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!BSTRACT
4HE $OYLEn&ULLERn.EWMAN �$&.	 FRAMEWORK IS THE MOST POPULAR PHYSICS
BASED CONTINUUM
LEVEL
DESCRIPTION OF THE CHEMICAL AND DYNAMICAL INTERNAL PROCESSES WITHIN OPERATING LITHIUM
ION
BATTERY
CELLS� 7ITH SUFFICIENT FLEXIBILITY TO MODEL A WIDE RANGE OF BATTERY DESIGNS AND CHEMISTRIES� THE
FRAMEWORK PROVIDES AN EFFECTIVE BALANCE BETWEEN DETAIL� NEEDED TO CAPTURE KEY MICROSCOPIC
MECHANISMS� AND SIMPLICITY� NEEDED TO SOLVE THE GOVERNING EQUATIONS AT A RELATIVELY MODEST
COMPUTATIONAL EXPENSE� .EVERTHELESS� IMPLEMENTATION REQUIRES VALUES OF NUMEROUS MODEL
PARAMETERS� WHOSE RANGES OF APPLICABILITY� ESTIMATION� AND VALIDATION POSE CHALLENGES� 4HIS ARTICLE
PROVIDES A CRITICAL REVIEW OF THE METHODS TO MEASURE OR INFER PARAMETERS FOR USE WITHIN THE
ISOTHERMAL $&. FRAMEWORK� DISCUSSES THEIR ADVANTAGES OR DISADVANTAGES� AND CLARIFIES LIMITATIONS
ATTACHED TO THEIR PRACTICAL APPLICATION� !CCOMPANYING THIS DISCUSSION WE PROVIDE A SEARCHABLE
DATABASE� AVAILABLE AT WWW�LIIONDB�COM� WHICH AGGREGATES MANY PARAMETERS AND STATE FUNCTIONS FOR
THE STANDARD $&. MODEL THAT HAVE BEEN REPORTED IN THE LITERATURE�

�� )NTRODUCTION

4HE GROWING IMPORTANCE OF LITHIUM
ION BATTERY �,I"	 TECHNOLOGY MOTIVATES A SEARCH FOR METHODS TO IMPROVE
THEIR DESIGN� WITH THE AIMS OF INCREASING POWER DENSITY� ENERGY DENSITY� SAFE OPERATING TEMPERATURE RANGE AND
LONGEVITY� )N ADDITION TO CHANGES IN THE CHEMISTRY OF ACTIVE MATERIALS WITHIN ELECTRODES� DESIGN IMPROVEMENTS
REQUIRE THE CAREFUL OPTIMISATION OF MANY DEVICE AND SYSTEM CHARACTERISTICS� !T THE CELL LEVEL� OPTIMISATION
MIGHT CONSIDER TAB PLACEMENT� CATHODE�ANODE PAIRING AND BALANCING� ELECTRODE THICKNESS� GEOMETRY� POROSITY�
AND ACTIVE
MATERIAL LOADING� SEPARATOR THICKNESS� POROSITY� AND MICROSTRUCTURE GEOMETRY� AND QUANTITY OR
COMPOSITION OF ELECTROLYTE ;�=� !T THE SYSTEM LEVEL� SIZE� FORM FACTOR� THE NUMBER OF CELLS AND THEIR ELECTRICAL
ARRANGEMENT ARE IMPORTANT� AS WELL AS THE OVERALL THERMAL
MANAGEMENT STRATEGY AND THE METHODS USED FOR
PERFORMANCE MONITORING AND CONTROL�

7HILST BATTERY DESIGN IMPROVEMENT CAN BE APPROACHED PURELY EXPERIMENTALLY� SIGNIFICANT ACCELERATION IS
ENABLED BY PREDICTIVE MODELS THAT FACILITATE TESTING IN A VIRTUAL ENVIRONMENT� BYPASSING THE NEED FOR SLOW AND
COSTLY PHYSICAL PROTOTYPING� -OREOVER� MODELS CAN AID IN INTERPRETING AND RATIONALISING EXPERIMENTAL
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MEASUREMENTS� 6ARIOUS APPROACHES TO ,I" MODELLING HAVE BEEN DEVELOPED ACROSS A RANGE OF LENGTH SCALES�
SPANNING FROM THE ATOMIC LEVEL UP TO THE PACK LEVEL� &OR EXAMPLE� AT THE ATOMISTIC SCALE� ELECTRONIC STRUCTURE
CALCULATIONS BASED ON DENSITY FUNCTIONAL THEORY AND -ONTE #ARLO METHODS ARE COMMONLY USED TO COMPUTE
INTRINSIC MATERIAL PROPERTIES� WHEREAS PACKS ARE USUALLY DESCRIBED BY EQUIVALENT CIRCUIT MODELS �%#-S	�
"ETWEEN THESE TWO EXTREMES IS THE CELL LEVEL� I�E� AT THE SCALE OF ANODE�CATHODE PAIRS� THIS LEVEL IS THE PRIMARY
FOCUS OF THIS REVIEW� (ERE� MODELS ARE TYPICALLY PHYSICS
BASED AND ARE COMPRISED OF DIFFERENTIAL EQUATIONS THAT
DESCRIBE THE CELL AS A CONTINUUM� 4HESE MODELS ARE FLEXIBLE WITH RESPECT TO EMPIRICAL PARAMETERISATION� 7HILE
CELL COMPONENTS TYPICALLY EXHIBIT DEGREES OF HETEROGENEITY� MACROSCALE BEHAVIOUR CAN BE REPRESENTED BY
STATISTICALLY AVERAGED PROPERTIES� 4HESE MODELS ARE VERY
WIDELY USED� HOWEVER� THEY ARE NOT A PANACEA� THEY
REQUIRE CAREFUL STRUCTURING AND PARAMETERISATION SPECIFIC TO THE DEVICE BEING CONSIDERED� 4HE TASK OF THE
BATTERY MODELLER IS TO CONSIDER THE RESEARCH QUESTIONS BEING ASKED� SELECT AN APPROPRIATE MODEL STRUCTURE TO
ADDRESS THESE QUESTIONS PARSIMONIOUSLY� IDENTIFY WHICH PARAMETERS WITHIN THE STRUCTURE ARE KEY� AND
DISCOVER�VIA EXPERIMENT� LITERATURE� OR FITTING�THE PARAMETER VALUES�

4HE MOST UBIQUITOUS CELL
LEVEL BATTERY MODELLING FRAMEWORK IS THE $OYLEn&ULLERn.EWMAN �$&.	 MODEL�
OFTEN NAMED @THE .EWMAN MODEL� OR THE @PSEUDO
TWO
DIMENSIONAL� MODEL� (ERE WE SHALL USE THE $&.
ACRONYM� 4HE $&. FRAMEWORK DERIVES FROM POROUS
ELECTRODE THEORY� STEMMING FROM *OHN .EWMAN�S ����
-ASTER�S THESIS UNDER #HARLES 4OBIAS ;�n�=� WITH SUBSEQUENT DEVELOPMENT SPECIFIC TO ,I"S BEING LAID OUT IN
LATER FOUNDATIONAL WORKS ;�n��=� 2IGOROUS MATHEMATICAL JUSTIFICATION FOR THE $&. IS PROVIDED IN 2ICHARDSON
ET AL� #IUCCI AND ,AI� AND $IAZ ET AL ;��n��=� 4HE $&. FRAMEWORK STRIKES A BALANCE BETWEEN SPEED AND
COMPLEXITY� INCORPORATING DETAILED PHYSICS YET REMAINING COARSE ENOUGH FOR EFFICIENT DEVICE
LEVEL
SIMULATIONS ;��=�

4HE FOCUS OF THIS REVIEW� NAMELY THE ISOTHERMAL $&. MODEL APPLIED TO A SINGLE ANODE�CATHODE PAIR�
COMPRISES A SYSTEM OF COUPLED PARTIAL DIFFERENTIAL EQUATIONS �0$%S	 THAT CAN CONTAIN UPWARDS OF �� SCALAR
PARAMETERS AND AROUND FIVE SCALAR FUNCTIONS� #OMPLETE PARAMETERISATION IS DIFFICULT� AS MANY REQUISITE
QUANTITIES MUST BE INFERRED INDIRECTLY FROM EXPERIMENTAL DATA� -OREOVER� THERE CAN BE SIGNIFICANT
DEVICE
TO
DEVICE VARIABILITY� EVEN IN CELLS THAT ARE OSTENSIBLY PREPARED IN THE SAME WAY� 4HUS� PROPER
PARAMETERISATION IS A HURDLE THAT MUST BE ADDRESSED TO REALISE THE MAXIMUM BENEFITS FROM $&. MODELS�

-ANY IN THE BATTERY MODELLING COMMUNITY TEND TO RELY ON THE SCIENTIFIC LITERATURE TO FIND PARAMETERS�
RATHER THAN CARRYING OUT THEIR OWN EXPERIMENTS� ,OCATING THE REQUIRED VALUES IN A RAPIDLY GROWING BODY OF
WORK CAN BE TIME
CONSUMING� -ORE IMPORTANTLY� GREAT CARE MUST BE TAKEN TO ENSURE THAT PARAMETER VALUES
ARE EXTRACTED FROM RAW DATA UNDER ASSUMPTIONS THAT ARE CONSISTENT WITH THE INTENDED USAGE� 4HE PRIMARY AIM
OF THIS REVIEW IS TO ALLEVIATE THE $&. PARAMETERISATION BOTTLENECK IN TWO WAYS� &IRST� WE SURVEY THE
EXPERIMENTAL TECHNIQUES EMPLOYED FOR PARAMETERISATION� CLARIFYING THE OFTEN UNSTATED IMPLICIT ASSUMPTIONS�
%LUCIDATION OF THEIR THEORETICAL BASIS EMPOWERS READERS TO DECIDE WHAT MEASUREMENTS CAN BE TRUSTED FOR GIVEN
OPERATING REGIMES� 3ECOND� WE PROVIDE A SEARCHABLE DATABASE �,IION$"� AVAILABLE AT WWW�LIIONDB�COM	 THAT
TABULATES MANY PARAMETER MEASUREMENTS AVAILABLE FROM THE LITERATURE� 4HE INTERACTIVE DATABASE IS POPULATED
BY AN EXTENSIVE CATALOGUE OF REPORTED PARAMETERS� AS WELL AS THE DETAILS OF MEASUREMENT TECHNIQUES USED AND
MATERIALS CHARACTERISED� &UTURE IMPLEMENTATIONS WILL ALLOW THE INFORMATION SOURCE TO CONTINUE TO GROW AS
,I" RESEARCH AND $&. MODELLING EVOLVES�

4HIS IS NOT THE FIRST TIME THAT THE $&. PARAMETRISATION CHALLENGE HAS BEEN ADDRESSED� ! RECENT
COMPLEMENTARY WORK IS ,AUE ET AL ;��=� WHICH LAYS OUT AN EXPERIMENTAL PROCEDURE FOR MEASURING PARAMETERS
REQUIRED FOR THE $&.� AS WELL AS DISCUSSING THE ISSUES OF IDENTIFIABLILITY AND OVERFITTING� COMMON PITFALLS OF
USING MODELS WITH MANY PARAMETERS ;��� ��=� /THER STUDIES� BY %CKER ET AL� :ULKE ET AL AND #HEN ET AL
;��n��=� CARRY OUT MODEL PARAMETERISATION AND SIMULATION FOR COMMERCIALLY RELEVANT CELLS� )N ALL CASES
EXCELLENT AGREEMENT BETWEEN MEASUREMENT AND THEORY IS SHOWN� DEMONSTRATING THE EFFICACY OF THE $&.
WHEN PROPER PARAMETERISATION IS PROVIDED�

4HIS REVIEW PROCEEDS WITH A BRIEF OUTLINE OF THE ISOTHERMAL $&. FRAMEWORK� 4HREE SUBSEQUENT SECTIONS
FOCUS ON GEOMETRIC �SECTION �	� ELECTRODE �SECTION �	 AND ELECTROLYTE �SECTION �	 PARAMETERS� 7E DISCUSS THE
DEFINITION AND SIGNIFICANCE OF EACH PARAMETER AND SURVEY REPORTED VALUES� PROVIDING DISCUSSION ABOUT
LITERATURE CONSENSUS AND ANY INHERENT VARIABILITY� 7E THEN DISSECT THE COMMON EXPERIMENTAL MEASUREMENT
APPROACHES AND CRITIQUE THEIR APPLICABILITY AND RELIABILITY� &INALLY� IN SECTION �� WE PRESENT THE DATABASE
�WWW�LIIONDB�COM ;��=	� BEFORE DRAWING OVERALL CONCLUSIONS�

�� 4HE $&.MODEL

6ARIABLES AND PARAMETERS INVOLVED IN THE STANDARD $&.MODEL ARE SUMMARISED IN TABLES � AND �� RESPECTIVELY�
THE VARIOUS MATERIAL DOMAINS DESCRIBED WITHIN THE FRAMEWORK ARE LISTED IN TABLE �� &IGURE � ILLUSTRATES THE
DOMAINS IN A CELL SCHEMATICALLY� WITH POROUS NEGATIVE
ELECTRODE �AN ANODE DURING DISCHARGE	� SEPARATOR AND
POSITIVE
ELECTRODE �CATHODE	 REGIONS SPANNING POSITIONS BETWEEN POINTS X= �� X= ,N� X= ,− ,P AND X= ,�

