactions involve the flow of electrons from one material (electrode) to 

another via an external circuit. The flow of electrons generates an electric current, 

which can be used to perform work. Charged ions flow through an electrolyte 

solution that is in contact with both electrodes to balance the flow of electrons. 

Different electrodes and electrolytes cause different chemical reactions, which 

affect how the battery works, how much energy it can store, and how much voltage 

it can produce. Alessandro Volta, an Italian Physicist, invented the first battery in 1800 

i[1]. i i 

The ifollowing characteristics mustibe present iniaipractical ibattery: 

i. Itishould be light in weight and small in size. 

ii. The cell or battery must ibe capable of providing ia constant voltage. 

Furthermore, the voltage of the battery or cell must not change while in use. 

i 

1.1.1 iCell and Battery 

Even ithough ithe iterm  ibattery iis ioften iused, ithe ibasic ielectrochemical  iunit 

iresponsible ifor ithe actual istorage iof ienergy iis icalled ia iCell. iA Cell, ias ijust 

imentioned, iis ithe ifundamental  electrochemical  iunit ithat iis ithe isource iof ielectrical  

ienergy iproduced iby iconversion iof chemical ienergy. iIn iits ibasic iform, ia icell  

itypically icontains ithree imain icomponents:  itwo electrodes iand ielectrolyte iand ialso 
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iconsists iof iterminals, iseparator iand ia icontainer. iSpeaking of ielectrodes,  ithere iare 

itwo itypes iof ielectrodes  icalled ithe iAnode i(-) iand  ithe iCathode i(+) i[2]. 

The iAnode iis ithe inegative ielectrode i(also icalled ithe iFuel iElectrode ior ithe 

iReducing iElectrode).  iIt iloses ielectrons ito ithe iexternal icircuit iand iin ithe 

ielectrochemical  ireaction, iit igets ioxidized. iCathode ion ithe iother ihand, iis ithe 

ipositive ielectrode i(also icalled ithe iOxidizing iElectrode). iIt iaccepts ielectrons ifrom 

ithe iinternal icircuit iand iin ithe ielectrochemical  ireaction, iit igets ireduced. iHence, ithe 

ienergy iconversion iin ia ibattery iis idue ito ielectrochemical  ioxidation-reduction  

ireaction i[2]. 

The ithird iimportant  icomponent iof ia icell iis ithe ielectrolyte. iAn ielectrolyte iacts ias 

imedium ifor itransfer iof icharge iin ithe iform iof iions ibetween ithe itwo ielectrodes.  

iHence, ithe ielectrolyte iis isometime ireferred ito ias iIonic iConductor.  iA iseparator 

iwhich ielectrically iisolates ithe ipositive iand inegative ielectrodes. iAn iimportant 

ipoint ito ibe inoted ihere ithat ithe ielectrolyte iis inot ielectrically iconductive ibut ijust 

ihave iionic iconductivity i[2]. 

A ibattery ioften iconsists  iof ione ior imore i“cells” ithat iare ielectrically iconnected iin 

ieither ia iseries ior iparallel iconfiguration  ito iprovide ithe inecessary ivoltage iand 

icurrent ilevels i[2]. 

 

Figure i1.1 iSchematic view of iBasic Battery with electrochemical cell i[3]. 
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1.2 Types of Batteries 

Basically, iall ithe ielectrochemical icells iand ibatteries iare iclassified iinto itwo itypes: 

• Primary i(non-rechargeable) 

• Secondary i(rechargeable) 

Even ithough ithere iare iseveral iother iclassifications iwithin ithese itwo itypes iof ibatteries, 

ithese itwo iare ithe ibasic itypes. iSimply ispeaking, iPrimary iBatteries iare inon-rechargeable 

ibatteries ii.e., ithey icannot ibe irecharged ielectrically iwhile ithe iSecondary iBatteries iare 

irechargeable ibatteries ii.e., ithey ican ibe irecharged ielectrically i[2]. 

1.3 iPrimary Batteries 

A iPrimary iBattery iis ione iof ithe isimple iand iconvenient isources iof ipower ifor iseveral 

iportable ielectronic iand ielectrical idevices ilike ilights, icameras, iwatches, itoys, iradios ietc. 

iAs ithey icannot ibe irecharged ielectrically, ithey iare iof i“use iit iand iwhen idischarged, 

idiscard iit” itype i[2]. 

Usually, iprimary ibatteries iare iinexpensive, ilight iweight, ismall iand ivery iconvenient ito 

iuse iwith irelatively ino ior iless imaintenance. iMajority iof ithe iprimary ibatteries ithat iare 

iused iin idomestic iapplications iare isingle icell itype iand iusually icome iin icylindrical 

iconfiguration i(although, iit iis ivery ieasy ito iproduce ithem iin idifferent ishapes iand isizes) 

i[2]. 

1.3.1 iCommon Primary Battery Types 

There iare iTwo iMain iTypes iof iPrimary iCells/Batteries: 

1. iAlkaline iBatteries 
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Chemical icomposition iof iZinc iwith iManganese idioxide iforms ithese ibatteries. iThe 

ielectrolyte ithat iis iused iin ithese itypes iof ibatteries iis ipotassium ihydroxide, iand isince iall 

ithe icontents iare ipurely ialkaline, iit iis itermed ias ian ialkaline ibattery. 

2. iCoin iCell iBatteries 

The icoin icell ibatteries ialso ihave ialkaline ielectrolytes, iand iadditionally, ithey ialso ihave 

ithe ichemicals iof ilithium iand isilver ioxides. iThese itypes iof iprimary ibatteries iare ihighly 

iefficient iin iensuring istable iand isteady ivoltage i[2]. 

1.4 iSecondary iBatteries 

A iSecondary iBattery iis ialso icalled ias iRechargeable iBattery ias ithey ican ibe ielectrically 

irecharged iafter idischarge. iThe ichemical istatus iof ithe ielectrochemical icells ican ibe 

i“recharged” ito itheir ioriginal istatus iby ipassing ia icurrent ithrough ithe icells iin ithe iopposite 

idirection iof itheir idischarge i[2]. 

Basically, isecondary ibatteries ican ibe iused iin itwo iways: 

• In ithe ifirst icategory iof iapplications, ithe isecondary ibatteries iare iessentially iused 

ias ienergy istorage idevices iwhere ithey iare ielectrically iconnected ito ia imain 

ienergy isource iand ialso icharged iby iit iand ialso isupplying ienergy iwhen irequired. 

iExamples iof isuch iapplications iare iHybrid iElectric iVehicles i(HEV), 

iUninterrupted iPower iSupplies i(UPS), ietc. 

• The isecond icategory iof iapplications iof isecondary ibatteries iare ithose 

iapplications iwhere ithe ibattery iis iused iand idischarged ias ia iprimary ibattery. 

iOnce iit iis icompletely idischarged i(or ialmost icompletely idischarged), iinstead iof 

idiscarding iit, ithe ibattery iis irecharged iwith ian iappropriate icharging imechanism. 

iExamples iof isuch iapplications iare iall ithe imodern iportable ielectronics ilike 

imobiles, ilaptops, ielectric ivehicles, ietc. 
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Energy iDensity iof isecondary ibatterie iare irelatively ilower ithan ithat iof iprimary ibatteries 

ibut ihave iother igood icharacteristics ilike ihigh ipower idensity, iflat idischarge icurves, ihigh 

idischarge irate, ilow itemperature iperformance i[2]. 

1.4.1 iCommon Secondary Battery Types 

Two iof ithe ioldest ibatteries iare iin ifact isecondary ibatteries icalled ithe iLead i– iAcid 

iBatteries, iwhich iwere ideveloped iin ilate i1850’s iand iNickel i– iCadmium iBatteries, iwhich 

iwere ideveloped iin iearly i1900’s. iUntil irecent itimes, ithere iare ionly itwo itypes iof 

isecondary ibatteries i[2]. 

The ifirst iand ithe imost icommonly iused irechargeable ibatteries iare icalled iLead i– iAcid 

iBatteries. iThe isecond itype iof ithe irechargeable ibatteries iare icalled iNickel i– iCadmium 

iBatteries. iIn ithe irecent idecades, itwo inew itypes iof irechargeable ibatteries ihave iemerged. 

iThey iare ithe iNickel i– iMetal iHydride iBattery iand ithe iLithium i– iIon iBattery. iOf ithese 

itwo, ithe ilithium i– iion ibattery icame iout ito ibe ia igame ichanger iand ibecame icommercially 

isuperior iwith iits ihigh ispecific ienergy iand ienergy idensity ifigures i(150 iWh i/ ikg iand i400 

iWh i/ iL) i[2]. 

1.5    Lithium-Ion Battery 

A ilithium-ion ibattery ior iLi-ion ibattery iis ia itype iof irechargeable ibattery icomposed iof 

icells iin iwhich ilithium iions imove ifrom ithe inegative ielectrode ithrough ian ielectrolyte ito 

ithe ipositive ielectrode iduring idischarge iand iback iwhen icharging i[4]. 
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1.5.1 iApplications of Li-Ion Battery i 

Some iof ithe imost icommon iapplications iof ilithium-ion ibatteries iare: 

• Power ibackups/UPS 

• Mobile, iLaptops, iand iother icommonly iused iconsumer ielectronic igoods 

• Electric imobility 

• Energy iStorage iSystems 

1.5.2 iAdvantages of Li-Ion Battery i 

 

• High Energy Density 

• Easy maintenance 

• Continuous voltage 

• Low Self Discharge 

• No requirement for priming 

• Variety of models available 

1.5.3 Disadvantages of Li-Ion Battery 

 

• Requires higher protection (Inflammable) 
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• Expensive Sensitive to high temperatures 

• Transportation problems 

1.6 iBackground of Lithium-Ion Batteries 

iFor imany iyears, ithe ionly isuitable ibattery ifor iportable iequipment, isuch ias imobile 

icomputing iand iwireless icommunications iwas inickel-cadmium. iPioneer iwork ion ithe 

ilithium ibattery ibegan iin i1912; ihowever, iit iwasn’t iuntil ithe i1970s iwhen ithe ifirst inon-

rechargeable ilithium ibatteries ibecame icommercially iaccessible. iDuring ithe ioil icrisis iof 

ithe i1970s, ian iEnglish ichemist inamed iStanley iWhittingham ibegan iworking ion ithe 

iconcept iof ia inew ibattery ithat iwas iable ito irecharge ion iits iown iin ia itimely imanner. iHe 

ihoped ithat ithis icould ilead ito ifossil ifuelfree ienergy iin ithe ifuture. iWhittingham 

iattempted ito iuse ilithium imetal iand ititanium idisulfide ias ithe ielectrodes, ihowever ithis 

icaused ithe ibatteries ito ishort icircuit iand icatch ifire, iraising isafety iconcerns iabout ithe 

iexperiment. iIn ithe i1980s, iJohn iGoodenough idecided ito iexperiment iusing ilithium 

icobalt ioxide ias ithe icathode, idoubling ithe ienergy ipotential. iThis iled iAkira iYoshino ito 

iexperiment iwith iusing ia icarbonaceous imaterial, ipetroleum icoke, iwhich iled ito ithe 

ifinding ithat ithe ibattery iwas isignificantly isafer iwithout ilithium imetal. iThis iwas ithe 

ibeginning iof ilithium iion ibattery idevelopment. iIn ithe i1990s, ilithium iion itechnology 

ibegan ito igain icustomer iacceptance, icausing iit ito ibecome ithe ibattery iwith ithe ifastest-

growing ipopularity. iLithium ibattery idevelopment iwas ifirst iexplored ibecause iof ithe 

isafety iconcerns iof ilithium imetal ibatteries. iDespite ibeing islightly ilower iin ienergy 

idensity ithan ilithium imetal, ilithium iion iis iextremely isafe iwhen icharged iand idischarged 

ifollowing ispecified isafety iprecautions i[4]. 
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1.7 iWorking iof I Li-ion iBatteries 

A ilithium-ion i(Li-ion) ibattery iis ian iadvanced ibattery itechnology ithat iuses ilithium iions 

ias ia ikey icomponent iof iits ielectrochemistry. iDuring ia idischarge icycle, ilithium iatoms iin 

ithe ianode iare iionized iand iseparated ifrom itheir ielectrons. iThe ilithium iions imove ifrom 

ithe ianode iand ipass ithrough ithe ielectrolyte iuntil ithey ireach ithe icathode, iwhere ithey 

irecombine iwith itheir ielectrons iand ielectrically ineutralize. iThe ilithium iions iare ismall 

ienough ito ibe iable ito imove ithrough ia imicro-permeable iseparator ibetween ithe ianode iand 

icathode. iIn ipart ibecause iof ilithium’s ismall isize i(third ionly ito ihydrogen iand ihelium), iLi-

ion ibatteries iare icapable iof ihaving ia ivery ihigh ivoltage iand icharge istorage iper iunit imass 

iand iunit ivolume. iLi-ion ibatteries ican iuse ia inumber iof idifferent imaterials ias ielectrodes. 

iThe imost icommon icombination iis ithat iof ilithium icobalt ioxide i(cathode) iand igraphite 

i(anode), iwhich iis imost icommonly ifound iin iportable ielectronic idevices isuch ias 

icellphones iand ilaptops. iOther icathode imaterials iinclude ilithium imanganese ioxide 

i(used iin ihybrid ielectric iand ielectric iautomobiles) iand ilithium iiron iphosphate. Li-ion 

batteries typically use ether (a class of organic compounds) as an electrolyte i[5]. 

 i  

Figure i1.2 iSchematic iview iof ithe imostly icommon iused iLi ibattery iwith iLiCoO2 ias ia icathode 

iand igraphite ianode i[6]. 
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1.7.1 iChemistry Involved in Lithium-Ion Batteries i 

Inside ia ilithium-ion ibattery, ioxidation-reduction i(Redox) ireactions itake iplace. 

Reduction itakes iplace iat ithe icathode. iThere, icobalt ioxide icombines iwith ilithium iions 

ito iform ilithium-cobalt ioxide i(LiCoO2). iThe ihalf-reaction iis: 

CoO2 i+ iLi+
 i+ ie-

 i→ iLiCoO2 

Oxidation itakes iplace iat ithe ianode. iThere, ithe igraphite iintercalation icompound iLiC6 

iforms igraphite i(C6) iand ilithium iions. iThe ihalf-reaction iis: 

LiC6 i→ i6C i+ iLi+
 i+ ie- 

Here iis ithe ifull ireaction i(left ito iright i= idischarging, iright ito ileft i= icharging): 

LiC6 i+ iCoO2 i⇄ i6C i+ iLiCoO2 

 

1.8  iSolid  iElectrolytes 

A isolid-state ielectrolyte i(SSE) iis ia isolid iionic iconductor iand ielectron-insulating 

imaterial iand iit iis ithe icharacteristic icomponent iof ithe isolid-state ibattery. iIt iis iuseful ifor 

iapplications iin ielectrical ienergy istorage i(EES) iin isubstitution iof ithe iliquid ielectrolytes 

ifound iin iparticular iin ilithium-ion ibattery. iThe imain iadvantages iare ithe iabsolute isafety, 

ino iissues iof ileakages iof itoxic iorganic isolvents, ilow iflammability, inon-volatility, 

imechanical iand ithermal istability, ieasy iprocessability, ilow iself-discharge, ihigher 

iachievable ipower idensity iand icyclability i[7,8]. i 

Solid ielectrolytes iconduct ilithium iions iat iroom itemperature iand ican ipotentially ireplace 

iconventional iorganic ielectrolytes, iwhich iare iflammable iand itoxic. iIn iaddition ito 

idrastically iimproving ithe isafety iof ithe ibattery, isolid istate ielectrolytes iallow ithe iuse iof 

https://en.wikipedia.org/wiki/Ionic_conductivity_(solid_state)
https://en.wikipedia.org/wiki/Electrolyte
https://en.wikipedia.org/wiki/Solid-state_battery
https://en.wikipedia.org/wiki/Lithium-ion_battery
https://en.wikipedia.org/wiki/Organic_liquid
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ilithium imetal ias ithe ianode. iThis iin iturn iincreases ithe icell ivoltage iand ithereby iincreases 

ithe ienergy idensity iof ithe ibattery. i[9] 

 

Figure 1.3 iAll-Solid-State Battery with the solid-state ielectrolyte i[10]. 

1.8.1 iHistory iof iSolid iElectrolytes 

The ihistory iof isolid-state iionic iconductors istarted iwith ithe idiscovery iof 

conduction iproperty iin iheated isolid iAg2S iand iPbF2 imade iby iFaraday iin i1830 

[11]. iThen ia iseries iof ielectrical iconductivity iin isolid ielectrolyte iis istarted ifrom 

i1854-1960 iin iwhich istabilized izirconia iand isilver iexhibit ihigh iionic 

iconductivity, iwhich iis iconsidered ias ia iturning ipoint ifor ihigh iconductivity iin 

isolid ielectrolytes [12]. iIn ilate i1970, ithe idiscovery iand idevelopment iof ilithium 

iinsertion itype icathode imaterials, irechargeable iSSBs iwere iintroduced. iIn ithe 

i1980s iand i1990s, ihigh iLi-ion iconductivity icompounds iwith ihigh iionic 

conductivity iare iattracting imore iand imore iresearch ifocus ion iits ipotential 

iapplications iin the energy sector storage iand iconversion equipment, some solid 

iionsiconductors were reported during ithis iperiod. iIn i1976, ithe iNa isuper-ionic 

conductor i(NASICON) istructure [13] was first idesigned, iin i1993 perovskite [14], 

iin i2003 igarnet itype iimportant ioxide iSSE, iand finallyiin 2007 Li7La3Zr5O12 [15] 
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become ifamous iafter ithe ireport iof ifast iionic iconductivity.  In 2011-2016, sulfide 

SSE like Li10GeP2S12 [16], Li7P3S11 [17], Li9.54Si1.74P1.44S11.7Cl0.3 [18] were found with 

even higher conductivity (10-25 mS/cm) than conventional liquid electrolytes. Another 

oxide type Li-rich anti-perovskite Li3OCl [19] was also discovered with high ionic 

conductivity. In 2019, halide based solid electrolytes have gained significant interest 

due to their wide electrochemical window (≈ 4 V) and high ionic conductivity (≥10-3 

S/cm), a detail comparison of sulfides, oxide and halide is given in the Figure 1.4. 

 

 

Figure i1.4 iEvolution iof iionic iconductivity iof ioxide, isulfide iand ithe itypical imetal 

ihalide isuper-ionic iconductors ialong iwith iorganic iliquid ielectrolytes ias ia ifunction iof 

itemperature i[20]. 

1.9 iSignificance i 

Generally, ifor ia ivery ifast isuper-ionic iconductors, ia istructure imay icompose iof 

icrystalline iframework iof iimmobile iand imobile iions isub-lattice isites, iavailable iadjacent 
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isites imust ibe ilarger ior iequivalent ito inumber iof imobile ispecies iand ithat imobile iions 

idiffuse ifrom iexcited isites ito ineighboring isites iwith ilow ibarrier ienergy ito iform ia 

icollective iand icontinuous idiffusion ipath. iSolid ielectrolytes iof iLi ihave idistinct iconcern 

ifrom ithe iapprehensive ideterminations iin isearch iof isolid ielectrolytes iof ivarious 

istructural iforms iwhich iis ianother icritical ifactor ifor idesigning ia isuperionic iconductor iis 

ibased ion ithe icoordination ienvironment iof ilithium. iThe icoordination iof iLi iis idirectly 

irelated ito iion imigration iand iactivation, ibecause ithe iunfavorable icoordination iof ithe 

imobile iion icould ibe iextremely ifeasible ifor ihigh imobility iand ilow iactivation ienergy, 

ihowever ithere imay idifficulty iin isynthesis idue ito ithermal iinstability. iSo, iit iis ia ineed ito 

iexplore isuch itype iof isolid ielectrolytes iwhich icontains iintrinsic ivacancies iand iweek 

ibonding ienvironment ito ienhance iionic iconductivity i[21]. 

So ifar, ithe iLi3MCl6 ifamily i(M i= iSc, iY, iIn, iYb, iEr, ietc.) iis ithe imost isuccessful iclass iof 

ihalide isuperionic iconductors. iUp itill inow ithe imain iresearch ifocus iof ihalide isolid 

ielectrolytes iwas iremain iin ifinding ior idiscovering inew istructures iwith idifferent 

icompositions ibased ion iionic iconductivity iand istability iwindow ivoltage i(Figure i1.5). 

iHowever, ithere iare ivery ifew iresearch ireports ithat ihave iexplored ithe iseveral iissues 

iespecially ichemical istability iof ihalide ifor itechnological, ipractical iand ilarge iproduction 

ifor iall-solid-state ibatteries i[22]. 
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Figure i1.5 iProgress iand idevelopment iin iexploring ihalide ielectrolytes iwith idifferent 

icomposition iand istructures iwith itheir iionic iconductivity i[23]. 

 

It iis ifact ithat ioxides iare icompatible iwith iLi imetal ianode iwith iless iionic iconductivity iand 

isulfides iwith ihigh iionic iconductivity ibut iincompatible idue ito ichemical iinstability, iand 

ihalides ihave ihigh iionic iconductivity iwith ilarge ielectrochemical istability iwindow ibut 

iare inot istable iwith iLi imetal ianode.  i 

 

Figure i1.6 iComparison iof ikey iperformance iand iproperties iof isulfides, ihalides iand 

ioxides i[23]. 
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It ican ibe iseen iin iFigure i1.6 ithat ioxide iand isulfides icould imeet ionly itwo/three iout iof ifive 

ikey iperformances iof isolid ielectrolytes iwhereas ihalides ifour iout ifive ikey iproperties. iIf 

ithe ihalides ibecome istable iwith iLi imetal ianode iit iwould iopen inew iera ifor inext 

igeneration iall-solid-state ibatteries, iwhich iis ia imain iobjective iof ithis iproject. 

1.10 iHalide iElectrolytes i 

Recently, halides based solid electrolytes are attracting significant interest due to high 

their ionic conductivity (≥10-3 S/cm) and wide electrochemical window (≈ 4 V) [24]. 

In fact oxides and sulfides are the most studied electrolytes materials and 

are among the most promising candidates for solid-state electrolytes in 

secondary batteries, however oxide material exhibit low Li ion conductivity 

while sulfides showed narrow electrochemical stability window voltage and 

incompatibility with Li metal anode [25].Similarly another family of halide 

based solid electrolytes, Lithium Tetrahaloaluminates, LiAlX4 (X = Cl, Br, I) reported 

by Nicolás Flores-González et al.by mechanical synthesis for the first time with a 

space group of monoclinic P21/c, Z = 4; a = 8.0846(1) Å; b = 7.4369(1) Å; c 

= 14.8890(2) Å; β = 93.0457(8)°) [26]. LiAlBr4 exhibited the highest ionic 

conductivity at room temperature (0.033 mS/cm), while LiAlCl 4 showed a 

conductivity of 0.17 mS/cm at 333 K, coupled with the highest thermal and 

oxidative stability. Modeling of the diffusion pathways suggests that the 

Li-ion transport mechanism in each tetrahaloaluminate is closely related 

and mediated by both halide polarizability and concerted complex anion 

motions [26]. 

1.11 iCrystal istructure iof iLiAlCl4 

LiAlCl₄ icrystallizes iin ithe imonoclinic iP2₁/c ispace igroup. iLi¹⁺ iis ibonded ito isix iCl¹⁻ 

iatoms ito iform iLiCl₆ ioctahedra ithat ishare icorners iwith itwo iequivalent iLiCl₆ ioctahedra, 

icorners iwith itwo iequivalent iAlCl₄ itetrahedra, ian iedge iwith ione iLiCl₆ ioctahedra, iand 
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iedges iwith itwo iequivalent iAlCl₄ itetrahedra. iThe icorner-sharing ioctahedral itilt iangles 

iare i49°. iThere iis ia ispread iof iLi–Cl ibond idistances iranging ifrom i2.45–2.78 iÅ. iAl³⁺ iis 

ibonded ito ifour iCl¹⁻ iatoms ito iform iAlCl₄ itetrahedra ithat ishare icorners iwith itwo 

iequivalent iLiCl₆ ioctahedra iand iedges iwith itwo iequivalent iLiCl₆ ioctahedra. iThe icorner-

sharing ioctahedral itilt iangles irange ifrom i58–59°. iThere iis ia ispread iof iAl–Cl ibond 

idistances iranging ifrom i2.13–2.16 iÅ. iThere iare ifour iinequivalent iCl¹⁻ isites. iIn ithe ifirst 

iCl¹⁻ isite, iCl¹⁻ iis ibonded iin ian iL-shaped igeometry ito ione iLi¹⁺ iand ione iAl³⁺ iatom. iIn ithe 

isecond iCl¹⁻ isite, iCl¹⁻ iis ibonded iin ia i3-coordinate igeometry ito itwo iequivalent iLi¹⁺ iand 

ione iAl³⁺ iatom. iIn ithe ithird iCl¹⁻ isite, iCl¹⁻ iis ibonded iin ia i3-coordinate igeometry ito itwo 

iequivalent iLi¹⁺ iand ione iAl³⁺ iatom. iIn ithe ifourth iCl¹⁻ isite, iCl¹⁻ iis ibonded iin ia ibent i120 

idegrees igeometry ito ione iLi¹⁺ iand ione iAl³⁺ iatom i[26]. 

 

Figure i1.7 iCrystal iStructure iof iLiAlCl4 i[26]. 
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RATIONALE 

In recent times, there has been a wide research interest in the use of halide materials as 

solid electrolytes, and several new types of halide electrolytes, including Li3YCl6, 

Li3InCl6, Li2Sc2/3Cl4 halo spinel structure, and LiAlCl4, have been synthesized and 

studied. These electrolytes have exhibited high Li-ionic conductivities even at high 

temperature, typically around 10−3 S/cm, and low activation energies. Solid electrolyte 

materials based on halides have attracted significant attention due to their wide 

electrochemical window of approximately ≥4 V. While much research has focused on 

finding the optimal combination of Li−M−X, which refers to the combination of 

lithium, metal, and halide ions, little computational attention has been paid to the 

impact of electronic and structural factors as well as phase stability of novel Li-M-X. 

To address this gap, this study employs density functional theory (DFT) to predict the 

structural and electronic properties of the promising material LiAlCl4 as a solid 

electrolyte for Li-ion batteries. The material LiAlCl4 is particularly promising due to 

its band gap and a wide electrochemical stability window, both of which reach beyond 

4.26 V with respect to Li/Li+. These properties make LiAlCl4 a potential superionic 

conductor in solid-state batteries, and a promising candidate for practical applications. 

Therefore, the electronic, structural and phase stability analyis of such solid electrolyte 

materials is crucial for the advancement of safe and high-performance solid-state 

batteries. 
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OBJECTIVES 

The study will study one of the promising battery materials that has recentally raised 

an enormous research interest i.e. Li-M-X. As a prototype we will be working with M 

= Al and X= Cl4. The objectives of study are: 

o Structure forming on Vesta and Geometry ioptimization iof iLiAlCl4 in 

CASTEP 

o Structural iparameter icalculations ifor iLiAlCl4 

▪ Lattice iconstants icalculations iwith idifferent iexchange 

icorrelation ifunctionals i(GGA/LDA) and find the best ones and 

validate our results with the present literature review for the 

above-mentioned battery material. 

o Electronic iproperties isimulation ifor iLiAlCl4 and check the agreement of 

these with the present experimental as well as theoretical literature 

present. 

▪ Band igap icalculations iwith i(LDA/GGA) 

▪ Total iDensity iof iStates ifor iLiAlCl4 i(LDA/GGA) 

▪ Partial iDensity iof istates for Li, Al and Cl as well as on orbitals 

s, p and d. 

o  Phase stability of LiAlCl4 
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CHAPTER 2 

LITERATUREiREVIEW 

 

Akihiro Sakai et al. (2018) investigated solid-electrolyte materials based on lithium 

halides, namely Li3YCl6 and Li3YBr6, have been discovered to possess crucial 

properties necessary for all-solid-state battery (ASSB) applications, especially for 

large-scale implementation. These properties include high lithium-ion conductivity, 

excellent deformability, and strong chemical as well as electrochemical stability. The 

cold-pressed powders of these materials exhibit lithium-ion conductivities exceeding 1 

mS cm−1 at room temperature, without the need for any additional intragrain or grain 

boundary resistances. When used in bulk-type ASSB cells with LiCoO2 as the cathode 

material, these halide solid electrolytes display coulombic efficiencies as high as 94%, 

without any additional coating. The exceptional electrochemical characteristics and 

material stability of these lithium halide salts indicate that they hold great potential as 

a candidate for solid electrolytes in ASSB, alongside sulfides or oxides [24]. 

Shuo Wang et al. (2019) studied solid electrolytes with high Li-ion conductivity and 

electrochemical stability are necessary to enable all-solid-state Li-ion batteries. Recent 

experimental findings have identified Li3YCl6 and Li3YBr6 as potential new solid 

electrolytes. Using first principles computation, they investigated the Li-ion diffusion, 

electrochemical stability, in addition to that, interface stability of chloride and bromide 

materials, whereas identified the reasons behind their high ionic conductivities along 

with good electrochemical stabilities. Unlike sulfide and oxide Li-ion conductors, 

chloride and bromide chemistries have low migration energy barriers, wide 

electrochemical windows, that are not restricted by previous design principles, 

allowing for greater flexibility in developing fast Li-ion conductors. This study 

https://onlinelibrary.wiley.com/authored-by/ContribAuthorRaw/Sakai/Akihiro
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emphasizes chloride and bromide as a promising new avenue for research on solid 

electrolytes with high ionic conductivity as well as good stability [27]. 

Fiaz Hussain et al. (2019) investigated the role of solid electrolytes in modern 

electrochemical energy storage technologies is significant, but achieving high Li-ion 

conductivity in them is still a major challenge. A recent study reports an improvement 

in ion conductivity in the anti-spinel structure of Li3OBr, which was synthesized 

recently, due to the presence of intrinsic vacancies. The anti-spinel Li3OBr has a stable 

defective structure with a high concentration of octahedral vacancies, leading to 

exceptionally high Li mobility (0.136 mS cm−1 at room temperature) as confirmed by 

ab initio molecular dynamic simulations. This mechanism of ion conductivity 

enhancement through octahedral vacancies in anti-spinel Li3OBr represents a new 

approach to solid electrolyte material design [28]. 

Roman Schlem et al. (2020) investigated due to their high ionic conductivity and good 

oxidation stability, halide-based solid electrolytes are becoming more popular for use 

in solid-state batteries. While their stability at the cathode interface is well-established, 

their stability against the lithium metal anode has been explored. This study examines 

the reaction layer formed between Li3InCl6 (Li3YCl6) and lithium using sputter 

deposition of lithium metal, as well as in-situ X-ray photoelectron spectroscopy and 

impedance spectroscopy. The results indicate that the interface is thermodynamically 

unstable and leads to a continuously growing interphase resistance. In addition, 

impedance spectroscopy was used to examine the interface between Li3InCl6 and 

Li6PS5Cl, to determine whether combining them as cathode electrolyte and separator 

electrolyte could result in stable, low impedance operation over the long term. While 

halide-based lithium superionic conductors are not suitable for use against Li due to 

oxidation instability, they show promise as cathode electrolytes [29]. 

Jianwen Liang et al. (2021) studied solid-state electrolytes (SSEs) are crucial materials 

for the development of rechargeable all-solid-state Li batteries (ASSLBs), which are 
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the upcoming generation of electrochemical energy storage systems. The discovery of 

new superionic conductors is an ongoing area of research, with various types of SSEs 

having been developed so far, including polymer-, oxide-, and sulfide-based SSEs. 

Recently, metal-halide SSEs (Li-M-X, where M is a metal element and X is a halogen) 

have emerged as new candidates due to their numerous advantageous properties, 

including wide electrochemical stability windows (0.36–6.71 V vs Li/Li+) and better 

chemical stability towards cathode materials compared to other SSEs. Additionally, 

some metal-halide SSEs (such as Li3InCl6 developed by their group) can be synthesized 

at large scales in a water solvent, without requiring special apparatus or handling in an 

inert atmosphere. This article focuses on the topic of metal-halide SSEs and aims to 

provide guidance for further development of novel halide SSEs to meet the multiple 

requirements of energy storage devices [30]. 

Nicolás Flores-González et al. (2021) studied advanced oxides and sulfides, that 

possess excellent lithium-ion conductivity and electrochemical stability. They highly 

promising materials for solid-state electrolytes in secondary batteries. However, newly 

emerging halides are showing potential as alternatives due to their intrinsic low energy 

barriers for lithium-ion migration, high oxidative stability, and favorable mechanical 

properties. Through mechanochemical synthesis, the characterization of LiAlX4 

compounds has been expanded, and the synthesis of LiAlI4 in a monoclinic P21/c 

crystal structure with Z = 4, and dimensions of a = 8.0846(1) Å, b = 7.4369(1) Å, c = 

14.8890(2) Å, and β = 93.0457(8)° has been achieved for the first time. Among the 

tetrahaloaluminates, LiAlBr4 demonstrated the highest ionic conductivity at room 

temperature (0.033 mS cm−1), while LiAlCl4 exhibited a conductivity of 0.17 mS cm−1 

at 333 K, along with the highest thermal and oxidative stability. Diffusion pathway 

modeling suggests that the transport mechanism of lithium ions in each 

tetrahaloaluminate is closely related and is mediated by both halide polarizability and 

concerted complex anion motions [26]. 
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Kwangnam Kim et al. (2021) studied that despite exploring various solid electrolyte 

(SE) options, it has been difficult to achieve the desired combination of stability, 

performance, and processability. Recently, lithium ternary halides have been gaining 

attention for SEs due to their high ionic conductivity and wide electrochemical window. 

This research aims to develop a material design strategy for lithium halides Li3MX6 

(where X is Cl, Br, or I) for use in high-voltage all-solid-state Li-ion batteries. This is 

achieved through the systematic investigation of crystal structures, phase and 

electrochemical stabilities, electronic and mechanical properties, and ionic 

conductivities. The results of calculations show that the electronegativity difference 

between M and X affects structural properties and stabilities. Monoclinic phases are 

preferred due to weak Coulomb interactions in Li3MX6. Moreover, the oxidation 

potential and chemical stability against cathode materials of Li3MX6 are better for 

smaller X, with chlorides exhibiting the highest oxidation potential (∼4.3 V) among 

Li3MX6. This makes chlorides an appropriate choice for SEs for high-voltage cathodes. 

The band gap and elastic moduli increase for relatively small X, suggesting that 

chlorides have low electronic conductivity and elastic deformability. Chlorides with 

transition metals typically exhibit trigonal phases, wider electrochemical stability 

windows, larger band gaps, and higher elastic moduli than other types of halides. 

Additionally, chloride Li3MCl6 is expected to have high ionic conductivities with the 

aliovalent substitution of M3+ to Zr4+ and the anion mixing of Cl with Br. This study 

provides fundamental guidelines for the development of lithium halide SEs for high-

voltage all-solid-state Li-ion batteries [31]. 

Fiaz Hussain et al. (2022) investigated solid electrolytes made of halide materials have 

recently gained moderate attention in research. Several new halide electrolytes, 

including Li3YCl6, Li3InCl6, and Li2Sc2/3Cl4 halospinel structure, and LiAlCl4, have 

been experimentally prepared, and they show high Li-ionic conductivities close to 10−3 

S/cm with low activation energies. However, while much experimental and theoretical 

work has focused on finding the best combination of Li−M−X, less attention has been 
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given to understanding the effects of the structural characteristics on the ionic 

conductivities and electrochemical stabilities. To address this, the authors conducted a 

comparative study using DFT and AIMD simulations on several halide electrolytes 

with different structures, such as rock-salt Li3MCl6, spinel Li2Sc2/3Cl4, and LiMCl4. 

Their results reveal that halospinel Li2Sc2/3Cl4 structures with cubic symmetry exhibit 

exceptional three-dimensional conductivity and mechanical stability as superionic 

conductors, with Li-ionic conductivity ranging from 0.26−19.0 mS/cm and activation 

energy lower than 0.20 eV (0.342−0.195 eV). Among them, Li2Sc2/3Cl4 is predicted to 

have the best balance between ionic conductivity and stability, with a room-

temperature ionic conductivity as high as 15.3 mS/cm and a band gap and 

electrochemical stability window vs Li/Li+ reaching 4.26 V, respectively. Therefore, 

this material shows great promise for practical applications as a superionic conductor 

in solid-state batteries [32]. 

Hiram Kwak et al. (2022) studied halide superionic conductors have emerged as a 

promising alternative to sulfide or oxide solid electrolyte (SE) materials for all-solid-

state batteries (ASSBs) due to their favorable properties, such as high Li+ conductivity, 

good chemical and electrochemical oxidation stabilities, and mechanical deformability. 

In this article, recent advancements in Li+- and Na+-conducting SEs using halide 

materials are comprehensively summarized. The article starts by introducing the ionic 

diffusion mechanism and the factors that govern crystal structures. It then discusses 

design strategies, including substitution and synthesis protocols, to further enhance the 

properties of halide materials. Theoretical and experimental results on electrochemical 

stabilities and compatibilities with electrode materials are also reviewed. Additionally, 

challenges and issues associated with developing practical ASSB applications are 

discussed, such as cost considerations, stabilities in atmospheric air, aqueous solutions, 

and slurry-processing, and the fabrication of sheet-type electrodes (or SE membranes) 

for large-format ASSBs. Finally, the article offers a perspective on future research 

directions for halide SEs, emphasizing the need to expand the materials space [23]. 
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Fiaz Hussain et al. (2023) studied the demand for low-cost, environmentally friendly, 

and renewable energy from next-generation all-solid-state batteries is growing rapidly. 

All-solid-state sodium-ion batteries (ASSSIBs) are considered superior to all-solid-

state lithium-ion batteries due to their superior environmental properties, higher safety, 

and increased availability on Earth. However, the development of ASSSIBs requires 

solid-state sodium electrolytes that possess certain characteristics such as high ionic 

conductivity at room temperature, wide electrochemical stability window, low 

electronic conductivity, and compatibility with interfaces, which have been rarely 

reported. To address this challenge, the authors used density functional theory and ab 

initio molecular dynamic simulations to predict novel sodium solid electrolytes. Their 

research resulted in the discovery of several sodium superionic conductors with 

excellent ion-conducting properties and interface compatibility. The optimized 

composition they found exhibited a remarkable Na-ionic conductivity of up to 8 mS 

cm−1 and an extremely low activation energy of 0.20 eV, in addition to high chemical 

and electrochemical stabilities. This discovery has the potential to be a focal point for 

future experimental studies and accelerate the development of high-performance 

ASSSIBs [33]. 

Han-xin Mei et al. (2023) compared to conventional lithium-ion batteries, solid-state 

batteries (SSBs) possess higher safety and energy density, making the solid-state 

electrolyte (SSE) a critical component that has garnered significant attention. SSEs are 

typically categorized into three types: oxides, sulfides, and polymers. This article 

focuses on the latest research on unconventional solid-state electrolytes (USSEs), 

including halides, zeolites, and others, discussing their properties, structures, synthesis 

methods, and costs. While halides are less popular, they are gaining popularity due to 

their many benefits, such as ionic conductivity at room temperature of over 0.6 mS 

cm−1, higher stability than most SSEs, even with an oxidation potential above 4V, ease 

of handling in dry air, and the feasibility of mass production using liquid phase 

methods. The article also compares typical USSEs to conventional SSEs, such as 
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oxides and liquid electrolytes, in various aspects. Finally, the article concludes with 

future research directions for USSEs, as well as practical application challenges that 

need to be addressed [34]. 

Kaiyong Tuo et al. (2023) conducted research on rechargeable solid-state batteries 

(ASSBs) that utilize solid-state electrolytes (SSEs) are seen as the next generation of 

devices for storing electrochemical energy. Among the many important research areas 

in energy storage chemistry, the development of SSEs is particularly crucial. Recently, 

halide SSEs have been the focus of intensive research for use in ASSBs because of 

their excellent combination of high ionic conductivity, chemical and electrochemical 

stability, and mechanical deformability. This review provides a critical overview of the 

synthesis, chemical stability, and outstanding challenges of halide SSEs. It summarizes 

in detail the design strategies, such as element substitution and crystal structure design, 

that have been utilized to optimize the ionic conductivity of halide SSEs. The review 

also discusses issues related to solvent compatibility, humid air stability, and 

degradation mechanisms associated with halide SSEs. Additionally, the review 

highlights advanced in situ/operando characterization techniques applied to halide-

based ASSBs. It provides a comprehensive understanding of interface issues, cost 

issues, and scalable processing challenges related to halide-based ASSBs for practical 

applications. Finally, the review presents future perspectives on designing high-

performance electrode/electrolyte materials that can guide the development of halide-

based ASSBs for energy storage and conversion [35]. 
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CHAPTER 3 

MATERIALS AND METHODS 

 

3.1 iHistorical iBackground 

According ito ithe iHeisenberg iuncertainty iprinciple, iposition iand imomentum icannot ibe 

imeasured isimultaneously ifor ia iparticle. iClassical imechanics iinsufficiency iin 

idescribing ithe inature iof ithe imaterial iat ithe iNano-scale iled ito ithe ifoundation iof iquantum 

iphysics. iTheoretically, iwe ihave ito iuse iquantum ichemistry iapproximations ito 

iunderstand ithe iinteractions iwithin ithe imolecule iand iits ienvironment. iThese 

iapproximations ialmost ireplicate ithe iphysical ibehavior iof iatoms iand ielectrons ias ithey 

iinteract iwith itheir inuclei. iHistory ihas iwitnessed ia iglorious ievolution iof iquantum 

ichemical imethods i[36]. iThis ichapter ibriefly isummarizes ithe ibasics iof iab-initio 

iapproximation imethods istarting ifrom iBorn-Oppenheimer iapproximation ito 

imulticonfigurational imethods. 

The ibasic iquantum imechanical imany-body iSchrödinger iwave iequation, iĤ𝛹 i= iE𝛹, 

iunder isome iboundary iconditions, ican ibe iobtained iby isubstituting imomentum ifunction 

iwith ithe iposition iderivative i(𝑝𝑥 i→ i𝑑/𝑑𝑥). iHere, iĤ iand i𝛹 iis ithe isystem’s iHamiltonian 

iand imany-electron iwavefunction, isimultaneously. iThe iwavefunction iof i‘n’ inumber iof 

inuclei iand ielectrons iis igiven iby, 

Ĥ𝛹 i(𝑥1, i𝑥2, i. i. i, i𝑥𝑛, i𝑅1, i𝑅2, i. i. i, i𝑅𝑛) i= iE𝛹(𝑥1, i𝑥2, i. i. i, i𝑥𝑛, i𝑅1, i𝑅2, i. i. i, i𝑅𝑛)        i(3.1) 

Where i𝑥n iis ithe ielectronic ispin iand ispace iposition iand iRn iis inucleic ivice iversa. 

iHowever, ito imake iit isolvable ithe icontinuum inature iof ithe iequation ihad ito ibe imade 

idiscrete i[37]. 

3.2 iBorn-Oppenheimer iApproximations 
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Born iinterpreted ithat ithe iwave ifunction iitself iis inot ian iobservable ibut iit iis ionly ia 

iprobability iamplitude. iWhereas iits isquare igives ius ia istatistical iconcept iof iintrinsic 

iproperties iof ithe imaterial isuch ias iposition. iBy imomentum isubstitution, ifor ithe 

iinteraction iwithin ithe iatom, ithe itime-independent iSchrödinger iwave iequation’s 

iHamiltonian ibecomes, 

     (3.2) 

The iHamiltonian iis iknown ias iBorn-Oppenheimer iHamiltonian, iwhere i∇2𝑖 iis iLaplacian 

ior ikinetic ienergy. ii iand ij iare iaccounted ifor ielectrons iand iA iand iB ion ithe inuclei. iBorn-

Oppenheimer iapproximation isimplifies ithis icomplicated iexpression. iFor iany ifixed 

imolecular igeometry, ithe ielectrons isurrounding inuclei iare ilighter iin iweight iand ithey 

iwill itake ieffect ifrom ithe iheavy inuclei i[38]. 

If ithe ikinetic ienergy iis icoming ifrom inuclei, ithen ithe ithird iterm in the iabove iequation 

i3.2 iwill ibe ineglected. iThough ito irecover ienergy idifference ithe inuclei-nuclei irepulsion 

icontribution ican ibe iadded iat ithe iend iof iall ielectronic icalculations i[38]. i 

   (3.3) 

To ianalytically isolve ithis iequation iis ia icumbersome itask, itherefore, icomputational 

iscientists itried ito ifind isome iapproximate isolutions ito imake iit isolvable ion ithe icomputer. 

iThe iwave iequation ican ibe isolved iby iapplying ithe iadiabatic iapproximations. iThe 

iapproximation imethods iare igenerally idivided iinto itwo igroups, iones ithat iincorporate 

ielectron-interaction isuch ias iDFT iand iothers ithat iexplicitly iincorporate ior idon’t 

iincorporate ielectron icorrelation isuch ias itight-binding ior iHartree iapproximation i[39]. i 

3.3 iTheory iof iElectron 

The idiscovery iof ielectron iput ia igreat ichallenge ifor itheoretical iphysics ito idescribe ithe 

itheory iof ielectron iin icondensed imatter. iThe itheory iof ielectron iin icondensed imatter iis ia 
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imany-body iproblem iin iwhich istatistical iconcepts iare iused ito idescribe ithe iintrinsic 

iproperties iof imaterials iin ia ilarge isystem. iThe itheory irequires iapproximations, iin iwhich 

ieach ielectron imoves iindependently iwith iothers iat isome iaverage ieffective ipotential. 

iWith ithe ipassage iof itime iand idevelopment iof ielectron itheory, ia icritical istep iwas ito 

iunderstand ithe iband itheory iof iindependent ielectrons iin icrystals i[40]. 

3.4 iHartree-Fock iApproximation 

After ithe idevelopment iof iquantum imechanics, iThomas iand iFermi iestablished ian 

iapproximation iin i1927 ifor icalculating ithe ikinetic ienergy ifor ithe ielectron isystem iand 

idistribution iin iheavy iatoms iin iwhich ithe ielectrons iare isurrounded iby ithe inucleus 

iwithout iconsidering iexchange iand icorrelation. i[41,42] iDirac ideveloped ithe ilocal 

iapproximation ifor iexchange ilater iin i1930 i[43]. iEventually, iby ithe imiddle iof ithe i1960s, 

icomputers iacquired ienough imemory iand iprocessing ipower ito isolve ithe iSchrödinger's 

iwave iequation ifor iatoms iand itiny imolecules iusing ithe iHartree-Fock iapproximation. 

iThis imethod iaccounts ifor ithe iclassical ielectrostatic ipotential ifor iother ielectron-electron 

iinteractions ias iwell ias inon-local iexchange iinteractions iand iinvolves iall ielectrons 

iinteracting iwith ithe ifixed inuclei's iexternal ipotential. iThe imany ielectron iwavefunction 

iin istationary icondition ican ibe iroughly iapproximated iusing ithis ivariational imethod. iA 

iSlater ideterminant ican iapproximate iwavefunction ifor iN ielectrons isystem ior iN ispin-

orbitals i[44]. i 

Wavefunction ifor isingle ielectron iis iwritten iby i 

Ѱ i(𝑟1, i𝑟2 i… i𝑟𝑛) i= i𝜑1 i(𝑟1) i𝜑2 i(𝑟2) i… i𝜑𝑛(𝑟𝑛) i i i i i i i i i i i i(3.4) 

For ithe itwo-electron isystem iit ican ibe iwritten ias 

Ѱ i= i𝜑𝑎 i(1) i𝜑2 i(2) i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i I     I (3.5) 

Anti-symmetry iprinciple iby ia iwavefunction, i 

Ѱ𝐴 i= i1/√2 i[𝜑𝑎 i(1) i𝜑𝑏 i(2) i− i𝜑𝑎 i(2) i𝜑𝑏 i(1)] i i i i i i i i i i i i i i i i i(3.6) 
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 iHartree-Fock iSolution i(Fock, iSlater iin i1930) 

 iSlater ideterminant i(SD) i 

(3.7) 

 

3.5 iDensity iFunctional iTheory iand imathematical iformulism 

Schrodinger iequation ican ibe isolved ieasily ifor ione ielectron isystem. iFor imultiple 

ielectronic isystem, iit iis ivery ihard ito isolve iSchrodinger iequation, ibecause iwe ihave ito 

isolve ifor ieach iof ithe ielectronic ipart. iSo, iwe iintroduce isome iof iapproximations, ione iof 

ithem iis iDFT. iDFT icalculations iare ilike iAb iinitio iand isemi iempirical icalculations, 

ibased ion iSchrodinger iequation. iHowever, iunlike ithe iother itwo imethods, iDFT idoes inot 

icalculate ia iconventional iwave ifunction, ibut irather iderives ithe ielectron idistribution 

ifunctional idirectly. iA ifunctional iis ia imathematical ientity irelated ito ifunction. iDFT 

icalculations iare iusually ifaster ithan iAb iinitio, ibut islower ithan isemi iempirical i[45]. 

In iDFT ithe ifunctional iis ithe ielectron idensity iwhich iis ia ifunction iof ispace i& itime. 

iElectron idensity iis iused iin iDFT ias ithe ifundamental iproperty iunlike iHartree-Fock 

itheory iwhich ideals idirectly iwith ithe imany-body iwavefunction. iUsing ithe ielectron 

idensity isignificantly ispeeds iup ithe icalculation. iWhereas ithe imany-body ielectronic 

iwavefunction iis ia ifunction iof i3N ivariables i(the icoordinates iof iall iN iatoms iin isystem) 

ithe ielectron idensity iis ionly ia ifunction iof ithree ivariables ix,y,z i[45]. i 

Any iproperty iof ia isystem iof imany iinteracting iparticles ithat idescribed ias ia ifunctional iof 

iground istate idensity i𝑝(𝒓) i= i𝑝(𝑥, i𝑦, i𝑧) iis icalled ithe ifundamental iprinciple iof idensity 

ifunctional itheory i(DFT), iwhere ia ifunctional iis ijust ia ifunction ithat idepends ion ia 

ifunction i[44]. iIn i1964, iP. iHohenberg iand iW. iKohn iformulated ithe imodern idensity 
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ifunctional itheory ibased ion idensity ias i“basic ivariable” ifor iall iproperties iof ithe isystem ias 

ia iunique ifunctional iof ithe iground istate idensity i[46]. iIn i1965 ithe iformulation iof idensity 

ifunctional itheory ipresented iby ithe iW. iKohn iand iL. iJ. iSham ibecome ipractical, iaccurate 

iand ifeasible iapproach ifor ithe imany ibody isystems iof ielectrons iin iatoms, imolecules iand 

isolids i[47]. iThough iKohn-Sham iequations iwere iable ito icapture iexact ikinetic ienergy iof 

ithe isystem icompletely. iToday, iDFT ihas ibecome ian iupsurge itool ifor icomputing 

ielectronic istructure iin icondensed imatter, iquantum istates iof iatoms, imolecules, isolids 

iand ias iwell ias iother ifinite isystems, iand iab iinitio imolecular idynamics i(AIMD) 

isimulations iof isolids iwhich iprovides ithe iground istate ienergy i𝐸[𝑝(𝒓)] i= i𝐸 i[𝑝 i(𝑥, i𝑦, i𝑧)] 

iof isystem i[44,48]. iOne iof ithe idrawbacks iof idensity ifunctional itheory iis ithat iit icannot 

iconsider imany-body iwavefunction. iWhereas iHartree-Fock ican iby iusing iSlater 

ideterminant. iIn igeneral, iDFT ican ibe idescribed iby ithe ibasic iDFT itheorems iwhich iare 

ialso iknown ias iHohenberg iand iKohn itheorems i: i[44,46] 

3.5.1 iHohenberg-Kohn itheorems 

The ifirst itheorem istates ithat i“The iexternal ipotential i𝑉𝑒𝑥𝑡 i(𝒓) iof iany isystem iof 

iinteracting iparticles iis iuniquely idetermined iby ithe iground istate ienergy idensity i𝑝(𝒓) ii.e. 

ithe iground istate iproperties iof ia imany-electron isystem idepend ionly ion ithe ielectronic 

idensity i𝑝(𝒓).” iThe isecond itheorem istates ithat i“a iuniversal ifunctional ifor ithe ienergy 

i𝐸[𝑝(𝒓)] iassumes iits iminimum ivalue ifor ithe iground istate idensity i𝑝0 i(𝒓) iwith irespect ito 

iall idensities ifulfilling∫ i𝑝(𝒓)𝑑(𝒓) i= i𝑁, ii.e. ifor iany iparticular i𝑉𝑒𝑥𝑡(𝒓), ithe iexact iground 

istate ienergy iof ithe isystem iis ithe iglobal iminimum ivalue iof ithis ifunctional, iand ithe 

idensity i𝑝(𝒓) ithat iminimizes ithe ifunctional iis ithe iexact iground istate idensity i𝑝0 i(𝒓) 

i[44,46]. 

3.5.2 iKohn-sham ienergy 

After iHohenberg-Kohn ifound ithe ipossibility ito idescribe ithe iquantum isystem iwith iits 

icorresponding ielectron idensity, iKohn iand iSham iproposed ia iquick iway iof icalculations 

iwithout ithe iexplicit ievaluation iof iwavefunction ifor ithe isystem. iKohn-Sham iassumed 
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ithe isystem iof inon-interacting ielectrons iunder ithe iinfluence iof iexternal ipotential ihas ia 

idensity ithat imatches iwith ithe ielectronic idensity iof iits iexact icounterpart. iConsider ia 

isystem iof iN iinteracting ielectrons iin ia inon-degenerate iground istate iassociated iwith ian 

ieffective ipotential i𝑉𝑒𝑥𝑡(𝒓) i[44,46]. i 

𝐸[𝑁] i= i𝐾[𝑁] i+ i∫ i𝑉𝑒𝑥𝑡(𝒓)𝑁(𝒓)𝑑𝒓 i+ i𝐽(𝑟) i+ i𝐸𝑥𝑐[𝑁] i i i i i i i i i i(3.8) 

Where i𝐾[𝑁] iis inon-interacting ikinetic ienergy, is  classical 

iCoulomb’s irepulsion iof iparticles icharge idensity. i𝑉𝑒𝑥𝑡(𝒓) iis iexternal ipotential ithat iis, 

iattractive ipotential idue ito ithe ipresence iof ipositively icharged inucleus iand i𝐸𝑥𝑐[𝑁] iis ithe 

iexchange iand icorrelation iterm ithat iincorporates iall ithe irest iof ithe iinteractions iin ithe 

iinteracting iparticles isystem. iEquation i3.8 ileads ito ithe ifamous iKohn-Sham iequations 

i[44,46]. 

3.6 iExchange-Correlation i(XC) iPotential iand iFunctional 

The iexchange-correlation ifunctional idescribes ithe ienergy iassociated iwith ithe iexchange 

iand icorrelation iinteractions ibetween ithe ielectrons iin ia isystem. iThe iexact iform iof ithe 

iexchange-correlation ifunctional iis inot iknown, iand ivarious iapproximate iforms ihave 

ibeen ideveloped iand iwidely iused. iThe imost icommonly iused iapproximate iforms iare ithe 

ilocal idensity iapproximation i(LDA) iand ithe igeneralized igradient iapproximation 

i(GGA). iLDA iassumes ithat ithe ielectronic idensity iof ia isystem ican ibe iapproximated iby 

ithe ielectronic idensity iof ia ihomogeneous ielectrons igas iat ithe isame ielectron idensity. 

iGGA ifunctional iinclude iinformation iabout ithe igradient iof ithe ielectron idensity, iwhich 

iis ithought ito iimprove ithe iaccuracy iof ithe icalculation. iHybrid ifunctional iare ia 

icombination iof iDFT iand iwave ifunction itheory i(HF ior iDFT) ithat ican ibe iused ito 

iimprove ithe iaccuracy iof ithe icalculation. iThe idevelopment iof inew iand imore iaccurate 

iexchange-correlation ifunctionals iis ian iactive iarea iof iresearch iin iDFT i[49]. 

The ione ielectron iequation ican ialso ibe iwritten ias i 
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 i(3.9) 

 iThe iterm i𝑉𝑒𝑓𝑓(𝒓) iis icalled ieffective ipotential ithat iis idefined ias 

 i i(3.10) 

 iSo iputting ithe ivalue iof ieffective ipotential ito ithe iabove iequation i(3.9), iwe iget 

 i(3.11) 

It ileads ito 

 

(3.12) 

From ithe iabove iequation ionly i𝐸𝑥𝑐 i[𝑝] iand i𝑉𝑥𝑐[𝑝(𝒓)] iare iapproximated, iwhere 

iis ialso iknown ias iexchange icorrelation ipotential. 

 iIn igeneral, i𝐸𝑥𝑐[𝑝] iand i𝑉𝑥𝑐[𝑝(𝒓)] ican ibe iseparated iinto ithe iexchange i𝜀𝑥 iand icorrelation 

i𝜀𝑐 iparts iin iterms iof ienergy iper iparticle. i 

𝐸𝑥𝑐[𝑝] i= i𝐸𝑥 i[𝑝] i+ i𝐸𝑐 i[𝑝] i= i∫ i𝑝(𝑟)𝜀𝑥 i[𝑝(𝑟)] i𝑑𝑟 i+ i∫ i𝑝(𝑟)𝜀𝑐 i[𝑝(𝑟)] i𝑑𝑟 i i i i i i i i i i i i i i i i(3.13) 

The iexchange-correlation ienergy idefined ias i𝐸𝑥𝑐[𝑝] i= i𝑇[𝑝] i− i𝑇0 i[𝑝] i+ i𝑈𝑥𝑐[𝑝] i i i i i i i i i i(3.14) 

𝑇[𝑝] i− i𝑇0 i[𝑝] iis ithe idifference ibetween ithe ikinetic ienergy iof iinteracting iand inon-

interacting isystems iand i𝑈𝑥𝑐[𝑝] iis ithe iCoulomb iinter-action iof ielectrons iwith iexchange 

icorrelation. iExchange iCorrelation ienergy iis imainly icontribution ifrom ithe iquantum 

ieffects iapart ifrom ikinetic ienergy iand iCoulomb’s irepulsion. iXC ienergy ialso iknown ias 

ibonding ienergy. iThis icorrelation ienergy iis ilittle ifraction iof icomplete ielectronic ienergy 

ibut iits icontribution iis isignificant iwhen ithe ienergy idifferences iat iatomistic iscale iare 

iessential. iSuch ias iin iBorn-Oppenheimer ipotential isurface. iIt iis iinevitable ito imodel ithis 
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iXC ienergy icorrectly i[44,48]. i iFew iof ithe ibasic iapproximations iin idensity ifunctional 

itheory iare idescribed ibelow. 

3.6.1 iLocal iDensity iApproximation i(LDA) 

This iapproximation iis iaccurate ifor inearly ihomogeneous isystem iand ifor ilimit iof ilarge 

idensity. iOne iof iLDA's ilimitations iis ithe iinability ito iestimate iband igaps iprecisely. 

iConsidering iexchange iand icorrelation ienergy iper ielectron iin ia ihomogeneous igas, 

idevised ithe iapproximation iknown ias iLDA i[50]. iHence, icorrelation ienergy iis iprovided 

iby 

𝐸𝑥𝑐 i= i∫ i𝑑𝒓𝑝(𝒓)𝜀𝑥𝑐 i(𝑝(𝒓)) i i i i i i i i i i i i i i i i i i i i i i i(3.15) 

 i𝜀𝑥𝑐(𝑛(𝑝)) iis iexchange icorrelation ienergy iof ia iuniform i(homogeneous) ielectron igas. 

iForming ian ienergy ifunctional ileads ito iLDA iapproximation, iwhereas iminimizing ithis 

iby iKohn-Sham imethod iwill igive iLDA iapproximation iof iDFT. iMathematically iLDA iis 

idefined ias 

 i i i i i i(3.16) 

Up ito inow iwe iassumed ithat ielectron igas iis iunpolarized ithat iis ithe ispin iper ielectron iis 

izero. 

The iexchange-correlation ienergy ias ia ifunctional iof ispin idensities iare iexpressed ias ilocal 

ispin idensity i(LSD) iapproximation ias ifollows 

 i i i i i i i i i(3.17) 

where i= i𝑝↑ i+ i𝑝↓, iand i𝑝↑, i𝑝↓ iare ispin idensity iof ispin iup iand ispin idown ielectrons 

irespectively i[50]. 
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3.6.2 iGeneralized iGradient iApproximation i(GGA) 

GGA ifunctional iis ia iwell-known ifunctional iand ione iof ithe imost iwidely iused 

ifunctionals. iMathematically iit ican ibe iwritten ias 

 i i i i i(3.18) 

Exchange- icorrelation ias ia ifunction iof idensity iand iits igradient iof idensity iis idetermined 

inumerically, iwhere ithe iexchange- icorrelation ipotential iis iwritten ias 

 i i i i i i i i i(3.19) 

The iGGA ifor icorrelation iis icalculated iby ithe ifollowing irelation. 

 i i i i(3.20) 

𝑟𝑠 iis ilocal iSeitz iradius i(p=3/4 i𝑟 i= i3/4𝜋𝑟3𝑠 i= i𝑘3F/ i3𝜋 i
2), i𝜻 i= i(𝑝↑ i− i𝑝↓) i𝑝 i⁄ iis irelative ispin 

ipolarization, i𝑡 i= i|∇𝑛| i/ i2∅𝑘𝑠𝑝, idimensionless idensity igradient. 

The iGGA ifor ithe iexchange ienergy 

 i i i i i i i(3.21) 

where i𝝐𝑋 i
𝑢𝑛𝑖𝑓

 i= i− i3𝑒 i
2𝑘𝐹 i4𝜋 

The imethod iof iconstructing iGGA iexchange irelated ifunctional idivide iinto itwo 

icategories. iWe ican ichoose iany ifunctional iform ifor iany ipurpose, iaccording ito ia igroup 

iled iby iBecke, iand ithe iquality iof ithis iform iis idetermined iby iactual icalculations i[51]. 

iUsually, ithe iparameters iof isuch ia ifunctional iare iobtained iby ifitting ia ilarge iamount iof 

icalculated iData. iOn ithe iother ihand, iPerdew ibelieved ithat ithe idevelopment iof 

iexchange-related ifunctionals imust ibe ibased ion icertain iphysical ilaws, iincluding iscale 

irelations, igradual iprogress, iand iso ion. iA iwell-known iGGA ifunctional iconstructed 

ibased ion ithis iconcept iis ithe iPBE ifunctional iand ione iof ithe imost iwidely iused iGGA 
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ifunctionals i[44]. iDifferent iLDA ischemes iare isimilar, ibut idifferent iGGA ischemes imay 

igive icompletely idifferent iresults. 

3.7 Hybrid iFunctionals 

Local idensity iapproximation i(LDA) iand igeneralized igradient iapproximations i(GGA) 

iare isuccessfully iused ifor ithe icalculations iand ipredictions iof imany iaccurate iproperties 

ilike iground istate ienergy iin iDFT, ihowever ithe iboth ifunctionals iunderestimate ithe 

ibandgap ivalues idue ito idiscontinuity iexchange icorrelation ipotential ias icompared ito 

iexperiment. iSeveral itechniques, ilike ias ithe iGW iapproximation, iwere iput iout ito ideliver 

iprecise iresults, ibut ithey iare icomputationally iexpensive iand ioutside ithe iscope iof ithe 

iDFT i[53]. iSimilar ito iBLYP i(Becke iand iLee-Yang-Parr) iand iHSE i(Heyd-Scuseria-

Ernzerhof) ifunctionals, ia inovel iidea iof ia ihybrid ifunctional iwas iintroduced.iFor ibandgap 

icalculations, iHSE iis iknown ias ia imore iprecise ihybrid ifunctional; iit iis ibased ion ithe 

icommon iGGA iPerdew-Burke-Ernzerhof ifunctional i(GGA-PBE) i[52]. iThe 

imathematical iform iof ithe iproposed iHSE ifunctional iis icreated iby iadding iexchange 

ienergy ito ithe imixed iHartree iFock iand iPBE iexchange ienergy iof ithe istandard iGGA-PBE 

ifunctional. iThe iexpression ifor iHSE iis ias ifollow [53], 

 i i i i i(3.22) 

where i𝑎 irepresents imixture iparameter, i𝜇 iindicates irange iof iHartree-Fock icorrection, 

i𝐸𝑋𝐻𝐹,
 i
𝑆𝑅(𝜇)and i𝐸𝑋 i

𝑃𝐵𝐸,
 i
𝑆𝑅(𝜇)and i𝐸𝑋 i

𝑃𝐵𝐸,
 i
𝐿𝑅(𝜇) idescribe ishort irange iHartree iFock, ishort 

irange iand ilong irange iPBE iexchange ienergy irespectively. iHSE ihybrid ifunctional iis inow 

iwidely iused ito ipredict iband igap iin isuperionic iconductors, iwhich ithen ileads ito ian 

iestimation iof ithe iupper ilimit iof ielectrochemical iwindow i[54,55]. 

3.8 iPseudopotentials i 

The ivery ilarge iG icomponents idescribe ithe iregion iof ispace iwhere ithe iwavefunction iis 

ivarying ivery iquickly. iThis ihappens iwhen ithe ipotential iis ivery iattractive i– ithe istrongest 
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ipotentials iare ithose inear ithe inuclei. iThe iwavefunctions inear ithe inuclei iare inot iactually 

ivery iinteresting, ibecause ithey idon’t iaffect ithe ichemical, imechanical ior ielectronic 

iproperties ivery imuch. iWe ican ireplace ithe iCoulomb ipotential inear ieach inucleus iwith ia 

imodified, iweaker ipotential. iThis imodified ipotential iis icalled ia ipseudopotential. iNow 

ithe iwavefunctions idon’t ivary ias iquickly inear ithe inucleus, iso iwe ican iuse ia ismaller 

iplane-wave icut-off ienergy. iThe icore ielectrons ispend iall itheir itime inear ithe inucleus. 

iThey irepel ithe iouter ielectrons, iso ithe iouter ielectrons ifeel ia iweaker ipotential ifrom ithe 

inucleus, ibut iotherwise ithey idon’t iaffect ithe ichemical iproperties ietc. iProvided iwe 

ireproduce ithis iscreening ieffect, iwe ican iignore ithese icore ielectrons ialtogether! iWe 

iconsider ieach iatom’s inucleus iand icore ielectrons ias ian iion, iand iproduce ia 

ipseudopotential ithat ihas ithe isame ieffect ion ithe iouter ielectrons. iNot ionly ihave 

ipseudopotentials ireduced ithe icut-off ienergy iwe ineed, ithey’ve ialso ilet ius iconcentrate ion 

ithe ivalence ielectrons, ireducing ithe inumber iof istates iwe ineed ifrom iour iSchrödinger 

iequation i[56]. 

All ipseudopotential iapproaches iare ibased ion ithe ifrozen icore iapproximation. iIn ithis 

iapproximation ithe ieffect iof ithe ilocal ichemical ienvironment ion icore-electrons iis 

iassumed ito ibe iweak iand itreated iby ifirst iorder iperturbation itheory. iTherefore, ithe iwave 

ifunctions iof ithe icore-electrons iare ifrozen iand iequal ito ithose iof ithe iisolated iatom. iOnly 

ithe ivalence ielectron iwave ifunctions iare iupdated iduring ithe iself-consistent iiterations. 

iDue ito ithe irequirement iof iorthogonality, ivalence iwave ifunctions ihave irapid 

ioscillations iin ithe icore iregion iof ithe icore iwave ifunctions. iOutside ithis icore iregion, ithe 

icore iwave ifunctions iare iessentially izero, iwhich iresults iin imuch ismoother ivalence iwave 

ifunctions iin ithis iregion. iTo itreat ithe irapid ivariation iof ithe ivalence iwave ifunctions iin ithe 

icore iregion ia ilarge inumber iof iplane iwaves iare ineeded ifor iconvergence. iOne iway iof 

igetting iaround ithis iproblem iis ithe iuse iof ia ipseudopotential, iin iwhich ithe iinteractions iof 

ithe ivalence ielectrons iwith ithe inuclei iand ithe icore-electrons iare idescribed iby ian 

ieffective, imuch iweaker ipotential. iThe iresulting ipseudo-wave ifunctions iare ismooth 

iinside ithe icore iregion iand iare iequal ithe ireal iwave ifunctions ioutside ithe icore iregion. iThe 
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number iof iplane iwaves irequired ito idescribe ithe ipseudo-wave ifunctions iis imuch iless 

ithan ifor ithe ireal iwave ifunctions, imore. iSeveral idifferent ipseudopotentials iexist, ifor 

iexample iorthogonalized iplane iwave i(OPW), inorm-conserving ipseudopotentials 

i(NCPP), iultra-soft ipseudopotentials i(USPP) iand ithe iprojected iaugmented iwaves 

i(PAW) imethod. iThe iUSPP iand iPAW imethods iare iknown ito iconverge iwith ia irelatively 

ismall inumber iof iplane iwaves. iSince ithe iPAW iis ia imore igeneral imethod icompared ito 

iUSPP i[57]. 

3.9 iEnergy iCut-off 

The icutoff ienergy itells ius iabout ithe icutoff ion ithe inumber iof iplane iwave ifunctions ibeing 

iutilized ias ibasic ifunctions ito irepresent ithe iwavefunction. iTheoretically, ian iinfinite 

inumber iof ibasic ifunctions iis irequired ito iproduce ian iexact ianswer. iHowever, ithis iis inot 

icomputationally ifeasible iand ia icutoff imust ibe [58].duced 

The iplane-wave iexpansion iis iexact iin ithe ilimit iof iinfinite inumber iof ireciprocal ilattice 

ivectors iG. iIn ipractice ionly, ia ilimited inumber iof iG ivectors ican ibe iused iwhose imaximum 

ikinetic ienergy 

 

is iincreased iuntil iconvergence iof itotal ienergies iand itheir iderivatives iis iachieved. 

Ecut ikeyword iis ito iset ithe inumber iof iplane iwaves iused ito icalculate ithe iDFT. iIf ithe ivalue 

iis ihigh ifor ithe icalculation iof iplane iwaves, ithe iaccuracy iof ithe icalculation iis iimproved, 

ibut iit itakes ia ilonger itime ito icalculate iit. iWe ialways ihave ito iensure ithe icut-off ienergy iis 

ihigh ienough ito igive iaccurate iresults. iWe irepeat ithe icalculations iwith ihigher iand ihigher 

icut-off ienergies iuntil ithe iproperties iwe’re iinterested iin ihave iconverged [59]. 

To idescribe ithe iinternal ielectrons ilocalized ion iatomic icores, ia ilarge inumber iof iG 

ivectors iwould ibe ineeded. iThe ipseudopotential i(PP) itechnique iassumes ithat ithe imost 

irelevant iphysical iproperties iof ia isystem, ias ibonding iand ichemical ireactivity, iare 
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ibrought iabout iby iits ivalence ielectrons ionly, iand iconsiders iionic icores ias ifrozen iin itheir 

iatomic iconfigurations. iThe ivalence ielectrons ithus imove iin ithe ieffective iexternal ifield 

iproduced iby ithese iinert iionic icores iwhose iscattering iproperties iare ireproduced iby ithe 

ipseudopotential [60]. 

3.10 ik-point iSampling 

The ik-point iis idefined ibased ion ithe isize iof ithe ireal ispace icell. iFor ithe ilarger ithe ireal 

ispace ithe ismaller ik-point ispacing iwill ibe irequired ito isample ithe iBrillion izone. iThe irule 

iof ithumb iin ithis iprospect iis ithat iif ithe isize iof ithe icell ichosen iis ilarger ithan i16 iÅ iin iall 

ithe idimensions ithen isingle igamma icentered ik-point isampling iis isufficient ifor ithe 

isystem [61]. 

k-points iare iused iin itwo idifferent icontexts iin ithe ivast imajority iof icases: 

• the isampling iof ithe iBrillouin iZone, iwith ithe igoal ito iproduce iintegrated 

iquantities i(e.g. ithe charge idensity, ithe ielectronic ienergy, ithe ielectronic iDOS) 

ithat iare inumerically iprecise; 

• or ithe ispecific icomputation iof iwavefunctions iand ieigen ienergies ie.g. ito iget ian 

ielectronic iband istructure. 

3.11 iSelf-Consistent iField i(SCF) 

Self-consistent ifield i(SCF) imethods iinclude iboth iHartree-Fock i(HF) itheory iand iKohn-

Sham i(KS) idensity ifunctional itheory i(DFT). iSelf-consistent ifield itheories ionly idepend 

ion ithe ielectronic idensity imatrices ipredicted, iand iare ithe isimplest ilevel iof iquantum 

ichemical imodels i[62]. 

3.12 iTheoretical iMethods i(DFT iand iAIMD isimulations) 

Many ikey icharacteristics iof ialkali iion ibatteries ican ibe iaccurately iby ithese imethods isuch 

ias iionic itransport imechanism iand istability iby iDFT iand iAIMD isimulations. iThe 

iperformance iof iany ialkali-ion ibattery i(electrolytes iand ielectrodes) iis ijudged iby isome 
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iimportant icharacteristics iand iproperties. iAn ielectrolyte icould ibe ian iideal ifor 

icommercial iand itechnological iapplications ifor ibatteries iif iit iis ithermodynamically, 

imechanically, ienergetically iand ielectrochemically istable iwith ielectrodes iand iexhibit 

igood iionic iconductivity. iThe imentioned iproperties iof ielectrolyte iare idiscussed ibelow. i 

i 

3.12.1 iPhase iStability 

In igeneral iphase istability iof ia imaterial iis icalculated iby iconstructing iphase idiagram. 

iPhase idiagram iis iconstructed iby icomputing ithe iGibbs ifree ienergy iof iall ipossible iphases 

ibelonging ito igiven ichemical isystem iat i0 iK iby iperforming ispin ipolarization icalculations 

[63] iGibbs ifree ienergy ican ibe icalculated ias 

𝐺 = 𝐻 − 𝑇𝑆 = 𝐸 + 𝑃𝑉 −  𝑖𝑇𝑆 i     (1) 

Where i𝐺  𝑖is iGibbs ifree ienergy, i𝐻  istands ifor ienthalpy, i𝑇 𝑖and i𝑆 istands ifor itemperature 

iand ientropy iof ithe isystem, i𝐸  irepresents iinternal ienergy, iP iand iV iare ipressure iand 

ivolume iof ithe isystem. iIf ithe ihull ienergy iis i0 ithe isystem iis iknown ias istable isystem iand 

iif ihull ienergy iis ipositive ithe isystem iis iknown ias iunstable/meta-stable idepending ion ithe 

iamount iof ihull ienergy. 

3.12.2 iElectrochemical iStability 

The iperformance iof isolid ielectrolyte icould ibe iestimated iby itheir ielectrochemical 

iwindow ivoltage iwith ielectrodes. iThe ielectrochemical iwindow ican ibe iexamined iwith 

itwo ithermodynamics iapproximations [63]. iIn ifirst iapproximation iNa iis iassumed ias 

imobile ispecies. iIn ithis icondition iNa iact ias ian iopen isystem ifor ithe ielectrolyte iand 

ielectrode iinterface. iBase ion ithis iapproach ilithium igrand ipotential iphase idiagram iis 

iconstructed iat idifferent ilithium ipotentials iby ithe ifollowing ireaction. 

∅ = 𝐸 − 𝜇𝑁𝑎𝑁𝑁𝑎       (2)   

where i𝐸, i𝜇𝑁𝑎and i𝑁𝑁𝑎  iare ithe iinternal ienergy, iNa ichemical ipotential iand inumber iof 

iNa iatoms iin ithe iopen isystem irespectively. iThe iphase iequilibria iof igrand iNa ichemical 

ipotential iare ievaluated ifor ia isystem iat ihigh ivoltage i𝜇𝑁𝑎 ≈ 𝜇𝑁𝑎
0

 ias ianode iinterface iand 
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iat ilow ivoltage i𝜇𝑁𝑎 ≈ 𝜇𝑁𝑎
0 − 5𝑒𝑉  ias icathode iinterface. iThe igrand isodium ichemical 

ipotential iphase idiagrams iprovide iinformation iabout ithe isolid ielectrolyte ieither ithey iare 

istable iagainst iNa imetal ianode ior iundergoes ireduction ior iuptake iNa iat ilow ivoltage ior 

ielectrolyte ioxidized iand ilost iNa iat ihigh ivoltage. 

3.13 Flowchart iof iTheoretical iMethod i(DFT) 

Theoretical imethod ifor iDFT ican ibe iseen iin ithe iFigure i3.1 ibelow. 

 

Figure i3.1 iSchematic idiagram ifor iperforming icomputational iusing iDFT [63]. 

 

3.14 iVESTA 

VESTA i(short ifor iVisualization ifor iElectronic iStructural iAnalysis) iis ia i3D 

ivisualization iprogram ifor istructural imodels, ivolumetric idata isuch ias ielectron/nuclear 

idensities, iand icrystal imorphologies. iVESTA isoftware isimulates istructures ithat iare 

imore iprecise iand ihave iintermediate iresponsiveness. iVESTA isoftware iis ia iviable ioption 

ibecause iit iis ipotable iand ipublicly iavailable. iIt iis isimply ito iuse iand imay icreate istunning 

icrystal istructures. iDr iRuben iA. iDilanian iand iDr. iFuijo iIzumi icreated iVESTA. ihe 

isoftware iallows iyou ito ideal iwith ia ivirtually iunlimited inumber iof iobjects isuch ias iatoms, 

ibonds ipolyhedral, iand ipolygons ion iiso-surfaces iin imultiple iwindows, ieach iof iwhich 

imay icontain imultiple itabs icorresponding ito ifiles. iVESTA ienables iyou ito ivisualize 

iinteratomic idistances iand ibond iangles ithat iare irestrained iin iRietveld ianalysis iwith 
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iRIETAN-FP iand isupports ilattice itransformation ifrom iconventional ito inon-

conventional ilattice iby iusing imatrices. iOther ifeatures iinclude ithe iability ito irun 

iarithmetic ioperations iamong imultiple ivolumetric idata ifiles iand ito iexport ihigh-

resolution igraphic iimages iwhich iincorporate ismooth irendering iof iiso-surfaces iand 

isections [64]. 

3.15 iConstruction iof iStructure iof iLiAlCl4 

3.15.1 iMain iWindow 

The ifirst iis ito iopen ia ipage iat iVESTA iis iknown ias iMain iWindow ias ishown iin iFigure i3.2. 

 

Figure i3.2 iMain iWindow iof iVESTA.i 

3.15.2 iUnit iCell 

Next istep iin iorder ito iconstruct icrystal istructure iof iLiAlCl4 iclick ion i‘edit’ ifrom itop ibar 

iof imain iwindow iand ithen iclick ion i‘unit icell’ ifrom ithe imenu ibar ias ishown iin iFigure i3.3. 
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Figure i3.3 iSelecting iunit icell ifor iconstruction iof icrystal istructure. 

3.15.3 iSelecting iParameters i 

Selecting iparameters ifor imonoclinic iLithium iTetra ichloroaluminate iLiAlCl4 iin i3-

dimensions ifor imaking ia icubic icrystal istructure. iAfter iclicking ion i‘unit icell’ iin inext 

istep ianother iwindow iwill iappear iwhere iwe ican iselect itheir isymmetry iand ilattice 

iparameters ifor iconstruction iof iLiAlCl4 i i ias ishown iin iFigure i3.4. iType iof ilattice iselected 

ifor ithis iis i‘P’ i i iand ispace igroup iis i14 iP i21/c. iThen iclick ion i‘Apply’ iand i‘Ok’ ito iexecute. 

 

Figure i3.4 iSelecting isymmetry iof iunit icell iLiAlCl4 [26]. 
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3.15.4 iDisplaying iStructure iof iLiAlCl4 

After iclicking ion i‘structure iparameters’, iin inext istep ianother iwindow iwill iappear iwhere 

iwe ican iwrite itheir iatomic iparameters ifor iconstruction iof iLiAlCl4 ias ishown iin iFigure 

i3.5. iThen iclick ion i‘Apply’ iand i‘Ok’ ito iexecute. iAfter ithat icomplete istructure iof 

iLithium itetra ichloroaluminate iLiAlCl4 iwill ibe iappear ion imain iwindow iof iVesta ias 

ishown iin iFigure i3.6. 

 

Figure i3.5 iAtomic iParameters iof iLiAlCl4 iobtained ifrom iRietveld irefinement iagainst 

iSPXD idata [26]. 
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Figure i3.6 iCrystal iStructure iof iLiAlCl4 i i 

3.16 iDescription of CrystaliStructure of LiAlCl4 i i 

LiAlCl₄ icrystallizes iin ithe imonoclinic iP2₁/c ispace igroup. iLi¹⁺ iis ibonded ito isix iCl¹⁻ 

iatoms ito iform iLiCl₆ ioctahedra ithat ishare icorners iwith itwo iequivalent iLiCl₆ ioctahedra, 

icorners iwith itwo iequivalent iAlCl₄ itetrahedra, ian iedge iwith ione iLiCl₆ ioctahedra, iand 

iedges iwith itwo iequivalent iAlCl₄ itetrahedra. iThe icorner-sharing ioctahedral itilt iangles 

iare i49°. iThere iis ia ispread iof iLi–Cl ibond idistances iranging ifrom i2.45–2.78 iÅ. iAl³⁺ iis 

ibonded ito ifour iCl¹⁻ iatoms ito iform iAlCl₄ itetrahedra ithat ishare icorners iwith itwo 

iequivalent iLiCl₆ ioctahedra iand iedges iwith itwo iequivalent iLiCl₆ ioctahedra. iThe icorner-

sharing ioctahedral itilt iangles irange ifrom i58–59°. iThere iis ia ispread iof iAl–Cl ibond 

idistances iranging ifrom i2.13–2.16 iÅ. iThere iare ifour iinequivalent iCl¹⁻ isites. iIn ithe ifirst 

iCl¹⁻ isite, iCl¹⁻ iis ibonded iin ian iL-shaped igeometry ito ione iLi¹⁺ iand ione iAl³⁺ iatom. iIn ithe 

isecond iCl¹⁻ isite, iCl¹⁻ iis ibonded iin ia i3-coordinate igeometry ito itwo iequivalent iLi¹⁺ iand 

ione iAl³⁺ iatom. iIn ithe ithird iCl¹⁻ isite, iCl¹⁻ iis ibonded iin ia i3-coordinate igeometry ito itwo 
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iequivalent iLi¹⁺ iand ione iAl³⁺ iatom. iIn ithe ifourth iCl¹⁻ isite, iCl¹⁻ iis ibonded iin ia ibent i120 

idegrees igeometry ito ione iLi¹⁺ iand ione iAl³⁺ iatom [26]. 

3.17 MATERIALS iSTUDIO 

BIOVIA iMaterials iStudio iis ia icomplete imodeling iand isimulation ienvironment 

idesigned ito iallow iresearchers iin imaterials iscience iand ichemistry ito ipredict iand 

iunderstand ithe irelationships iof ia imaterial's iatomic iand imolecular istructure iwith iits 

iproperties iand ibehavior. iUsing iMaterials iStudio, iresearchers iare iengineering ibetter 

iperforming imaterials iof iall itypes, iincluding icatalysts, ipolymers, icomposites, imetals, 

ialloys, ipharmaceuticals, ibatteries iand imore [65]. There are different tools in material 

studio which are used for computational method and calculations. We have selected 

CASTEP for geometry optimization, structural parameter calculations and electronic 

properties simulation for LiAlCl4. 

3.17.1 Introduction of CASTEP 

It is a quantum mechanics-based program designed for solid-state materials science. 

CASTEP employs the density functional theory plane-wave pseudopotential method 

which allows to perform first principle quantum mechanics calculations that explore 

the properties of crystals and surfaces in materials such as semiconductor, ceramics and 

metals It involve studies of surface chemistry, structural properties, band structure 

density of states and optical properties [66]. 

 

3.17.2 To select a CASTEP task 

• Choose Modules/CASTEP/ calculation from the menu bar to display the 

CASTEP calculation dialog 

• Select the setup tab 

• Select the required CASTEP task from the task dropdown list 
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Figure 3.7 Main Window of Material Studio with CASTEP tool calculation for 

geometry optimization. 

 

3.17.3 Getting started with CASTEP 

The basic controls used to define the calculations are available on the set up and 

electronic tabs of the CASTEP calculation dialog. 

We selected geometry optimization task, customized quality and functional are GGA 

and PBE then apply Run and other window is appeared with the name of CASTEP 

geometry optimization where values are adjusted for energy, Max force, Max stress 

and Max displacement as shown in figure 3.7. This method usually provides the fastest 

way of finding the lowest energy structure and this is the only scheme that supports cell 

optimization in CASTEP. 

The difference between them lie on their treatment of electron exchange correlation 

effects and the numerical method that they adopt to approximate solution like Full 

Potential Linear Augmented Plane (FPLAP) wave potential using VASP. Few of the 

LiAlCl4 explorations has also utilized pseudopotential Cambridge serial Total Energy 
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Package (CASTEP) and calculated electronic, structural and other properties. Overall, 

experimental measurements in comparison of mentioned FPLAP pseudopotential for 

LiAlCl4 crystals showed good agreement in their geometry optimized calculations. This 

method will be calculated for GGA and same procedure will be adopted for LDA 

calculations by only changing exchange correlational functional. 

 

3.18 Convergence for Geometry Optimization  

The convergence criteria for geometry optimization of LiAlCl4 can depend on the 

specific computational method and parameters used, as well as the desired accuracy of 

the results. However, typical convergence criteria for geometry optimization 

calculations using density functional theory (DFT) may include a maximum force 

threshold and a maximum displacement threshold. 

 

3.18.1 Steps for convergence geometry optimization of LiAlCl4 

Click on the electronic tab on CASTEP calculation window, selects the desired values 

and functions then open the next tab properties where we selected Band structure, 

Density of States and Electron Density difference, after that check the settings of job 

control then apply Run and another window appears with the name of CASTEP 

Analysis as shown in figure 3.8. By clicking on view bar, the convergence graph for 

geometry optimization of LiAlCl4 is appeared as shown in below figure 3.8. 

LDA Calculations: 

Cutoff energy, convergence criteria and all the other convergence parameters are all 

kept same for LDA exchange correlation functional as they were in the GGA PBE 

geometry optimization calculations. 
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Figure 3.8 Convergence Graph for optimization of structure LiAlCl4. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

 

Atomic configuration are- Li: 1s2 2s1 ,Al: 1s2 2s2  2p6  3s2 3p1.and for Cl 1s2 2s2  2p6  

3s2 3p5.All calculations are carried out on CASTEP which is based on plane wave 

pseudopotential Method. Initially cutoff energy was optimized on possibly minimum 

unit cell in crystal lattice at ambient conditions. For optimization cutoff energy is taken 

500eV for both GGA and LDA. Points at which both approximations committed 

approximately no variations in curve are deliberated as reliable and stable. Underneath 

Bloch theorem, plane wave cutoff energy was diversified till 500 eV with periodicity. 

At 500 eV of cutoff energy both lattice constants and band gaps become consistent in 

the two exchange correlations and literature review shows that 500 eV cutoff energy is 

sufficient  [67]. In consequence of this fact, 500 eV of cutoff energy is adopted in all 

calculations in this study. k-point selection was taken as customized. Monkhorst Pack 

grid 4×3×2 (customized) is opted on Brillouin zone for electronic calculations. Increase 

of k points beyond it showed no significant effect, similar was also observed earlier by 

Z. Usman et al [68]. All analysis were done on primitive cell and later on results were 

obtained on conventional cell. 

 

4.1 Potential Energy Convergence 

To save time we have proceeded step by step first geometry optimization was done 

for the convergence of Energy. The following figure indicates the final geometry 

optimization energy convergence curve that was obtained. 

 



 

49 

0 20 40 60 80

-6805.373

-6805.372

-6805.371

-6805.370

-6805.369

-6805.368

-6805.367

-6805.366

E
n

e
rg

y
 (

e
V

)

Optimization step

 Geometry Optimization

 

Figure 4.1 Graph for Geometry Optimization of LiAlCl4. 

 

4.2 Geometry optimized structure 

After geometry optimization through GGA-PBE the following structure was achieved 

that was further used for various properties calculations. To check the reliability of this 

optimized structure we have compared our calculated structural parameters with the 

available literature present to date under our knowledge. The table shows that our 

calculated lattice parameters are in good agreement with the present experimental 

[69,70] and computational [26] study.  The percentage error is very low the low 

percentage error can be attributed to the usage of high convergence criteria such as 10-

6 eV/atom cut of energy and maximum force of 0.01 eV/angstrom This indicates the 

good reliability of our structure and that we can further proceed for electronic 

calculations too. 
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Figure 4.2 Optimized Structure for LiAlCl4. 

 

4.3iGeneralized igradient iapproximation with Perdew Berke i(GGA-

PBE) 

4.3.1 Lattice Parameters 

The Lattice parameters found for GGA-PBE are a = 7.14 Å, b= 9.33 Å and c = 13.9 Å 

Following table indicate that the lattice parameters are reasonably good agreement with 

present literature. 

Table 4.1 Comparison of Bandgap energies and Lattice parameters of various 

materials. 

Material                  Structure         Lattice Parameters (Å)     Band gap Energy (eV) 

LiAlCl4 (experimental)    Monoclinic               a = 7.0044(1)                                     5.56 

                                                                          b = 6.5074(1) 

                                                                          c = 12.995(1) 

 

LiTa2PO8 (theoretical)       Monoclinic             a = 12.137                                    About 5 eV 

                                                                          b = 12.137  
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                                                                          c = 8.536  

Li3PS4 (experimental)     Argyrodite                   

                                                                          a = 10.424                                    Around 3.4eV 

                                                                          b = 10.553  

                                                                          c = 6.125 

LiYCl4 i(theoretical) i i i iMonoclinic i                                                 a i=7.07 7.07 

 i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i I                                                        I       b i=6.57 i 

 i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i       I                    c i=13.125i i i i i i i i i i                                     > 6 

Note: experimental and theoretical data is collected from ref: [69,26, 70, 71, 72,73]. 

 

Current Calculations 

GGA -PBE 

LiAlCl4                              Monoclinic          a = 7.14, b= 9.33 and c = 13.9 Å 

                                                                                                                                        5.6 eV 

LDA 

LiAlCl4                              Monoclinic         a = 7.14, b= 9.33 and c = 13.9 Å 

                                                                                                                                         5.2 eV 
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4.3.2 Band Structure 

A wide bandgap is found in band structure by GGA-PBE calculations for LiAlCl4 as 

shown in figure 4.3. 

 

 

Figure 4.3 Band structure by GGA-PBE calculations for LiAlCl4. 

 

The Bandgap found is 5.63 eV. That is in good agreement with the bandgap described 

in the literature which is 5.56eV. This value indicate that this material has a very 

large bandgap that makes it a promising material for battery electrolyte material.  

 

4.4 TDOS and PDOS Calculations for LiAlCl4 

Total Density of States (TDOS) and Partial Density of States (PDOS) calculations are 

commonly used to investigate the electronic properties of materials. In this work, we 

have performed DFT calculations to calculate the TDOS and PDOS for LiAlCl4 using 

the GGA-PBE and LDA-PBE exchange-correlation functional. The TDOS plot shows 

the total number of energy states as a function of energy. The PDOS plot shows the 
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contribution of each individual atomic orbital to the total DOS. In our calculations, we 

have considered the contribution of Li, Al, and Cl atoms to the PDOS. 

The TDOS plot for LiAlCl4 shows a clear band gap, indicating that the material is an 

insulator. The valence band (VB) is dominated by the Cl- 3p orbitals, while the 

conduction band (CB) is mainly composed of the Li+ 2s and Al 3p orbitals. The energy 

gap between the VB and CB is about 5.63 eV, which is consistent with the experimental 

value. 

The PDOS plots for Li, Al, and Cl atoms show that the valence states are mainly 

composed of Cl 3p orbitals, while the conduction states are primarily formed by Li 2s 

and Al 3p orbitals. The Li 1s and Al 2p orbitals also contribute to the conduction states, 

but to a lesser extent. These results indicate that the electronic properties of LiAlCl4 

are primarily determined by the Cl atoms, while the Li and Al atoms play a secondary 

role. This indicates that the electronic properties of LiAlCl4 are mainly determined by 

the Cl- and Li+ ions. 

The DOS and PDOS calculations reveal that LiAlCl4 is an insulator with a band gap of 

about 5.63 eV. The Cl- 3p orbitals dominate the valence band, while the Li+ 2s and Al 

3p orbitals contribute to the conduction band. These results provide valuable insights 

into the electronic properties of LiAlCl4 and can guide the design of novel solid 

electrolytes for Li-ion batteries. 

 

4.4.1 Partial Density of States (PDOS) 

The figure 4.4 shows partial density of states by GGA-PBE calculations for LiAlCl4. 
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Figure 4.4 Partial density of states versus energy plot of LiAlCl4, calculated using 

GGA-PBE method. 

The above graph indicates the contribution of individual atomic orbitals to the total 

density of states as a function of energy. 

The horizontal axis of the graph represents the energy levels of the material, while the 

vertical axis represents the density of states. Each line in the graph corresponds to a 

different atomic orbital, and the contribution of that orbital to the total density of states 

at each energy level. 

The different colors of the lines in the graph represent the different atomic species (Li, 

Al, and Cl).  

The PDOS plot can provide valuable information about the electronic properties of the 

material, such as the location and width of the band gap, the bonding and hybridization 

of different atomic orbitals, and the electronic states that are responsible for specific 

properties, such as ionic conductivity or electrochemical stability. 
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4.4.2 Total Density of States (TDOS)  

 

Figure 4.5 Total density of states versus energy plot of LiAlCl4, calculated using 

GGA-PBE method. 

Above graph showing the distribution of electronic states with respect to energy. 

The DOS graph indicates that LiAlCl4 is an insulator with a band gap of about 5.63 eV, 

which is the energy range between the valence band and the conduction band. The 

valence band is located below the Fermi level (0 eV), and the conduction band is 

located above it. The Fermi level represents the highest occupied energy level in a 

material at absolute zero temperature. 

4.5 Electron Cloud Isosurface of different elements in LiAlCl4 

The isovalue adopted is 0.25 for left and 0.05 for right in figure 4.6 the isosurfaces of 

the electron cloud density distributed over all the element. It is visible that most of the 

electrons are located over Cl ion. 



 

56 

Electron cloud isosurface visualization is a technique used to represent the spatial 

distribution of valence electrons around atoms. In LiAlCl4, Li is shown in blue, Al in 

grey, and Cl in green. The size of each isosurface corresponds to the probability of 

finding electrons at that location. 

In the visualization, we can see that the Li atoms have a small electron cloud around 

them, indicating that they are electron donors. The Al atom has a larger electron cloud 

around it, which is a characteristic of the metallic nature of Al. The Cl atoms have the 

largest electron clouds, which are mostly located between Cl atoms, indicating the 

presence of covalent bonds between Cl atoms. 

Overall, the electron cloud isosurface visualization of LiAlCl4 provides a clear picture 

of the spatial istribution of valence electrons around each atom and the nature of the 

bonding between them. 
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Figure 4.6 Electron cloud isosurface visualization of different elements in LiAlCl4, 

showing the spatial distribution of valence electrons around Li, Al, and Cl atoms. 
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Figure 4.7 Partial density of states versus energy plot of LiAlCl4, calculated using 

GGA-PBE method. 
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The above graph depicts the contribution of different elements (Li, Al, and Cl) to the 

total density of states as a function of energy. 

 

4.6 Phase Diagram 

The ternary phase diagram is computed by the combnation of all possible Li-Al-Cl 

stable phases at 0 K. The phase stability at 0 K agrees with that of Fiaz Hussain et al. 

(2019).  

As the figure 4.8 depicts that LiAlCl4 is a stable material that is madeup from LiCl and 

AlCl3. All the green dots represents the stable materials on the ternary phase-diagram 

of LiAlCl4. 

 

Figure 4.8 Ternary phase diagram for Li-Al-Cl system at 0 K. 
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4.7 Local Density Approximation (LDA) 

4.7.1 Lattice parameters 

Lattice parameters converged with exchange correlation with LDA are a = 6.85 Å, b= 

6.17 Å and c = 12.53Å 

4.7.2 Band Structure  

A wide bandgap is found in band structure by LDA-PBE calculations for LiAlCl4. 

 

 

 

Figure 4.9 Band structure by LDA-PBE calculations for LiAlCl4. 

 

The band gap of 5.2 eV was determined using LDA-PBE calculations. While this is an 

acceptable value for the band gap, GGA-PBE calculations provided a more desirable 

band gap energy value that is closer to the band gap value for LiAlCl4 as mentioned in 

the paper. 

 

4.7.3 Partial Density of States (PDOS) 
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Figure 4.10 Partial density of states versus energy plot of LiAlCl4, calculated using 

LDA-PBE method. 

 

A PDOS plot calculated using this method for LiAlCl4 would show the contribution of 

the Li, Al, and Cl atoms to the total density of states as a function of energy. The plot 

would typically show the energy levels in electron volts (eV) on the x-axis and the 

density of states in arbitrary units on the y-axis. The contribution of each atomic orbital 

to the total density of states would be shown as a separate line or band on the plot, with 

different colors or patterns used to distinguish between the different orbitals. For 

example, the Li 2s and 2p orbitals, the Al 3s, 3p, and 3d orbitals, and the Cl 3s, 3p, and 

3d orbitals might each be shown as a separate line or band on the plot. The relative 

heights and positions of the lines or bands would provide information about the 
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electronic structure of LiAlCl4, including the location of the band gap and the nature of 

the bonding between the different atoms. 

 

4.7.4 Total Density of States (TDOS) 
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Figure 4.11 Total density of states versus energy plot of LiAlCl4, calculated using 

LDA-PBE method. 

The above graph is showing distribution of electronic states with respect to enrgy. 

Generally, the basic difference in Electronic and structural properties depends on the 

application of exchange correlations (XC) and approximations that is adopted. One 

another reason for low bandgap predictions in LDA is algorithmic deficiency of XC 

energy to consider total energy rather merely valence which is described by Corso in 

1993. 
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CONCLUSION 

In this work we have calculated the electronic and structural properties for one of the 

emerging candidates for Li-ion battery as an electrolyte. Our DFT based calculations 

are done for LiAlCl4 is a battery electrolyte material such calculations are extendable 

for all the other series of Li-M-X materials. It is observed that the metal halide 

superionic conductors, Li-M-X, such as LiAlCl4, have higher band gap energies and 

more efficient lattice parameters compared to several other compounds. These 

properties are important for battery stability, conductivity, and safety. Additionally, 

LiAlCl4 shows promising potential as a battery electrolyte the experimental band gap 

energy of LiAlCl4 is 5.56 eV, which is reliable and close to our calculated value using 

GGA-PBE (5.63 eV). This indicates the suitability of LiAlCl4 as superionic conductor 

which is suitable for solid-state lithium-ion batteries. Therefore, it can be concluded 

that metal halide based superionic conductors are more efficient and suitable for battery 

applications than other compounds. Furthermore, the comparison of the values of band 

gap calculated by GGA-PBE (5.63 eV) and LDA (5.2 eV) for LiAlCl4 is also made. 

The results indicate that the GGA-PBE calculations give a more accurate value closer 

to the experimental band gap and lattice parameters this is inconsistent with the nature 

of GGA-PBE exchange correlation functional. This suggests that the GGA-PBE 

method is more appropriate for calculating the band gap energy of LiAlCl4.The electron 

density is plotted over all the elements seperatly, Li, Al and Cl that indicates the 

electronic density is more likely on Cl-. Furtermore, our study confirms that LiAlCl4 is 

a promising material for solid-state lithium-ion batteries due to its high band gap 

energy, efficient lattice parameters, and reliable experimental data. Our findings also 

highlight the accuracy and suitability of the GGA-PBE method for calculating the band 

gap energy of LiAlCl4, and the tendency of electronic density towards Cl-. LiAlCl4 can 

be an insulator which resist an electronic motion and a good material for batteries at 

the same time because the conductivity of a solid electrolyte material depends on the 

mobility of ions, not on the electronic conductivity. Subsequently, the high ionic 
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conductivity of LiAlCl4 makes it a promising candidate for solid-state batteries, while 

its insulating nature ensures the stability and safety of the battery. LiAlCl4 is a 

promising material for solid-state lithium-ion batteries because it is an insulator with a 

wide band gap, which means that it has a low electronic conductivity, and it also 

exhibits high ionic conductivity.
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LIMITATIONS 

• Unable to use high computational resources. Although CASTEP is user friendly 

and even can operate on windows. But the limitation lies on the fact that we 

only have the laptop to perform such calculations, if someone has good desktop 

system then can calculate more properties such as MD. 

•  Since the calculations are based on DFT and we have about 48 atoms that 

makes it kind of extensive calculations for our laptop on which we have 

performed these calculations. Therefore, due to the limitation of the availability 

of computational resources and shortage of time we are only able to calculate 

structural and electronic properties.  

• Because of the mentioned resources limitations, we were unable to use the 

hybrid functionals. On the other hand, calculations may also be extended to for 

molecular dynamic (MD) simulations too, however it should be kept in mind 

that MD simulations required high computing resources. 

These were limitations for our calculation.
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RECOMMENDATIONS 

• It is suggested to extend these calculations for other properties that are equally 

useful for battery material such as thermal and phonon properties as well as 

electronic conductivity. As it is well established that the other remaining 

properties of phonon, thermal and as well as under pressure properties will be 

useful for the usefulness of electrolytes of the type of compound (Li-M-X). 

Here, M and X can be any battery useful metals (element with valency +3) and 

halides (I, Br, S) respectively. Also, at place of Li in future Na can be replaced. 

So it will make a series of electrolytes that can be used in batteries. 

• The calculations are done with DFT and it can also be done for molecular 

dynamic simulations.  

• Exchange Correlational function choice can be different that is use of beyond 

DFT approaches. Such as, exchange correlational functional can be choosen as 

hybrid functional. 
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