�
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4ABLE �� $ESCRIPTION OF THE VARIABLES USED IN THE FORMULATION OF THE FULL CELL $&. MODEL�

6ARIABLE $ESCRIPTION 5NITS

CK(X, R, T) ,I+ CONCENTRATIONA IN ELECTRODE PARTICLES MOL M−�

CKS(X, T) ,I+ CONCENTRATION AT ELECTRODE PARTICLE SURFACE MOL M−�

CE(X, T) ,I+ CONCENTRATION IN ELECTROLYTE MOL M−�

.E(X, T) -OLAR FLUX OF IONS IN ELECTROLYTE MOL M−� S−�

IK(X, T) #URRENT DENSITY IN ELECTRODES ! M−�

IE(X, T) #URRENT DENSITY IN ELECTROLYTE ! M−�

JK(X, T) 2EACTION CURRENT DENSITY ! M−�

JK�(X, T) %XCHANGE CURRENT DENSITY ! M−�

φK(X, T) %LECTRODE POTENTIAL 6
φE(X, T) %LECTROLYTE POTENTIAL 6
4(X, T) 4EMPERATURE +
ηK(X, T) /VERPOTENTIAL AT ELECTRODE
ELECTROLYTE INTERFACE 6
A 4HE ELECTRONEGATIVITY OF THE LITHIUM ION IS DEPENDENT UPON THE VOLTAGE EXPERIENCED BY THE LITHIUM

ION� !T HIGH VOLTAGES �VS ,I	� IT IS GENERALLY IONIC �,I+	 IN NATURE AND AT LOW VOLTAGES VS ,I IT IS MORE

ELECTRONEGATIVE AND LIKELY METALLIC IN NATURE �,I	� 4HUS� IT MAY BE MORE APPROPRIATE TO REFER TO THIS

SPECIES AS ,I ON THE NEGATIVE ELECTRODE SIDE AT LOW VOLTAGES VS LITHIUM�

4ABLE �� &UNCTIONS AND PARAMETERS FOR FULL CELL $&. MODEL�

0ARAM� &TN� $ESCRIPTION 6ALUE AND UNITS

& &ARADAY�S CONSTANT �.����× ����! SMOL−�	
2 5NIVERSAL GAS CONSTANT ������ �* +−� MOL−�	
! 0LANAR ELECTRODE AREA M�

BK 0ARTICLE SURFACE AREA PER UNIT VOLUME � M−�

CMAX
K -AXIMUM ,I+ CONCENTRATION IN PARTICLE MOL M−�

CE� )NITIAL�REST ,I+ CONCENTRATION IN ELECTROLYTE MOL M−�

CK� )NITIAL ,I+ CONCENTRATION IN ELECTRODE MOL M−�

$K ,I+ DIFFUSIVITY IN PARTICLE M� S−�

$E ,I+ DIFFUSIVITY IN ELECTROLYTE M� S−�

ICIRCUIT !PPLIED CURRENT DENSITY ! M−�

KK 2EACTION RATE CONSTANT MOL M−� S−�

,K %LECTRODE AND SEPARATOR THICKNESSES M
, 4OTAL CELL THICKNESS �,N + ,S + ,P	 M
RK 0ARTICLE RADIUS M
T�+ ,I+ TRANSFERENCE NUMBER �
5K /PEN
CIRCUIT POTENTIAL �/#0	 6
BK ,IQUID PHASE TRANSPORT EFFICIENCY �
εK %LECTROLYTE VOLUME FRACTION �POROSITY	 �
εACT,K !CTIVE MATERIAL VOLUME FRACTION �
σE %LECTROLYTE IONIC CONDUCTIVITY 3 M−�

σ̂K %FFECTIVE SOLID ELECTRONIC CONDUCTIVITY 3 M−�

�+
∂ LN F±
∂ LN CE

4HERMODYNAMIC FACTOR �
αAK !NODIC CHARGE TRANSFER COEFFICIENT �
αCK #ATHODIC CHARGE TRANSFER COEFFICIENT �
θK %LECTRODE STOICHIOMETRY �
Θ &ULL CELL STATE OF CHARGE �

4ABLE �� 3UBSCRIPTS USED IN THE FORMULATION OF THE $&. MODEL�

3UBSCRIPT $ESCRIPTION

E )N ELECTROLYTE
N )N NEGATIVE ELECTRODE�PARTICLE �ANODE	
S )N SEPARATOR
P )N POSITIVE ELECTRODE�PARTICLE �CATHODE	
K )N DOMAIN K ∈ {N, S,P}

�
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&IGURE �� 3CHEMATIC OF $&. CELL GEOMETRY� INDICATING THE MACROSCOPIC AND MICROSCOPIC COORDINATE SYSTEMS AND DOMAINS OF
DEFINITION FOR THE DIFFERENT VARIABLES� 4HE POSITIONS X= �� X= ,N� X= ,− ,P� AND X= , REPRESENT DOMAIN INTERFACES BETWEEN
CURRENT COLLECTOR AND NEGATIVE ELECTRODE� NEGATIVE ELECTRODE AND SEPARATOR� SEPARATOR AND POSITIVE ELECTRODE� AND POSITIVE ELECTRODE
AND CURRENT COLLECTOR� RESPECTIVELY� 0LOTTED ABOVE THE PARTICLES ARE A SNAPSHOT OF POSITION
DEPENDENT VARIABLES DURING A DISCHARGE�
,I+ CONCENTRATION C� CURRENT DENSITY I AND POTENTIAL DISTRIBUTION φ� 4HE SUBSCRIPTS E� N AND P DENOTE THE ELECTROLYTE� NEGATIVE
ELECTRODE AND POSITIVE ELECTRODE� RESPECTIVELY�

)N LINE WITH MOST OTHER AUTHORS OUR $&. MODEL IS DESCRIBED WITH A SINGLE MACROSCOPIC DIMENSION� X AND
A SINGLE MICROSCOPIC DIMENSION R� (OWEVER� SOME OTHER AUTHORS EXPAND THE MACROSCOPIC COORDINATES TO
ENCOMPASS A SECOND� OR EVEN THIRD DIMENSION ;��� ��=� 3UCH MODELS ARE IMPORTANT FOR STUDYING THE EFFECT OF
THE NEGATIVE ELECTRODE OVERHANG ;��= OR HOW TO IMPROVE LITHIATION HOMOGENEITY ;��=� 3TRATEGIES TO
SYSTEMATICALLY REDUCE THE COMPUTATIONAL EFFORT REQUIRED TO SOLVE THESE MACROSCOPICALLY TWO
DIMENSIONAL
��$	�THREE
DIMENSIONAL ��$	 MODELS HAVE ALSO BEEN PROPOSED ;��� ��=�

! SECOND SIMPLIFYING ASSUMPTION THAT WE SHALL LEVERAGE THROUGHOUT THIS REVIEW IS THAT OF ISOTHERMAL
CONDITIONS� /F COURSE� IN PRACTICE� TEMPERATURE GRADIENTS OFTEN EXIST ACROSS A BATTERY� AND ACCOUNTING FOR THESE
EXACERBATES THE PARAMETERISATION PROBLEM ;��� ��=� $ESPITE NOT GIVING MUCH DETAIL ON TREATING TEMPERATURE
GRADIENTS WE SHALL� WHERE POSSIBLE� GIVE ACTIVATION ENERGIES FOR MATERIAL PARAMETERS WHERE THEY EXHIBIT A
SIMPLE !RRHENIUS TEMPERATURE DEPENDENCE� )T IS WORTH EMPHASIZING THAT RESTRICTING OUR INTEREST TO ISOTHERMAL
$&. MODELS DOES NOT NECESSARILY RULE OUT USING THE MODEL STATED BELOW TO TREAT DEVICES WITH THERMAL
GRADIENTS� 4HE REASON FOR THIS IS THAT EVEN THOUGH POUCH�ROLL CELLS MAY EXHIBIT TEMPERATURE VARIATIONS UNDER
OPERATION� THE THERMAL GRADIENTS ARE USUALLY NOT SO LARGE THAT NEIGHBOURING ANODE�CATHODE PAIRS �THE PART OF
THE DEVICE DESCRIBED BY THE MODEL BELOW	 ARE AT SIGNIFICANTLY DIFFERENT TEMPERATURES� 4HEREFORE� IN SITUATIONS
WHERE THERMAL GRADIENTS ARE NOT TOO LARGE� A CONNECTED NETWORK OF $&. MODELS �EACH AT A DIFFERENT BUT
UNIFORM TEMPERATURE	 IS A GOOD APPROXIMATION OF REALITY� !N ADDITIONAL THERMAL MODEL IS REQUIRED TO PREDICT
THE TEMPERATURE DISTRIBUTION ACROSS THIS NETWORK OF $&. MODELS BUT WE SHALL NOT DISCUSS THIS MODELLING
ASPECT FURTHER� 4HIS APPROACH HAS BEEN DEMONSTRATED TO BE ACCURATE IN CAPTURING THERMAL GRADIENTS IN ;��=
AND HAS BEEN USED IN SIMULATIONS IN ;��� ��� ��=� .ETWORKS OF $&. MODELS HAVE ALSO BEEN USED TO CAPTURE
MECHANICAL STRESS INHOMOGENEITIES IN ;��� ��= AS WELL AS INHOMOGENEOUS DEGRADATION VIA ,I
PLATING IN ;��=�

&INALLY� WE SHALL NEGLECT THE EFFECTS OF THE DOUBLE
LAYER CAPACITANCE� 4HIS OMISSION IS WELL
JUSTIFIED WHEN
PREDICTING THE CHARGEnDISCHARGE BEHAVIOUR REPRESENTATIVE OF REAL BATTERY OPERATION� BUT CAPACITIVE EFFECTS
CANNOT BE NEGLECTED WHEN MODELLING IMPEDANCE SPECTRA WHERE THE DEVICE IS STIMULATED ON THE VERY SHORT
TIMESCALES ASSOCIATED WITH DOUBLE
LAYER �DIS	CHARGING ;��� ��=�

"OTH ELECTRODE MATERIALS COMPRISE INTERMINGLED AGGREGATES OF SMALL �∼��−� M	 ACTIVE PARTICLES WHICH ARE
CONNECTED VIA A SPARSE NETWORK OF A BINDER WITH CONDUCTIVE SOLID ADDITIVES AND PERMEATED BY A LIQUID

�
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ELECTROLYTE� 4HE ELECTRODES HAVE A TYPICAL THICKNESS ON THE ORDER OF ��−� M AND ARE THEREFORE APPROXIMATELY
ONE ORDER OF MAGNITUDE LARGER THAN THE ELECTRODE PARTICLES� $IRECTLY FINDING SOLUTIONS TO 0$%S ON SUCH A
GEOMETRY IS PROHIBITIVELY EXPENSIVE� BUT THE $&. MODELLING FRAMEWORK CIRCUMVENTS THIS PROBLEM BY POSING
THE EQUATIONS IN A HOMOGENIZED� MULTISCALE FASHION� 4HE SMALL� OR MICROSCOPIC� LENGTH SCALE IS ASSOCIATED WITH
INDIVIDUAL ELECTRODE PARTICLES AND THE LARGE� OR MACROSCOPIC� LENGTH SCALE IS ASSOCIATED WITH THE ELECTRODE
WIDTH IN THE DIRECTION PERPENDICULAR TO THE CURRENT COLLECTORS� 4HE DETAILS AND COMPLEXITY OF THE GEOMETRY ARE
RETAINED IN THE MULTISCALE EQUATIONS �ALBEIT IN AN APPROXIMATE FASHION	 IN THE FORM OF AVERAGED PARAMETERS
SUCH AS POROSITY AND VOLUMETRIC SURFACE AREA THAT DESCRIBE LOCAL GEOMETRY OF PHASE MICROSTRUCTURE� AS WELL AS
@EFFECTIVE� TRANSPORT PROPERTIES� WHOSE VALUES DEPEND ON THE MATERIALS THEY DESCRIBE� AS WELL AS THE LOCAL
MICROSTRUCTURE OF THE MULTIPHASE MEDIUM IN WHICH THE MATERIALS RESIDE� )N THE REMAINDER OF THIS SECTION� WE
OUTLINE THE MODEL AND BRIEFLY DISCUSS THE PHYSICAL PRINCIPLES THAT UNDERPIN EACH OF THE GOVERNING EQUATIONS�

���� -ACROSCOPIC EQUATIONS
4WO MAIN TRANSPORT PROCESSES ARE CAPTURED ON THE MACROSCOPIC SCALE� NAMELY �I	 MATERIAL BALANCES IN
PORE
FILLING LIQUID
ELECTROLYTE PHASES AND �II	 ELECTRON CONDUCTION IN THE SOLID NETWORKS OF ACTIVE PARTICLES�
BINDER AND ADDITIVES THAT MAKE UP THE ELECTRODES� 0ROCESS �I	 IS CAPTURED BY�
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IN WHICH 2 IS THE GAS CONSTANT� & IS THE &ARADAY�S CONSTANT� AND 4 IS THE AMBIENT TEMPERATURE� %QUATION ��	 IS
A MATERIAL BALANCE� WHICH ENFORCES CONTINUITY OF THE ANION CONCENTRATION� CE�THIS EQUALS BOTH THE SALT
CONCENTRATION AND CATION CONCENTRATION AS A CONSEQUENCE OF THE LOCAL ELECTRONEUTRALITY APPROXIMATION�
�)T WILL ALWAYS BE ASSUMED HERE THAT THE ANION OF THE LITHIUM SALT DISSOLVED IN THE ELECTROLYTE IS MONOVALENT�	
%QUATION ��	 IS A CONSTITUTIVE LAW FOR THE TOTAL MOLAR FLUX OF ANIONS .E� WHICH ACCOUNTS FOR CONTRIBUTIONS DUE
TO DIFFUSION� DRIVEN BY CONCENTRATION GRADIENTS� MIGRATION� DRIVEN BY THE IONIC CURRENT DENSITY IE� AND
CONVECTION� DRIVEN BY THE SOLVENT VELOCITY V�� 4YPICALLY� CONVECTION IS NEGLECTED� SO V� VANISHES� 4HE MIGRATION
TERM ACCOUNTS FOR EXCESS FLUX ARISING FROM DIFFERENCES IN THE RELATIVE MOBILITIES OF CATIONS AND ANIONS� "Y
CONVENTION THIS EFFECT IS TYPICALLY PARAMETERIZED IN TERMS OF A CATION TRANSFERENCE NUMBER RELATIVE TO THE
SOLVENT VELOCITY� T�+� WHICH MEASURES THE FRACTION OF ELECTROLYTE CONDUCTIVITY CONTRIBUTED BY CATION MOBILITY�
THE ANION TRANSFERENCE NUMBER (�− T�+) APPEARS IN THE FLUX LAW HERE� $IFFUSION IS PARAMETRIZED BY THE SALT
DIFFUSIVITY IN FREE LIQUID� $E�

)N ��	 AND ��	� COEFFICIENTS TAKING A SUBSCRIPT K TRANSFORM THE MATERIAL PROPERTIES OF THE FREE LIQUID
ELECTROLYTE INTO EFFECTIVE VALUES ATTAINED WHEN THE ELECTROLYTE PERMEATES A PORE STRUCTURE WITHIN DOMAIN K�
4HUS� THE VOLUME FRACTION OF PHASE K OCCUPIED BY ELECTROLYTE� εK� APPEARS IN THE MATERIAL BALANCE� TO MAKE CE
REPRESENT THE ANION CONCENTRATION THAT WOULD BE RECORDED IF ELECTROLYTE WAS EXTRACTED FROM THE PORES WITHIN
PHASE K AND MEASURED SEPARATELY� 3IMILARLY� THE TRANSPORT EFFICIENCY BK APPEARS IN THE FLUX LAW� TO ACCOUNT FOR
HOW PORE SHAPES AND CONNECTIVITY LOWER THE APPARENT SALT DIFFUSIVITY FROM $E� ITS VALUE IN FREE LIQUID�
'ENERALLY� PORE NETWORKS WITH LOWER POROSITY AND GREATER TORTUOSITY CAUSE BK TO REDUCE FROM ITS MAXIMUM
VALUE OF �� .OTE THAT NO GEOMETRIC CORRECTION IS NEEDED FOR TRANSFERENCE NUMBERS� SINCE THEY INHERENTLY
DESCRIBE A RATIO OF MOBILITIES� CORRECTIONS FOR PORE GEOMETRY CANCEL OUT�

%QUATION ��	 IS A CHARGE BALANCE IN THE ELECTROLYTE PHASE� WHOSE FORM DERIVES FROM CONSIDERING THE
MATERIAL BALANCES OF CATIONS AND ANIONS TOGETHER� UNDER THE LOCAL ELECTRONEUTRALITY APPROXIMATION� AND AN
ASSUMPTION THAT ION FLUXES ENTIRELY DETERMINE THE CURRENT DENSITY THROUGH &ARADAY�S LAW� ! SOURCE TERM
APPEARS� DEPENDENT ON THE ELECTRODEnELECTROLYTE INTERFACIAL CURRENT DENSITY JK� WHICH DESCRIBES THE RATES AT
WHICH ELECTROCHEMICAL REACTIONS OCCUR ON PORE SURFACES� )N POROUS ELECTRODES� JK QUANTIFIES THE KINETICS OF
INTERCALATION OR DEINTERCALATION REACTIONS� 3INCE EFFECTIVE REACTION RATES ALSO DEPEND ON THE PORE SURFACE AREA
CONTACTED BY ELECTROLYTE� THE GENERATION TERM IN THE CHARGE BALANCE SCALES WITH A SECOND GEOMETRIC PARAMETER
BK� WHICH DESCRIBES THE ELECTROCHEMICALLY ACTIVE SURFACE AREA PER UNIT VOLUME OF THE PORE NETWORK IN DOMAIN

�
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K� )N THE $&. IT IS ASSUMED THAT THE ELECTRODE PARTICLES ARE SPHERICAL AND EQUALLY
SIZED� FROM WHICH IT FOLLOWS
THAT BK IS RELATED TO THE EFFECTIVE PARTICLE RADIUS RK AND THE PARTICLE VOLUME FRACTION εACT,K VIA

BK = � πR�K

(
εACT,K
�
�πR

�
K

)
, ��	

WHERE THE RIGHT
HAND SIDE OF THIS EQUATION CAN BE SEEN TO BE A PRODUCT OF THE SURFACE AREA OF A SINGLE PARTICLE
�� πR�K	 AND THE NUMBER DENSITY OF ELECTRODE PARTICLES� 4HE LATTER IS THE QUANTITY INSIDE THE PARENTHESIS� AND
THIS IS IN TURN THE RATIO OF THE VOLUME FRACTION �OR VOLUME DENSITY	 TO THE VOLUME OF A SINGLE ELECTRODE
PARTICLE� +IRK ET AL ;��= HAVE CONSIDERED HOW TO GENERALISE THE $&. MODEL TO INCLUDE HETEROGENEITY IN PARTICLE
SIZES ACROSS THE ELECTRODE THICKNESS�

)T IS WORTH EMPHASIZING THAT WE SHALL GENERALLY ADOPT THE CONVENTION OF DENOTING BULK CURRENT DENSITIES
WITH IK AND INTERFACIAL CURRENT DENSITIES WITH JK� /BSERVE THAT BY CONVENTION� THE CURRENT JK IS TAKEN TO BE
POSITIVE WHEN A REACTION IS DRIVEN ANODICALLY� I�E� WHEN POSITIVE CHARGES ENTER THE LIQUID FROM THE SOLID PHASE�

%QUATION ��	 IS THE -AC)NNES EQUATION� A MODIFIED FORM OF /HM�S LAW� !S WELL AS RELATING THE IONIC
CURRENT DENSITY TO THE GRADIENT OF POTENTIAL φE IN THE ELECTROLYTE THROUGH ITS IONIC CONDUCTIVITY σE� THE
-AC)NNES EQUATION ALSO INCLUDES A CORRECTION TO ACCOUNT FOR CONCENTRATION OVERPOTENTIAL�THE POTENTIAL DROP
ASSOCIATED WITH DIFFERENCES IN THE FREE ENERGY OF MIXING THAT ACCOMPANY CONCENTRATION POLARIZATION� 4HIS
TERM INJECTS ANOTHER MATERIAL PARAMETER� THE THERMODYNAMIC FACTOR �+ ∂ LN F±/∂ LN CE� WHICH ACCOUNTS FOR
POSSIBLE DEVIATIONS FROM IDEAL .ERNSTIAN BEHAVIOUR�

.OTE THAT THE $&.MODEL MAY ALSO BE STATED IN AN EQUIVALENT FORM THAT INCLUDES AN EXPLICIT BALANCE OF THE
,I+ CATIONS� 4HIS CAN REPLACE EITHER THE ANION BALANCE OR THE CHARGE BALANCE� AS IT DEPENDS LINEARLY ON THOSE
TWO RELATIONSHIPS� 4HE FORM ADOPTED HERE IS COMPUTATIONALLY MOST CONVENIENT BECAUSE ,I" ELECTRODES ARE
TYPICALLY ANION BLOCKING� 4HUS THE ANION BALANCE EQUATION INVOLVES NO SOURCE TERMS� A SIMPLIFICATION WHICH
CAN BE ADVANTAGEOUS FOR NUMERICAL SOLUTIONS� EITHER WITH FINITE DIFFERENCING OR THE FINITE
ELEMENT METHOD�

%LECTRON CONDUCTION IN THE ANODE AND CATHODE IS CAPTURED BY�

∂(IK + IE)

∂X
= �, ��	

IK =−σ̂K
∂φK

∂X
. ��	

(ERE� IK IS THE CURRENT DENSITY IN THE SOLID PHASE WITHIN DOMAIN K� φK IS THE POTENTIAL THERE� AND σ̂K IS ITS
EFFECTIVE ELECTRONIC CONDUCTIVITY� !S IN THE ELECTROLYTE
PHASE GOVERNING SYSTEM� THE FORMER EQUATION ��	
ENSURES CHARGE CONSERVATION� WHEREAS ��	 IS A CONSTITUTIVE RELATION� STATING THAT ELECTRON CONDUCTION IS OHMIC�
4HE FIRST EQUATION HERE EXPRESSES OVERALL CHARGE CONTINUITY ACROSS A VOLUME ELEMENT OF DOMAIN K� .OTE THAT
THIS BALANCE EQUATION COULD BE RESTRICTED TO THE SOLID PHASE� INCLUDING A GENERATION TERM ANALOGOUS TO THE ONE
IN THE CHARGE BALANCE OF ��	� BUT IT IS EASIER TO HANDLE THE TOTAL CURRENT DENSITY IK + IE ANALYTICALLY BECAUSE IT IS
SOLENOIDAL �DIVERGENCE
FREE	 AS A CONSEQUENCE OF ELECTRONEUTRALITY� /BSERVE THAT σ̂K COULD IN PRINCIPLE BE
DECONVOLVED INTO CONTRIBUTIONS FROM THE DIFFERENT ELECTRON
CONDUCTING PHASES THAT MAKE UP THE ELECTRODE
AND A GEOMETRIC FACTOR� ANALOGOUS TO BK� COULD BE INCLUDED EXPLICITLY� BUT IT IS NOT CONVENTIONAL� 7E BELIEVE
THAT THIS IS LIKELY BECAUSE IT IS RELATIVELY STRAIGHT
FORWARD TO MEASURE σ̂K DIRECTLY BY EXPERIMENT�

4HE LOCAL INTERFACIAL CURRENT DENSITY JK IS TYPICALLY DETERMINED BY REACTION KINETICS IN ELECTRODE DOMAINS�
AND TAKEN TO VANISH IN THE SEPARATOR� 4HUS

JK(X) =






JN IF � ! X! ,N,

� IF ,N < X! ,− ,P,

JP IF ,P < X! ,,

��	

WITH KINETIC RATE LAWS FOR THE NONTRIVIAL TERMS DETERMINED BY CONSIDERING REACTION MECHANISMS�

���� -ACROSCOPIC BOUNDARY AND INTERFACE CONDITIONS
!T THE EXTREMITIES OF THE CELL WHERE THE ELECTRODES MEET THE CURRENT COLLECTORS� THERE IS NO FLUX OF ANIONS AND
NO IONIC CURRENT� THE CURRENT IN THE SOLID NETWORK EQUALS THAT PROVIDED OR EXTRACTED BY THE EXTERNAL CIRCUIT� !T
THE INTERNAL INTERFACES� WHERE THE ANODE AND CATHODE MEET THE SEPARATOR� THE CURRENT DENSITY IN THE SOLID
NETWORK MUST BE ZERO� BECAUSE THE SEPARATOR IS ELECTRONICALLY INSULATING� !S SUCH� THE MACROSCOPIC EQUATIONS
ARE SUPPLEMENTED BY BOUNDARY CONDITIONS

IN|X=� = ICIRCUIT(T), ��	

�
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.E|X=� = �, ���	

IE|X=� = �, ���	

IN|X=,N = �, ���	

IP|X=,−,P = �, ���	

IP|X=, = ICIRCUIT(T), ���	

.E|X=, = �, ���	

IE|X=, = �, ���	

WHERE ICIRCUIT(T) IS THE CURRENT DENSITY PROVIDED BY THE BATTERY TO THE CIRCUIT� 7E USE THE CONVENTION THAT
POSITIVE CHARGE MOVING RIGHTWARDS CONSTITUTES A POSITIVE CURRENT� AS SUCH POSITIVE VALUES OF ICIRCUIT(T)
CORRESPOND TO DISCHARGE AND NEGATIVE ONES TO CHARGE� )N SITUATIONS WHERE THE CURRENT IS KNOWN� ICIRCUIT(T) CAN
IS SPECIFIED� (OWEVER� IN MANY SITUATIONS EITHER THE VOLTAGE� OR POWER IS KNOWN AND IN THESE CASES AN
ADDITIONAL EQUATION IN REQUIRED IN ORDER TO SOLVE FOR THE AS YET UNKNOWN CURRENT ICIRCUIT(T)�

���� -ICROSCOPIC EQUATIONS AND BOUNDARY CONDITIONS
4HE "UTLERn6OLMER LAWS �INTRODUCED BELOW IN ���		 DETERMINE THE INTERFACIAL CURRENT DENSITY JK WHICH IN TURN
DEPENDS STRONGLY ON THE CONCENTRATION OF INTERCALATED ,I+ AT THE SURFACES OF ACTIVE PARTICLES IN THE SOLID PHASE�
CKS� $ETERMINATION OF CKS NECESSITATES THE SOLUTION OF AN APPROPRIATE TRANSPORT OR REACTION MODEL DESCRIBING
THE DYNAMICAL DISTRIBUTION OF ,I WITHIN THE PARTICLES� AT EVERY LOCATION WITHIN THE MACROSCOPIC DIMENSION� X�
4RANSPORT WITHIN PARTICLES OCCURS ON A SMALLER� MICROSCOPIC SCALE� TAKEN TO BE A PSEUDO
SECOND DIMENSION R
ORTHOGONAL TO X� 7E TAKE R TO BE THE RADIAL POSITION WITHIN A SPHERICAL PARTICLE AND LET RK BE THE RADIUS OF A
PARTICLE IN DOMAIN K�

5NDER THE ASSUMPTION THAT INTERCALATED LITHIUM SITS IN A SOLID SOLUTION� A DIFFUSION MODEL FOR TRANSPORT IN
THE ACTIVE PARTICLES IS APPROPRIATE� &OR SIMPLICITY WE OUTLINE A NONLINEAR SPHERICAL DIFFUSION EQUATION FOR USE
IN THE PARTICLE DIMENSION� NOTING THAT MULTIPLE STUDIES HAVE DEMONSTRATED ITS WIDE EFFICACY FOR FITTING
EXPERIMENTAL TRENDS ;��n��=� )N THIS CASE THE MICROSCOPIC EQUATIONS AND BOUNDARY CONDITIONS ARE�

∂CK
∂T

=
�

R�
∂

∂R

(
R�$K

∂CK
∂R

)
, IN �< R< RK, ���	

∂CK
∂R

= �, AT R= �, ���	

−$K
∂CK
∂R

=
JK
&
, AT R= RK, ���	

WHERE $K REPRESENTS THE ,I
ION SOLID
STATE DIFFUSIVITIES IN ELECTRODE K� GENERALLY DEPENDENT ON COMPOSITION
AND TEMPERATURE� %QUATION ���	 IS A MATERIAL BALANCE FOR INTERCALATED LITHIUM AND ���	 IS THE CONDITION OF
BOUNDEDNESS OF THE CONCENTRATION� ENSURING THAT CONCENTRATION REMAINS FINITE AT THE PARTICLE CORE� "OUNDARY
CONDITION ���	 ENSURES THROUGH KINETIC MODEL ���	 AND ���	 THAT THE ,I+ FLUX LEAVING THE ELECTROLYTE BALANCES
THAT ENTERING THE PARTICLES� 7E SHOULD EMPHASISE THE ASSUMPTION THAT ELECTRODE PARTICLES ARE SPHERICAL HERE�
4HIS IS OFTEN FAR FROM BEING TRUE� BUT IT IS UNCLEAR THAT ACCOUNTING FOR MORE COMPLEX PARTICLE
SCALE GEOMETRIES
IN FACT LEADS TO OBSERVABLY DIFFERENT OUTCOMES� -ORE COMPLEX GEOMETRIES HAVE BEEN CONSIDERED ;��n��=� BUT
THIS OFTEN ENTAILS SOLVING MICROSCOPIC TRANSPORT EQUATIONS IN A HIGHER NUMBER OF SPATIAL DIMENSIONS� WHICH IS
MORE COMPUTATIONALLY INTENSIVE AND UNDERMINES THE EFFICIENCY OF THE FRAMEWORK�

4HERE IS CONSIDERABLE DEBATE ABOUT WHAT EQUATIONS ARE MOST APPROPRIATE TO DESCRIBE INTERFACIAL REACTIONS
AND SOLID
STATE LITHIUM TRANSPORT WITHIN INTERCALATION PARTICLES� )N THE ORIGINAL PAPERS BY .EWMAN AND
COWORKERS ;�� �� �=� A SPHERICAL FORM OF &ICK�S SECOND LAW OF DIFFUSION WAS ADOPTED� BUT OTHER MODELS�
INCLUDING SHRINKING
CORE ;��� ��� ��= AND #AHN
(ILLIARD ;��=� HAVE BEEN PROPOSED SUBSEQUENTLY TO HANDLE

�
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4ABLE �� %XPERIMENTAL TECHNIQUES AND INDIVIDUAL CELL COMPONENT PARAMETERS THAT THEY MEASURE� 4ECHNIQUES MARKED WITH A DAGGER �†	
CAN BE APPLIED TO CELLS WHICH ARE RECEIVED ALREADY CONSTRUCTED �I�E� IN A FULL CELL CONFIGURATION	� BUT IN ORDER TO ISOLATE THE COMPONENTS OF A
SINGLE ELECTRODE� CELLS ARE OFTEN TORN DOWN AND REASSEMBLED AS PART OF HALF CELL� 4ECHNIQUES THAT ARE NOT MARKED WITH A DAGGER NECESSARILY
REQUIRE TEARDOWN�

4ECHNIQUE -ODEL PARAMETER�S	 EXTRACTED 3ECTIONS FOR DISCUSSION

-ICROSCOPY ,K� RK� εK� εACT,K� BK e �����
%)3 † BK� KK� $K� $E� σE� T

�
+ e ������ e ������ e �����

82$ RK e �����
(G POROSIMETRY εK� εACT,K� BK e �����
"%4 ADSORPTION BK e �����
%LECTRONIC CONDUCTIVITY PROBE σ̂K e �����
PSEUDO
/#6 † 5K e �����
')44 † 5K� $K� e �����
3# ')44 † KK� e �����
#6 † KK� $K e �����
0)44 † KK� $K e �����
0OLARISATION
RELAXATION CELLS $E� T

�
+ e �����

#ONCENTRATION CELLS �+
∂ LN F±
∂ LN CE

� T�+ e �����

$ENSITOMETRY 6E� 6� e �����

MATERIALS WHERE PHASE
TRANSFORMATION REACTIONS ;��� ��=� RATHER THAN DIFFUSION DYNAMICS� GOVERN THE
DISTRIBUTION OF INTERCALATED LITHIUM� 3UCH MATERIALS MAY ALSO REQUIRE ALTERNATIVE FORMS OF THE MICROSCOPIC
KINETIC RATE LAWS�

)N AN ELEMENTARY INTERCALATION PROCESS� LITHIUM IONS ARE ASSUMED TO ENTER OR LEAVE THE LIQUID TO OCCUPY
AVAILABLE SITES IN THE CRYSTAL LATTICE OF AN INTERCALATION COMPOUND� IN WHICH INTERCALATED LITHIUM ATOMS FORM A
SOLID SOLUTION� )NTERFACIAL CURRENT IS GOVERNED BY A SYSTEM OF KINETIC RATE LAWS OF THE FORM

JK = JK�

[
EXP

(
&αAK

24
ηK

)
− EXP

(
−&αCK

24
ηK

)]
, ���	

JK� = &KK

(
CE
CE�

)αCK
(

CKS
CMAX
K

)αAK
(
�− CKS

CMAX
K

)αCK

, ���	

ηK = φK −φE −5K(CKS). ���	

(ERE� JK� IS TERMED THE EXCHANGE CURRENT DENSITY� CKS IS A VARIABLE REPRESENTING THE CONCENTRATION OF
INTERCALATED LITHIUM AT THE ACTIVE
PARTICLE SURFACE� AND THE SURFACE OVERPOTENTIAL ηK EXPRESSES THE DIFFERENCE
BETWEEN THE LIQUIDnSOLID POTENTIAL DROP AND THE EQUILIBRIUM POTENTIAL 5K� THE LATTER BEING A STATE FUNCTION
DEPENDENT ON CKS� 4HE KINETIC MODEL INVOLVES VARIOUS PARAMETERS AS WELL� KK IS THE RATE CONSTANT FOR THE
INTERCALATION HALF
REACTION� CE� IS THE REFERENCE CONCENTRATION OF ANIONS IN THE ELECTROLYTE AT WHICH KK IS
MEASURED� CMAX

K IS THE MAXIMUM CONCENTRATION OF LITHIUM THAT CAN BE INTERCALATED INTO THE ELECTRODE MATERIAL�
AND αAK AND αCK REPRESENT THE CHARGE
TRANSFER COEFFICIENTS FOR THE ANODIC AND CATHODIC DIRECTIONS OF THE
HALF
REACTION IN ELECTRODE K� RESPECTIVELY� .OTE THAT KK IS ALTERNATIVELY KNOWN AS THE REACTION RATE OR EXCHANGE
COEFFICIENT� DEPENDING ON THE MODEL USED ;��� ��=�

���� )NITIAL CONDITIONS
)NITIAL CONDITIONS ARE REQUIRED FOR THE IONIC CONCENTRATION IN THE ELECTROLYTE� AS WELL AS THE ,I CONCENTRATION IN
THE NEGATIVE AND POSITIVE ELECTRODE PARTICLES� !SSUMING AN INITIALLY EQUILIBRATED STATE AT REST� ONE CAN SET

CN|T=� = CN�, ���	

CP|T=� = CP�, ���	

CE|T=� = CE�, ���	

WHERE CK� IS THE INITIAL CONCENTRATION IN ELECTRODE K AND CE� IS THAT IN THE ELECTROLYTE� 3ECTION ����� DISCUSSES THE
CHALLENGES IN DETERMINING APPROPRIATE VALUES FOR CK�� OFTEN INFERRED FROM THE CELL VOLTAGE� AND HOW INDIVIDUAL
ELECTRODE LITHIATION IS LINKED TO THE OVERALL CELL STATE OF CHARGE�

�
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���� &ULL CELL POTENTIAL
#OMPUTED SOLUTIONS OF THE FULL
CELL $&. MODEL CAN BE USED TO COMPUTE POTENTIALS AT THE NEGATIVE AND
POSITIVE CURRENT COLLECTORS� 6N AND 6P RESPECTIVELY� VIA THE RELATIONS

6N(T) = φN

∣∣
X=�

, ���	

6P(T) = φP

∣∣
X=,

. ���	

(ENCE THE TERMINAL VOLTAGE 6 MEASURED FOR A FULL CELL IS

6(T) = 6P(T)−6N(T). ���	

4HIS IS THE CELL VOLTAGE THAT SHOULD BE USED TO MAKE COMPARISONS BETWEEN THE MODEL AND EXPERIMENTAL DATA� )T
IS OFTEN HELPFUL TO BEAR IN MIND THAT THE CELL POTENTIAL� 6� IS COMPOSED OF SEVERAL PARTS� NAMELY� �I	 THE
POTENTIAL DROP ACROSS THE SOLID PARTS OF EACH ELECTRODE �ASSOCIATED WITH ELECTRON CONDUCTION	� �II	 THE /#6S
BETWEEN EACH ELECTRODE AND THE ELECTROLYTE� �III	 THE REACTION OVERPOTENTIALS BETWEEN EACH ELECTRODE AND THE
ELECTROLYTE AND �IV	 THE POTENTIAL DROP ACROSS THE ELECTROLYTE �ASSOCIATED WITH IONIC CONDUCTION	 ;��=� !N
APPEALING WAY TO VISUALISE THESE DIFFERENT CONTRIBUTIONS IS VIA A TRANSMISSION
LINE MODEL ;��=� IN WHICH THERE
ARE TWO PARALLEL BRANCHES� EACH CONTAINING RESISTORS� REPRESENTING THE CONDUCTION IN THE SOLID AND ELECTROLYTE�
RESPECTIVELY� 4HESE TWO BRANCHES ARE CONNECTED BY A NUMBER OF NONLINEAR ELEMENTS IN PARALLEL WITH ONE
ANOTHER� REPRESENTING THE �DE	INTERCALATION REACTIONS THAT TRANSFER CHARGE BETWEEN THE ELECTROLYTE AND SOLID� !
SKETCH OF THIS TRANSMISSION LINE INTERPRETATION IS GIVEN IN #ASTLE ET AL ;��=�

�� 'EOMETRICAL PARAMETERS

4HE GEOMETRIC CONFIGURATION AND THE DOMAIN MORPHOLOGIES OF THE CELL� ARE DETERMINED BY MANUFACTURING
PROCESSES� AS WELL AS THE INHERENT STRUCTURES OF THEIR CONSTITUENTS� 4HE CHOICE AND BALANCE OF COMPONENTS IN A
GIVEN DOMAIN DETERMINES PROPERTIES SUCH AS ACTIVE SURFACE AREA AND POROSITY� AND� IN TURN� THESE FACTORS
SIGNIFICANTLY INFLUENCE CELL PERFORMANCE� 4O MINIMISE REPETITION IN THE FOLLOWING SUBSECTIONS� IT SHOULD BE
STATED THAT ALTHOUGH VOLUME FRACTIONS� PARTICLE SIZES� SURFACE AREAS AND TORTUOSITY FACTORS ARE ALL TYPICALLY
REPORTED AS SINGLE� AVERAGED VALUES WITHIN EACH DOMAIN �I�E� ANODE� SEPARATOR AND CATHODE	� THEY CAN ALL VARY
AS FUNCTIONS OF POSITION WITHIN ANY DOMAIN AS WELL� #OMPONENT DIMENSIONS MAY ALSO BE INFLUENCED BY THE
PROCESS OF CELL ASSEMBLY OR TEARDOWN� E�G� A SEPARATOR�S THICKNESS IS LARGER WHEN UNCONFINED THAN UNDER THE
MECHANICAL LOADING PRESENT INSIDE AN ASSEMBLED BATTERY� 2ENDERINGS OF THE DIFFERENT LAYERED COMPONENTS ARE
ILLUSTRATED IN FIGURE �� !LTHOUGH THE VARIOUS GEOMETRICAL PARAMETERS ARE DISCUSSED IN TURN� THEY ARE INTIMATELY
LINKED AND IN PRACTICE IT IS OFTEN NOT POSSIBLE TO VARY THEM INDEPENDENTLY� &OR EXAMPLE� ALTERING AVERAGE
PARTICLE RADIUS ALSO ALTERS THE SURFACE
TO
VOLUME RATIO AVAILABLE FOR ELECTRON EXCHANGE AND EFFECTIVE
TRANSPORT FACTORS�

���� 0ARAMETERS
������ ,AYER THICKNESS
4HE LAYER THICKNESSES OF COMPONENTS WITHIN THE CELL� AS DEPICTED IN FIGURE �� ARE STRAIGHTFORWARD TO
UNDERSTAND AND RELATIVELY EASY TO MEASURE� E�G� USING CALIPERS OR A MICROMETRE GAUGE� %LECTRODE LAYER
THICKNESSES ARE CLOSELY LINKED TO THE AREAL CAPACITIES OF ACTIVE MATERIAL COATINGS� 2EPORTED ELECTRODE
THICKNESSES EITHER MEASURED OR USED IN $&. MODELS TYPICALLY FALL IN THE ��n��� µM RANGE� AND COMMERCIAL
POLYMER SEPARATOR THICKNESSES IN THE ��n�� µM RANGE� ,AYER THICKNESSES MAY BE AFFECTED BY THE FABRICATION
PROCESS� SO THESE PROPERTIES SHOULD BE UNDERSTOOD AS THEIR VALUES AFTER CELL FORMATION� 4HIS DISTINCTION IS
PARTICULARLY IMPORTANT FOR THE SEPARATOR� WHICH IS USUALLY MADE OF A POROUS POLYMER� WHOSE THICKNESS PRIOR TO
CELL CONSTRUCTION CAN BE SUBSTANTIALLY DIFFERENT FROM THE THICKNESS AFTER BEING WETTED WITH ELECTROLYTE AND
WOUND OR STACKED IN A CELL� INCURRING A STATIC MECHANICAL LOAD�

)T IS ALSO POSSIBLE THAT LAYER THICKNESSES CAN CHANGE WITH CYCLING OF A BATTERY� A PROCESS THAT REQUIRES
FURTHER CHARACTERIZATION AND MODELLING� 4HESE TEMPORAL VARIATIONS ARE ALMOST ALWAYS NEGLECTED IN $&.
MODELS� WHERE THICKNESSES FOR THE ELECTRODES AND SEPARATOR ARE USUALLY TAKEN TO BE THOSE MEASURED
INDIVIDUALLY� PRIOR TO ASSEMBLY ;��=� OR FOLLOWING TEARDOWN AFTER USE ;��=� 6OLUME EXPANSION OR CONTRACTION
OF THE ACTIVE MATERIALS ACCOMPANIES THE LITHIATION�DELITHIATION PROCESSES ;��� ��=� WHICH IS CAUSES
CONCOMITANT THICKENING�THINNING OF THE ELECTRODES� &OR SILICON
BASED ANODES� THE VOLUME EXPANSION
ASSOCIATED WITH LITHIATION IS SO LARGE �UP TO∼���� FOR PURE 3I	 THAT IT CANNOT BE JUSTIFIABLY NEGLECTED� )N THAT

�
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&IGURE �� �A	 6OLUME RENDERING OF A RECONSTRUCTED CYLINDRICAL BATTERY SCANNED BY X
RAY MICRO COMPUTED TOMOGRAPHY� 4HE METAL
SHELL �BROWN	� TOP BUTTON �RED	� VENTING DISK �GREEN	� CRIMP PLATE �PINK	� SEAL INSULATOR �YELLOW	 AND CURRENT COLLECTOR �BLUE	 ARE
SHOWN� WITH A CORNER CUT DISPLAYING THE INTERNAL STRUCTURE OF THE BATTERY� �B	 MAGNIFIED VIRTUAL SLICE TO SHOW THE PERIODIC LAYERED
STRUCTURE OF THE CELL� �C	 X
RAY NANO
#4 IMAGE SHOWING �FROM LEFT TO RIGHT	 THE GRAPHITE ANODE� POLYOLEFIN SEPARATOR AND
NICKEL
MANGANESE
COBALT �.-#	 CATHODE� �D	 3%- IMAGE SHOWING THE CARBON
BINDER DOMAIN �#"$	 MORPHOLOGY ALONGSIDE THE
SECONDARY .-# PARTICLES� WHEREIN THE CRYSTALLOGRAPHY OF THE PRIMARY PARTICLES IS SEEN� 4HE SCALE BARS IN �A	 AND �B	 REPRESENT
�� MM AND ��� µM RESPECTIVELY� WHILE THOSE IN �C	 AND �D	 ARE BOTH �� µM� 2EPRODUCED FROM ;��=� ## "9 ����

CASE SOME MODELLING WORK HAS AIMED TO EXTEND THE $&. FRAMEWORK TO COUPLE VOLUMETRIC CHANGES WITH CELL
ELECTROCHEMISTRY� SEE FOR EXAMPLE -C$OWELL ET AL ;��= AND :HANG ET AL ;��=�

������ 6OLUME FRACTIONS
4HE TWO ELECTRODES USUALLY CONTAIN FOUR DISTINCT PHASES� ACTIVE
MATERIAL PARTICLES� A CONDUCTIVE ADDITIVE� A
POLYMERIC BINDER� AND THE PORE
FILLING PHASE� 4HE CONDUCTIVE ADDITIVE� MOST COMMONLY CARBON BLACK� IS
PRESENT TO INCREASE THE ELECTRONIC CONDUCTIVITY OF THE COMPOSITE ELECTRODE� AIDING ELECTRON TRANSFER BETWEEN
THE PARTICLES AND CURRENT COLLECTOR� )T IS OFTEN EXTREMELY FINE �MUCH FINER THAN THE ELECTRODE PARTICLES	 AND IS
TYPICALLY WELL MIXED WITH POLYMERIC BINDER� SUCH THAT THE TWO PHASES ARE HARD TO DISTINGUISH USING MOST
IMAGING TECHNIQUES� &OR THE PURPOSES OF $&. MODELLING THESE TWO PHASES ARE USUALLY LUMPED TOGETHER AND
REFERRED TO COLLECTIVELY AS THE CARBONnBINDER DOMAIN �#"$	� .OTE THAT INCOMPLETE WETTING BY ELECTROLYTE
DURING CELL FORMATION OR SIDE REACTIONS DURING CYCLING CAN LEAD TO THE FORMATION OF A FIFTH� GASEOUS PORE
FILLING
PHASE ;��=� WHICH IS TYPICALLY NEGLECTED IN $&. MODELS FOR ,I
ION CELLS� ALTHOUGH IT HAS BEEN CONSIDERED IN
SOME CASES ;��=�

-ANY MODELS� INCLUDING THE ORIGINAL $&. MODELS� SET THE VOLUME OCCUPIED BY THE #"$ TO ZERO ;�� �� ��=�
4HIS ASSUMES THAT CELLS ARE MANUFACTURED TO MAXIMISE ENERGY DENSITY BY MINIMISING THE REQUIRED #"$
VOLUME� !S SUCH� THE ELECTROLYTE AND ACTIVE MATERIAL VOLUME FRACTIONS ARE RELATED VIA�

εK + εACT,K = �. ���	

(ERE� εK IS THE ELECTROLYTE VOLUME FRACTION �OR SOLID
PHASE POROSITY	 AND εACT,K IS THE ACTIVE
MATERIAL VOLUME
FRACTION� &IGURE � ILLUSTRATES THE DISTRIBUTION OF POROSITIES FOR POSITIVE AND NEGATIVE ELECTRODE MATERIALS� ALONG
WITH POLYMER SEPARATORS SAMPLED FROM THE ,IION$" PARAMETER DATABASE� 0OROUS ELECTRODES IN ,I"S HAVE
ELECTROLYTE VOLUME FRACTIONS OF APPROXIMATELY ���n���� WHILE SEPARATORS SKEW TOWARDS HIGHER POROSITIES�

.EGLECTING THE #"$ VOLUME FRACTION VIA THE ASSUMPTION OF SPHERICALLY SYMMETRIC ELECTRODE PARTICLES
IGNORES THE FACT THAT PARTS OF AN ELECTRODE PARTICLE�S SURFACE WILL BE IN CONTACT WITH THE #"$� INSTEAD OF THE
ELECTROLYTE� RESULTING IN SOME PORTION OF THE PARTICLE�S SURFACE NOT BEING AVAILABLE FOR �DE	INTERCALATION� 4HIS
SORT OF CONSIDERATION COULD DRAMATICALLY IMPACT MODEL ASSUMPTIONS� PARTICULARLY THE SPHERICALLY SYMMETRIC
DIFFUSION APPROXIMATION IN THE MICROSCOPIC EQUATIONS AND BOUNDARY CONDITIONS�

4HE ONLY ROLE THAT THE #"$ PLAYS IN THE MODEL EQUATIONS PRESENTED HERE IS INDIRECT� THE #"$ VOLUME
FRACTION DETERMINES THE EFFECTIVE ELECTRONIC CONDUCTIVITY OF THE ELECTRODES� σ̂K� A QUANTITY THAT IS TYPICALLY
MEASURED DIRECTLY USING ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY �%)3	� 4HE ACTIVE
MATERIAL VOLUME
FRACTIONS� IN COMBINATION WITH THE LAYER THICKNESSES� ARE NEEDED TO DETERMINE THE THEORETICAL AREAL CAPACITY OF
THE CELL� 4HEY ARE ALSO USED TO CALCULATE THE MAXIMUM ,I CONCENTRATION IN ACTIVE MATERIALS� AS WELL AS FOR
ANODEnCATHODE STOICHIOMETRIC BALANCING� AS DISCUSSED IN SECTION ������ 4HE ELECTROLYTE VOLUME FRACTION HAS A
SIGNIFICANT ROLE IN DETERMINING THE RATE PERFORMANCE OF THE CELL� BECAUSE IT IMPACTS THE TRANSPORT OF IONS IN THE
ELECTROLYTE REQUIRED FOR CHARGE TRANSFER� &URTHER DISCUSSION OF POROSITY AND ITS EFFECT ON TRANSPORT EFFICIENCY IS
PROVIDED IN SECTION ������ /N A PRACTICAL NOTE� INCOMPLETE ELECTROLYTE INFILTRATION WITHIN PORES IS KNOWN TO
REDUCE CELL PERFORMANCE� 'AS GENERATION FROM DEGRADATION DURING OPERATION MAY ALSO CAUSE ADDITIONAL
INACTIVE REGIONS ;��� ��=�

��
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&IGURE �� $ISTRIBUTION OF LITERATURE POROSITIES FOR POLYMER SEPARATORS �GREY	� POSITIVE �RED	 AND NEGATIVE �BLUE	 ELECTRODE MATERIALS
AVAILABLE IN THE ,IION$" PARAMETER DATABASE AT TIME OF PUBLICATION ;��=�

&IGURE �� $ISTRIBUTION OF LITERATURE PARTICLE SURFACE AREAS PER UNIT VOLUME FOR POSITIVE �RED	 AND NEGATIVE �BLUE	 ELECTRODE MATERIALS
AVAILABLE IN THE ,IION$" PARAMETER DATABASE AT TIME OF PUBLICATION ;��=�

������ 0ARTICLE SURFACE AREA PER UNIT VOLUME
4HE SURFACE AREA OF ACTIVE MATERIAL THAT IS AVAILABLE FOR INTERCALATION PER UNIT VOLUME OF ELECTRODE� BK� DEPENDS
ON THE SIZE AND SHAPE OF THE ACTIVE PARTICLES AS WELL AS THEIR ARRANGEMENT WITH RESPECT TO THE #"$ ;��=� )T
COMES INTO THE LIQUID
PHASE CHARGE BALANCE IN ��	 WHEN RELATING THE LOCAL INTERFACIAL CURRENT DENSITIES ON PORE
SURFACES TO THE CURRENT TRANSFERRED PER UNIT OF POROUS
ELECTRODE VOLUME� !S SUCH� THE SURFACE
AREA TO VOLUME
RATIO IMPACTS THE RATE AT WHICH LITHIUM CAN TRANSFER BETWEEN THE LIQUID ELECTROLYTE AND THE SOLID ACTIVE
MATERIALS�

.AIVELY� ONE MIGHT EXPECT THAT BK SHOULD BE MAXIMISED FOR THE OPTIMAL PERFORMANCE �TO PROVIDE LOTS OF
SURFACE AREA FOR INTERCALATION	� HOWEVER� IN REALITY� THE ACTIVE MATERIAL SURFACES TEND TO FORM A LAYER CALLED THE
SOLID ELECTROLYTE INTERPHASE �3%)	� WHICH CONSUMES LITHIUM INVENTORY� THEREBY DECREASING DEVICE CAPACITY� AND
SO A BALANCE MUST BE STRUCK� )N ADDITION� THE PRACTICALITIES OF MANUFACTURING WITH VERY FINE POWDERS� WHICH
ARE HARD TO PRODUCE AND PROCESS� CAN ALSO BE A CONSIDERATION�

!S HIGHLIGHTED IN SECTION ���� AND PLOTTED IN FIGURE �� THE MEASURED SURFACE AREA VARIES DRAMATICALLY
DEPENDING ON THE MEASUREMENT TECHNIQUE USED� 4HERE IS ALSO LITTLE CONSENSUS ON THE CHOICE OF SURFACE AREA�
WITH LITERATURE MEASUREMENTS CHOOSING BETWEEN DEFINITIONS SUCH AS� �A	 THE WHOLE SOLID
PORE INTERFACE �I�E�
INCLUDING #"$ SURFACE	� �B	 THE ACTIVE PARTICLE SURFACE AREA� AND �C	 THE ACTIVE PARTICLE
PORE INTERFACE� !S
STATED IN SECTION ������ THE SURFACE AREA DEFINED MUST BE PAIRED CAREFULLY WITH MEASURED EXCHANGE CURRENT
DENSITIES TO PARAMETERISE ELECTRODE KINETICS CONSISTENTLY�

������ 2ADIUS OF ELECTRODE ACTIVE PARTICLES
4HE RADII OF THE ACTIVE
MATERIAL PARTICLES ESTABLISH THE DISTANCE THAT INTERCALATED LITHIUM NEED TO DIFFUSE TO
REACH THE CORE� AS WELL AS DETERMINING THE CHARACTERISTIC RELAXATION TIME OF SOLID
PHASE DIFFUSION� WHICH IN
TURN CONTROLS RATE PERFORMANCE� ,ARGE PARTICLES DO NOT PERFORM WELL AT HIGH RATES� BECAUSE THE DEPLETION OF OR
SATURATION WITH LITHIUM AT PARTICLE SURFACES LIMITS THE ACCESSIBLE RANGE OF REACTION CURRENT� THEREBY INHIBITING
PERFORMANCE BY LOWERING POWER EFFICIENCY�

2EAL ELECTRODES CONTAIN A DISTRIBUTION OF PARTICLE SIZES AND SHAPES THAT CONFOUNDS THE DETERMINATION OF A
SINGLE REPRESENTATIVE RADIUS FOR EACH ELECTRODE� AS IS REQUIRED BY THE BASIC $&. MODEL ;��=� &OR

��
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&IGURE �� $ISTRIBUTION OF LITERATURE RADII FOR POSITIVE �RED	 AND NEGATIVE �BLUE	 ELECTRODE PARTICLES AVAILABLE IN THE ,IION$"
PARAMETER DATABASE AT TIME OF PUBLICATION ;��=�

&IGURE �� $ISTRIBUTION OF LIQUID
PHASE TRANSPORT EFFICIENCIES IN POLYMER SEPARATORS �GREY	� AND POSITIVE �RED	 AND NEGATIVE �BLUE	
ELECTRODES AVAILABLE IN THE ,IION$" PARAMETER DATABASE AT TIME OF PUBLICATION ;��=�

POLYCRYSTALLINE MATERIALS� THE CHOICE OF A CHARACTERISTIC LENGTH BASED ON PRIMARY OR SECONDARY AGGLOMERATED
STRUCTURES CAN CHANGE THE RADIUS PARAMETER BY A FACTOR OF �� ;��=� 0ARTICLE RADII TEND TO FALL BELOW �� µM
ACCORDING TO FIGURE �� 4HE SPREAD IN THE LITERATURE OWES TO THE CHOICE OF PRIMARY OR SECONDARY STRUCTURES�
ALONG WITH THE VARIATION AMONG ACTIVE MATERIALS�

4HE PARTICLE RADIUS PLAYS A LARGE ROLE IN THE WAY INTRINSIC PARAMETERS OF AN ELECTRODE MATERIAL ARE EXTRACTED�
AS DISCUSSED IN SECTION �� 7HILE AVERAGE RADII ARE ADEQUATE FOR MOST MODELS� NEWLY ENGINEERED ELECTRODES WITH
GRADED RADII MAY REQUIRE MODELS THAT TREAT PARTICLE RADII AS A VARIABLE WITH POSITION ;��� ��=� $IFFERENT
APPROACHES TOWARDS AVERAGING CAN ALSO ALTER THE EFFECTIVE RADII ;��=� )N ADDITION� SOME MATERIALS� SUCH AS
GRAPHITE PLATELETS� TEND TO FORM HIGHLY NON
SPHERICAL PARTICLES ;��� ��=� !NISOTROPIC LITHIUM DIFFUSIVITIES ALSO
RESULT IN DIFFERENT OBSERVED BEHAVIOURS THAN THAT EXPECTED FOR AN ISOTROPIC SPHERE �PARTICULARLY IN THE CASE OF
GRAPHITE	 ;��=� &OR THESE REASONS� DEFINING A PARTICLE RADIUS TO CHARACTERISE AND MODEL ELECTRODE GEOMETRIES IS
NOT STRAIGHTFORWARD� EVEN IF ALL OF THE TRUE MORPHOLOGICAL INFORMATION IS KNOWN�

������ %FFECTIVE TRANSPORT PROPERTIES FOR ELECTROLYTES IN PORE NETWORKS
4HE ORIGINAL $&. FORMULATION CAPTURES THE IMPACT OF PORE
NETWORK GEOMETRY ON ELECTROLYTE TRANSPORT
PROPERTIES BY USING EFFECTIVE TRANSPORT PARAMETERS $EFF,K AND σEFF,K� 7HEN A DIFFUSION MEDIUM CAN BE SUITABLY
HOMOGENIZED� THE DOMAIN
SPECIFIC PROPERTIES OF A PORE
FILLING ELECTROLYTE RELATE TO THEIR VALUES IN AN
UNOBSTRUCTED ELECTROLYTE THROUGH A DOMAIN
SPECIFIC TRANSPORT EFFICIENCY� BK� AS MENTIONED ABOVE� &IGURE �
SHOWS THAT TRANSPORT THROUGH THE POROUS LAYERS IN ,I"S IS TYPICALLY CONSTRICTED BY MORE THAN ����

)T IS ALSO COMMON TO SEE -AC-ULLIN NUMBERS �.-,K	 BEING USED TO QUANTIFY THE HINDRANCE OF TRANSPORT
CAUSED BY THE ELECTRODE GEOMETRY ;��=� !S BK�THE INVERSE OF .-,K�IS BOUNDED BETWEEN � AND �� IT IS
COMPARATIVELY MORE CONVENIENT FOR MANIPULATION AND INTERPRETATION� 4RANSPORT EFFICIENCY IS OFTEN FURTHER
DECOMPOSED INTO TWO DISTINCT CONTRIBUTIONS� THE REDUCTION DUE TO THE PORE VOLUME FRACTION� CAPTURED BY εK�
AND THE REDUCTION DUE TO THE PORE TORTUOSITY FACTOR� τK� 4HE FOUR MACROSCOPIC FACTORS THAT CHARACTERIZE PORE
NETWORKS RELATE THROUGH

BK =
�

.-,K
=

εK
τK
. ���	

��
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-EASUREMENT AND INTERPRETATION OF TORTUOSITY FACTORS HAS BEEN THE SUBJECT OF EXTENSIVE DISCUSSION ;��=�
&ULLER ET AL ;�= MAKE USE OF THE WELL
ESTABLISHED "RUGGEMAN CORRELATION �I�E� τK = ε�−B

K � WHERE B IS ��� FOR
EFFECTIVE TRANSPORT THROUGH SPHERICAL PACKED BEDS	 TO APPROXIMATE THE TORTUOSITY FACTOR� 7E NOTE THAT THERE
ARE SOME SUBTLETIES IN HOW $OYLE ET AL ;�= IMPLEMENT THE CORRECTION� FOR EXAMPLE� THEY TAKE A FACTOR OF εK OUT
FROM $EFF,K� SINCE THEIR VARIABLE .E DESCRIBES ANION FLUX THROUGH A WHOLE VOLUME ELEMENT� WHEREAS THEIR CE IS
THE CONCENTRATION OF ANIONS IN THE PORES�

"RUGGEMAN�S TORTUOSITY CORRELATION IS COMMONLY DEPLOYED IN SITUATIONS WHERE EXPERIMENTAL GEOMETRICAL
INFORMATION IS LIMITED� !LTHOUGH IT IS A CONVENIENT MEANS TO APPROXIMATE THE EFFECT OF MICROSTRUCTURE ON
TRANSPORT� IT HAS BEEN SHOWN THAT THE ASSUMPTIONS IN ITS DERIVATION DO NOT NECESSARILY ALIGN WITH THE
CONDITIONS ESTABLISHED BY THE MICROSTRUCTURES OF REAL BATTERY ELECTRODES ;��=� &OR EXAMPLE� USE OF A
"RUGGEMAN FACTOR SUGGESTS THAT ALL ELECTRODES WITH THE SAME AVERAGE PARTICLE RADII AND POROSITY WOULD HAVE
THE SAME PORE
PHASE TRANSPORT PROPERTIES� BUT THIS IS CLEARLY NOT THE CASE� !LTHOUGH CORRELATIONS CAN BE
EXTENDED TO ACCOUNT FOR MORE COMPLEX SCENARIOS ;��=� MANY ADDITIONAL SIMPLIFICATIONS AND ASSUMPTIONS ARE
STILL REQUIRED�

5NLIKE POROSITY� WHICH HAS A MEANINGFUL DEFINITION WITHIN A PLANAR DIFFERENTIAL CROSS SECTION �RATIO OF
CUT
THROUGH PORE AREA TO TOTAL PLANE AREA	� THE TORTUOSITY FACTOR �AND THEREFORE BK AND .-,K	 DOES NOT� 4HIS IS
BECAUSE THE TORTUOSITY FACTOR IS AN EMERGENT PROPERTY OF TRANSPORT THROUGH A MICROSTRUCTURE� THEREFORE
SUFFICIENT PATH LENGTH �I�E� REPRESENTATIVE VOLUME	 IS REQUIRED BEFORE A VALUE CAN BE MEANINGFULLY MEASURED�
4HE MULTISCALE APPROACH USED TO CONSTRUCT THE $&. MODEL ASSUMES THAT THE CHARACTERISTIC LENGTHSCALE OF THE
ELECTRODE PARTICLES IS NEGLIGIBLE COMPARED TO THAT OF THE ELECTRODE THICKNESS� BUT THIS IS NOT THE CASE� WITH
TYPICAL SCALE DIFFERENCES OF ONLY A SINGLE ORDER OF MAGNITUDE� 4HE ERROR THAT THIS INCURS IS LIKELY TO BE RELATED TO
THE RATIO OF PARTICLE SIZE TO ELECTRODE THICKNESS� I�E� OF THE ORDER OF ����

-ORE RECENTLY� ALTERNATIVE CONCEPTS� INCLUDING THE @ELECTRODE TORTUOSITY FACTOR� ;��= HAVE BEEN REPORTED
THAT ARE ABLE TO MEASURE THE EFFECT OF GRADED MICROSTRUCTURES� -ANY LITERATURE EXAMPLES REPORT @GEOMETRICAL
TORTUOSITIES� OR @PATH
LENGTH TORTUOSITIES�� CALCULATED USING A WIDE VARIETY OF ALGORITHMS APPLIED TO IMAGE DATA�
4HIS IS DISTINCT FROM THE TORTUOSITY FACTOR WHICH IS FOUND FROM USING THE MULTISCALE APPROACH� (OWEVER� AS
MADE CLEAR BY %PSTEIN ;��=� ALTHOUGH PATH
LENGTH TORTUOSITIES ARE RELEVANT TO SYSTEMS WITH WELL
DEFINED PATHS�
E�G� RIVERS AND VEINS� THEY ARE NOT RELEVANT TO THE TYPES OF MICROSTRUCTURE FOUND IN REAL BATTERY ELECTRODES�
UNLESS THEY HAPPEN TO CONSIST OF @CAPILLARY� PORES WITH RELATIVELY CONSTANT CROSS SECTION�

������ %FFECTIVE ELECTRODE SOLID CONDUCTIVITY
)N $&. MODELS� THE EFFECTIVE ELECTRONIC CONDUCTIVITY OF THE ELECTRODES IS OFTEN ASSUMED TO BE CONSTANT WITHIN
EACH ELECTRODE� TAKING VALUES OF σ̂N AND σ̂P	 IN THE NEGATIVE AND POSITIVE SIDES RESPECTIVELY� 0ROBE METHODS
CAPTURE THE EFFECTIVE CONDUCTIVITIES DIRECTLY� AND ARE THEREFORE USUALLY ADOPTED IN PRACTICE� ALTHOUGH
TWO
ELECTRODE MEASUREMENTS OF DIRECT
CURRENT RESISTANCE ARE SOMETIMES USED ;��� ��=� !LTHOUGH THE ACTIVE
PARTICLES ARE ELECTRONICALLY CONDUCTIVE� THEY HAVE A MUCH LOWER CONDUCTIVITY THAN THE #"$� AND SO IT IS OFTEN
RELATIVELY ACCURATE TO APPROXIMATE THE CONDUCTIVITY OF THE ELECTRODE AS A WHOLE USING ONLY A CONTRIBUTION FROM
THE POROUS #"$� )N PRACTICE� ELECTRONICALLY
ISOLATED REGIONS OF ACTIVE MATERIAL CAN BECOME DISCONNECTED FROM
THE #"$ NETWORK ;��=� )N REALITY SUCH PARTICLES ARE THEN INERT� AND CANNOT PARTICIPATE IN BATTERY OPERATION�
BUT THESE LOCAL EFFECTS ARE NOT CAPTURED BY THE EFFECTIVE QUANTITIES�

���� -EASUREMENT�FITTING TECHNIQUES
������ )MAGING
3CANNING ELECTRON MICROSCOPY �3%-	 AND TRANSMISSION ELECTRON MICROSCOPY �4%-	 HAVE BEEN USED
EXTENSIVELY FOR �$ IMAGE ACQUISITION� 3%- SCANS A BEAM OF ELECTRONS ACROSS THE TARGET IN A RASTER PATTERN AND
THEN DETECTS THE SCATTERED ELECTRONS� WITH SOME DEVICES ACHIEVING A RESOLUTION OF BELOW � NM ;��=� "Y
CONTRAST� 4%- TRANSMITS ELECTRONS THROUGH THE SAMPLE BEFORE BEING DETECTED� OFFERING A WAY OF CAPTURING THE
INTERNAL DETAIL� SUCH AS CRYSTAL STRUCTURE AND MORPHOLOGY� !DDITIONALLY� 4%- CAN ACHIEVE FINER RESOLUTION
THAN 3%-� WITH SOME REPORTS OF �� PM� (OWEVER� SAMPLES NEED TO BE LESS THAN∼��−� M THICK �MUCH THINNER
THAN PRACTICAL ELECTRODE COATINGS	 TO ALLOW FULL ELECTRON PENETRATION�

�$ IMAGES CAN THEN BE PROCESSED TO EXTRACT MEASUREMENTS FOR LAYER THICKNESSES� PARTICLE RADII AND PARTICLE
SIZE DISTRIBUTIONS� )T IS IMPORTANT TO NOTE THAT BECAUSE SAMPLE SIZES ARE OFTEN VERY SMALL COMPARED TO THE
ENTIRE ELECTRODE� A GIVEN IMAGE MAY NOT BE STATISTICALLY REPRESENTATIVE OF THE WHOLE STRUCTURE� )T IS GENERALLY
DIFFICULT TO OBTAIN SUFFICIENTLY LARGE DATASETS THAT ARE TRULY REPRESENTATIVE FOR ANALYSIS�

"OTH FOCUSED ION BEAM
SCANNING ELECTRON MICROSCOPY �&)"
3%-	 AND X
RAY COMPUTED TOMOGRAPHY
�8#4	 HAVE BEEN USED EXTENSIVELY IN �$ STUDIES� MANY EXAMPLES CAN BE FOUND IN FUEL CELL ;��� ��=� AND
BATTERY RESEARCH ;��n��=� 4HE &)"
3%- METHOD IMAGES THE �$ SURFACE USING AN 3%-� WITH THE SAME
RESOLUTION CAPABILITY AS 3%-� AND THEN MILLS THE SURFACE AWAY USING A CONTROLLED BEAM OF CHARGED POSITIVE
PARTICLES� TYPICALLY GALLIUM� TO REVEAL ANOTHER LAYER� 4HESE �$ IMAGES ARE THEN RECONSTRUCTED TO PRODUCE A �$

��
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MICROSTRUCTURAL VOLUME� 4HE MILLING PROCESS MEANS &)"
3%- IS DESTRUCTIVE� I�E� IN SITU OR OPERANDO IMAGING
IS NOT POSSIBLE ;��=� 8#4 SYSTEMS FIRE AN X
RAY SOURCE AT THE SAMPLE AND MEASURE THE RESULTING ATTENUATION
PATTERN� PRODUCING A �$ PROJECTION IMAGE� 4HE SAMPLE IS ROTATED TO OBTAIN IMAGES FROM MANY ANGLES� WHICH
ARE THEN RECONSTRUCTED� TYPICALLY THROUGH A BACK
PROJECTION ALGORITHM� TO PRODUCE A �$ VOLUME ;��=� )MAGE
ANALYSIS METHODS ARE USED TO DIRECTLY CHARACTERISE THE �$ MICROSTRUCTURE� HELPING TO UNDERSTAND PARTICLE
DISTRIBUTION AND ANISOTROPY ;��n��=�

)MAGE
BASED SIMULATIONS CAN CALCULATE GEOMETRIC PARAMETERS� SUCH AS EFFECTIVE CONDUCTIVITIES AND VOLUME
FRACTION� 3EVERAL OPEN
SOURCE TOOLS AND METHODS FOR DATA PROCESSING ARE AVAILABLE ;��=� 4WO POPULAR OPTIONS
ARE �I	 4AU&ACTOR� AN OPEN
SOURCE -!4,!" �-ATH7ORKS	 APPLICATION FOR EFFICIENTLY CALCULATING THE
TORTUOSITY FACTOR� VOLUME FRACTION� SURFACE AREA AND TRIPLE PHASE BOUNDARY DENSITY FROM IMAGE
BASED
MICROSTRUCTURAL DATA ;��= AND �II	 /PEN0.-� AN OPEN
SOURCE SOFTWARE PACKAGE DEVELOPED IN 0YTHON FOR
PERFORMING PHYSICS
BASED PORE NETWORK SIMULATIONS ;��=� /THER IMAGE
BASED MESOSTRUCTURE SIMULATIONS ALSO
ACCOUNT FOR THE #"$ IN ELECTRODE MODELS� TO ELUCIDATE EFFECTIVE TRANSPORT PROPERTIES AND EXTENSIONS INTO
MECHANICAL STRESSES ;��� ��=�

������ %LECTROCHEMICAL IMPEDANCE SPECTROSCOPY
%)3 IS AN ELECTRICAL TECHNIQUE USEFUL TO PROBE VARIOUS PHENOMENA WITHIN ,I"S ;��=� 4HIS SECTION DESCRIBES THE
TECHNIQUE BUT FOCUSES ON GEOMETRIC PARAMETERS� SECTIONS ����� AND ����� WILL ADDRESS MATERIAL AND INTERFACIAL
PROPERTIES�

4HE %)3 METHOD CONSISTS OF APPLYING A SMALL SINUSOIDAL VOLTAGE OR CURRENT PERTURBATION AND RECORDING THE
RESPECTIVE CURRENT OR VOLTAGE RESPONSE� WHOSE RESULTING AMPLITUDE AND PHASE SHIFT QUANTIFY THE IMPEDANCE� AN
IMPEDANCE SPECTRUM IS THEN RECORDED AS A FUNCTION OF THE FREQUENCY OF THE EXCITATION SIGNAL� !LTHOUGH
FREQUENCIES RANGING FROM µ(Z TO -(Z ARE IN PRINCIPLE ACCESSIBLE� MOST INFORMATION IS GATHERED IN THE RANGE
BETWEEN ��� (Z AND ��� K(Z� WHERE SIGNAL
TO
NOISE RATIOS ARE GOOD AND REPRODUCIBILITY IS EASIER TO ACHIEVE�
%)3 PROVIDES MULTISCALE RESOLUTION� BECAUSE DIFFERENT PHYSICOCHEMICAL PROCESSES HAVE DISTINCT CHARACTERISTIC
TIMESCALES� EXCITED AT DIFFERENT FREQUENCIES WITHIN THE SAMPLED SPECTRUM�

$IFFUSIVE TRANSPORT�BOTH IN ELECTRODE ACTIVE PARTICLES AND THE ELECTROLYTE�HAS CHARACTERISTIC FREQUENCIES
IN THE RANGE BELOW � (Z� )NTERFACIAL EFFECTS� SUCH AS CHARGE
TRANSFER RESISTANCE �KINETIC RATE CONSTANTS	�
DOUBLE
LAYER CAPACITANCE� AND POSSIBLY EFFECTS ARISING FROM SURFACE PASSIVATION ARE RESOLVED AT INTERMEDIATE
FREQUENCIES� BETWEEN � (Z AND � K(Z� !T HIGHER FREQUENCIES� ABOVE � K(Z	� OHMIC AND IONIC RESISTANCE AND
INDUCTANCE CAN BE OBSERVED� .OTABLY� THE LINKAGE BETWEEN IMPEDANCE DATA AND MATERIAL OR GEOMETRIC
PARAMETERS REQUIRES AN APPROPRIATE MODEL BE FITTED TO THE OBSERVED SPECTRUM� /FTEN THE CHOICE IS AN %#-
WHOSE PARAMETERS RELATE HEURISTICALLY TO PHYSICAL PARAMETERS ;��� ��=� BUT FORMALLY LINEARISED ELECTROCHEMICAL
MODELS MAY ALSO BE USED ;��� ��=�

'ENERALLY� DIVISION OF THE EFFECTIVE ELECTROLYTE CONDUCTIVITY EXTRACTED FROM %)3 BY THE IONIC CONDUCTIVITY
INDEPENDENTLY MEASURED FOR UNOBSTRUCTED LIQUID DIRECTLY YIELDS THE TRANSPORT EFFICIENCY BK DISCUSSED IN
SECTION ������ ,ANDESFEIND ET AL ;��= SURVEYED MANY SPECIFIC DETAILS ABOUT METHODS BY WHICH -ACMULLIN
NUMBERS OR TRANSPORT EFFICIENCIES CAN BE DETERMINED� 5SING FITS OF %)3 DATA WITH TRANSMISSION
LINE MODELS�
THEY DETERMINED TRANSPORT EFFICIENCIES IN A RANGE OF POROUS ELECTRODES AND COMPARED THESE WITH VALUES
CALCULATED FROM THE "RUGGEMANN CORRELATION TYPICALLY USED IN $&. MODELS�

������ ,ASER DIFFRACTION PARTICLE SIZE ANALYSIS
,ASER DIFFRACTION PARTICLE SIZERS THAT CAN MEASURE THE DISTRIBUTION OF PARTICLE RADII WITHIN POWDERS ARE
COMMERCIALLY AVAILABLE� 4YPICALLY THEY USE PHOTODETECTORS TO MEASURE THE ANGLE AND INTENSITY OF LIGHT
SCATTERED THROUGH A SAMPLE� 4HE COLLECTED PATTERN IS THEN TRANSFORMED INTO A PARTICLE
SIZE DISTRIBUTION VIA THE
-IE THEORY OF SCATTERING� )T IS COMMON TO DESCRIBE THE SPREAD IN SIZE DISTRIBUTION WITH $��� $�� AND $��

DIAMETERS� REPRESENTING THE SIZE AT THE ��TH� ��TH AND ��TH PERCENTILES� RESPECTIVELY� 4HIS TECHNIQUE HAS BEEN
WIDELY APPLIED TO ACTIVE
MATERIAL SAMPLES ;��� ��� ��=� ! FLAW OF PARTICLE
SIZE MEASUREMENT VIA LASER
DIFFRACTION IS THAT IT ASSUMES SCATTERING FROM PERFECT SPHERES AND GENERALLY DOES NOT PROVIDE ACCURATE
DISTRIBUTIONS FROM THE IRREGULARLY SHAPED PARTICLES THAT MAKE UP SOME BATTERY MATERIALS ;��=�

������ -ERCURY INTRUSION POROSIMETRY
-ERCURY INTRUSION POROSIMETRY IS A DESTRUCTIVE TECHNIQUE USED TO MEASURE POROSITY� VOLUME OF PORES� PORE
SIZE DISTRIBUTION AND SURFACE AREA� )N A MEASUREMENT� INCREASING PRESSURE IS APPLIED TO FORCE MERCURY INTO
SMALLER AND SMALLER VOID SPACES IN THE POROUS MEDIUM BEING STUDIED� AND RECORDING THE VOLUME OF INTRUDED
MERCURY ;��=�

3MALLER PORES MAY NOT ALWAYS BE FULLY ACCESSIBLE TO MERCURY INTRUSION POROSIMETRY� OWING TO THE HIGHER
PRESSURES NECESSARY ;��=� !S SUCH� THE METHOD IS ONLY SUITABLE FOR BATTERY ELECTRODE COATINGS WITH LARGER PORE
SIZES ;��� ��� ��=� )T CAN ALSO BE USED TO MEASURE PARTICLE RADII WITHIN ELECTRODES BY EXPLORING THE CONTACT

��
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ANGLE� HYDROSTATIC PRESSURE� AND SURFACE TENSION OF THE MERCURY ;��=� 3IMILAR TO LASER DIFFRACTION� THE
PRINCIPLES OF MERCURY INTRUSION POROSIMETRY DERIVE FROM THE ASSUMPTION OF PERFECTLY PACKED SPHERES ;���=�
'EOMETRICAL PARAMETERS FOR INHOMOGENOUS ACTIVE MATERIAL PARTICLES MAY BE MORE PRECISELY EXTRACTED USING
IMAGING METHODS�

������ "RUNAUERn%MMETTn4ELLER ADSORPTION
4HE "RUNAUERn%MMETTn4ELLER �"%4	 ADSORPTION ISOTHERM CAN BE USED TO MEASURE SURFACE AREAS WITHIN
POROUS MEDIA BY FLUSHING THE PORE STRUCTURE WITH NONADSORPTIVE GAS SUCH AS HELIUM� THEN INDUCING THE
ADSORPTION OF A SURFACE MONOLAYER OF AN ADSORPTIVE GAS� SUCH AS NITROGEN ;���=� "ASED ON FORMULAS DERIVED
FROM THE "%4 THEORY� THE QUANTITY OF GAS ADSORBED CORRELATES WITH THE TOTAL SURFACE AREA OF THE PARTICLES� "Y
TRACKING THE HYSTERESIS OF NITROGEN ADSOPRTION AND DESOPRTION� EXPERIMENTAL EQUIPMENT THAT PERFORMS
MEASUREMENTS WITH THE "%4 METHOD CAN OFTEN ALSO BE USED TO INFER PORE
SIZE DISTRIBUTIONS�

"%4 ADSORPTION IS A PREVALENT TOOL� WIDELY USED TO EXTRACT SOLID ELECTRODE
MATERIAL SURFACE AREAS UNDER
VARYING SYNTHESIS CONDITIONS AND DEGRADATION�CYCLING PROTOCOLS ;���n���=� 3HORTCOMINGS OF THE TECHNIQUE
INCLUDE THE HIGH SENSITIVITY TO SAMPLE PREPARATION� DEGASSING AND LENGTHY MEASUREMENT TIME� "%4 ADSORPTION
CANNOT DELIVER VERY ACCURATE PARAMETERS FOR $&. MODELS� BECAUSE THE TECHNIQUE CAN ONLY BE USED ON DRY
POWDERS� AND THEREFORE DOES NOT CHARACTERISE THE ACTUAL AREAS IN CHEMICAL CONTACT OR AVAILABLE FOR ELECTRON
EXCHANGE WITHIN POROUS ELECTRODES�

�� %LECTRODE PARAMETERS

4HE ANODE AND CATHODE ACTIVE MATERIALS UNDERGO REDOX REACTIONS� CONTRIBUTE TOWARDS ELECTRON CONDUCTION
AND� MOST IMPORTANTLY� SERVE AS RESERVOIRS FOR LITHIUM STORAGE� 4YPICAL CATHODES COMPRISE TRANSITION
METAL
OXIDES� SUCH AS BLENDS OF LITHIUM NICKEL COBALT MANGANESE OXIDES� OR PHOSPHATES� SUCH AS LITHIUM IRON
PHOSPHATE �,&0	� !NODES TYPICALLY CONTAIN CARBONACEOUS COMPOUNDS SUCH AS GRAPHITE� WITH SOME
INCORPORATING VARYING AMOUNTS OF SILICON� 4HIS SECTION FOCUSES ON ELECTRODE INTRINSIC PARAMETERS
ENCOMPASSING THERMODYNAMIC� KINETIC AND TRANSPORT PROPERTIES� THAT ARE INDEPENDENT OF PORE GEOMETRY�

���� 0ARAMETERS
������ /PEN
CIRCUIT VOLTAGE �/#6	
4HE /#6 OF A FULL CELL IS DEFINED AS THE POTENTIAL DIFFERENCE BETWEEN THE POSITIVE AND NEGATIVE ELECTRODES WHEN
THERE IS NO CURRENT FLOW AND THE CELL HAS RELAXED TO EQUILIBRIUM� 4HE /#6 IS NOT A CONSTANT� BUT IS INSTEAD A
FUNCTION OF THE THERMODYNAMIC STATES OF THE MATERIALS IN THE ELECTRODES� 'ENERALLY� THE /#6 VARIES
SIGNIFICANTLY WITH RESPECT TO ITS DEGREE OF LITHIATION �I�E� ITS 3O#	� AND ALSO SLIGHTLY WITH TEMPERATURE�

4O CHARACTERISE THE FULL
CELL /#6� THE VARIATION OF POTENTIAL OF EACH OF THE ACTIVE MATERIALS AT EQUILIBRIUM
IS MEASURED� BOTH RELATIVE TO THE SAME REFERENCE
ELECTRODE REACTION ;���=�MOST COMMONLY LITHIUM REDOX ON
LITHIUM METAL�TAKING THE DIFFERENCE BETWEEN THESE TWO VOLTAGES �OFTEN TERMED HALF
CELL /#6S	 GIVES THE
FULL
CELL /#6� 4HIS DATA CAN THEN BE SUPPLIED TO THE MODEL EITHER IN THE FORM OF A LOOK
UP TABLE OR A SUITABLE
MATHEMATICAL FUNCTION FITTED TO THE RAW DATA� /#6 DATA IS COMMONLY FITTED TO EITHER �I	 FUNCTIONS THAT ARE
EMPIRICAL BUT CONVENIENT TO WORK WITH �E�G� PIECEWISE LINEAR FUNCTIONS ;���=	� SEE E�G� ;���=� OR �II	 PHYSICALLY
MOTIVATED FUNCTIONS ;���� ���=� 3OME OF THE CHALLENGES ASSOCIATED WITH DATA
FITTING IN PRACTICE HAVE BEEN
DISCUSSED BY 0LETT AND COLLEAGUES ;���� ���=� 4HE ORIGINAL MODELLING WORK BY .EWMAN AND CO
WORKERS USED
EITHER A FORM OF THE .ERNST EQUATION ;�= OR AN EMPIRICAL EXPRESSION INCLUDING HYPERBOLIC TANGENT TERMS�
EXPONENTIALS AND A CONSTANT ;�=� 3IMILAR APPROACHES HAVE BEEN WIDELY ADOPTED IN MANY OTHER MORE RECENT
WORKS ;��� ���� ���=� 3OME AUTHORS HAVE ALSO FITTED A POLYNOMIAL TO THE MEASURED DATA� WHICH MAY BE
SUFFICIENT FOR MANY APPLICATIONS AND IS SIMPLER TO IMPLEMENT ;���=�

:HANG ET AL ;���=� "IRKL ET AL ;���= AND 6ERBRUGGE ET AL ;���= ALL DEMONSTRATED THAT A REALISTIC FUNCTION FOR
EACH HALF
CELL /#6 CAN BE DERIVED FROM FIRST PRINCIPLES USING A SUBSTITUTIONAL LATTICE GAS MODEL� 4HE
DERIVATION OF THESE FUNCTIONS IS SIMILAR TO THAT OF A .ERNST EQUATION� BUT IS EXTENDED TO INCLUDE THE ENERGETICS
OF SHORT
RANGE INTERACTIONS AND LOCAL EQUILIBRIA AMONG SITES WITH DIFFERENT ENERGIES� 4HE MODEL WAS
DEMONSTRATED TO ACCURATELY REPRESENT A WIDE RANGE OF COMMON MATERIALS� INCLUDING GRAPHITE� LAYERED
NICKEL
MANGANESE
COBALT OXIDE� MANGANESE OXIDE� AND IRON PHOSPHATE� 4HE FUNCTION IS A SUMMATION OF
SIGMOIDAL TERMS FOR EACH PLATEAU IN THE /#6� :HANG ET AL ;���= AND "IRKL ET AL ;���= INDEPENDENTLY DERIVED AN
EQUATION FOR THE FRACTION OF SITES WITHIN THE ACTIVE MATERIAL OCCUPIED BY LITHIUM� θK� IN TERMS OF THE /#6� 5K�

θK(5K) =
.∑

I=�

∆θI
�+ EXP [(5K −6�,I)AIE/K4]

. ���	

��
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4HE VOLTAGE OF EACH PLATEAU IS 6�,I� THE FRACTION OF THE 3O# RANGE IN WHICH THE MATERIAL RESIDES ON THE ITH
PLATEAU IS∆θI� AND AI IS A FITTING PARAMETER THAT APPROXIMATES THE INTERACTION ENERGY BETWEEN NEIGHBOURING
IONS IN THE LATTICE� 4HE EXPRESSIONS USED BY :HANG ET AL ;���= AND 6ERBRUGGE ET AL ;���= ARE SIMILAR TO ���	� BUT
INCLUDE A LATTICE
ENERGY PARAMETER EQUIVALENT TO THE RECIPROCAL OF "IRKL ET AL�S AI� "EING ANALYTIC� ���	 IS SMOOTH
AND IS THEREFORE APT FOR USE IN NUMERICAL COMPUTATIONS� 5NLIKE THE FAMILIAR .ERNST EQUATION� HOWEVER� THE
COMPOSITION IS GIVEN EXPLICITLY� RATHER THAN VOLTAGE BEING AN EXPLICIT FUNCTION OF THE COMPOSITION� !LTHOUGH
EXPRESSION ���	 IS GENERALLY INVERTIBLE BECAUSE θK ALWAYS DECREASES MONOTONICALLY WITH 5K� THE INVERSE
FUNCTION 5K(θK) CANNOT GENERALLY BE FOUND ANALYTICALLY� POSING A MINOR IMPLEMENTATIONAL INCONVENIENCE�

(YSTERESIS OR PATH DEPENDENCE EFFECTS ARE USUALLY OBSERVED IN /#6S� MANIFESTING AS A DIFFERENT /#6
FUNCTION BEING MEASURED DURING CHARGE� COMPARED TO DISCHARGE� 4HE REASONS FOR THIS ARE WIDELY DEBATED� BUT
GENERALLY ACCEPTED TO BE COMPLEX AND LINKED TO THE FORMATION OF METASTABLE STATES WITHIN ACTIVE MATERIALS�
(YSTERESIS MAY BE EXAMINED USING ISOTHERMAL CALORIMETRY ;���=� AND HAS BEEN MODELLED EMPIRICALLY BY
CONSTRUCTING A DIFFERENTIAL EQUATION THAT DESCRIBES HOW THE HYSTERESIS VOLTAGE CHANGES WITH RESPECT TO 3O# AND
HISTORY ;���=�

������ 3TOICHIOMETRIC LIMITS AND ELECTRODE BALANCING
4HE MAXIMUM LITHIUM CONCENTRATION� CMAX

K � DICTATES THE EXTENT TO WHICH A SOLID ELECTRODE MATERIAL CAN
INCORPORATE LITHIUM� -ATERIALS THAT CAN STORE LARGE AMOUNTS OF ,I PER UNIT WEIGHT OR VOLUME ARE GENERALLY
SOUGHT AFTER� SINCE THEY INCREASE THE ENERGY DENSITY OF THE BATTERY� 4HE PARAMETER CMAX

K IS MATERIAL
DEPENDENT
AND TYPICALLY LIES BETWEEN �� ���n�� ��� MOL M−� FOR METAL
OXIDE CATHODES� AND �� ���n�� ��� MOL M−� FOR
GRAPHITIC ANODES� 4HIS PARAMETER APPEARS IN MODEL EQUATION ���	� DEFINING THE "UTLER
6OLMER REACTION RATES�
.OTABLY� FOR INTERCALATION COMPOUNDS THAT FORM SOLID SOLUTIONS� THE EXCHANGE CURRENT DENSITY� JK�� VANISHES
EITHER WHEN THE LITHIUM CONCENTRATION AT THE ELECTRODE SURFACE APPROACHES ITS MAXIMUM OR WHEN IT
REACHES ZERO�

4HE THEORETICAL CAPACITY AND CMAX
K FOR MATERIAL KMAY BE CALCULATED� THROUGH &ARADAY�S LAW� BY USING THE

ACTIVE MATERIAL CRYSTAL DENSITY� ρCRYSTALK AND THE MOLECULAR MASS OF THE LITHIATED ACTIVE MATERIAL�MK� #HEN ET AL
;��= ESTIMATED SIMILAR VALUES OF CMAX

K USING BOTH THE MATERIAL COATING MASS PER UNIT AREA-COAT,K AND ACTIVE
MATERIAL CRYSTAL DENSITY� THROUGH

CMAX
K =

ρCRYSTAL

MK
≈ -COAT,K

MK,KεACT,K
. ���	

)NDIVIDUAL ELECTRODES CAN TYPICALLY ACCESS MAXIMUM AND MINIMUM LITHIUM CONCENTRATIONS THAT LIE
BEYOND THE CAPACITY RANGES ACCESSED IN A FULL CELL� AS DEPICTED IN FIGURE �� -OST POSITIVE ELECTRODE MATERIALS�
SUCH AS ,I#O/� AND NICKEL
MANGANESE
COBALT OXIDE� ,I.IX-NY#OZ/� �.-#	� UNDERGO IRREVERSIBLE CHANGES
OF THEIR CRYSTAL STRUCTURE AT LOW STOICHIOMETRY� WHICH SHOULD BE AVOIDED TO MINIMISE DEGRADATION ;���=� &ULL
LITHIATION OF THE POSITIVE ELECTRODE IS ALSO NOT USUALLY POSSIBLE BECAUSE CELLS ARE FABRICATED WITH FULLY LITHIATED
CATHODE MATERIALS� SOME CAPACITY IS INEVITABLY LOST DUE TO THE LOSS OF LITHIUM INVENTORY DURING INITIAL 3%)
FORMATION� &OR THE NEGATIVE ELECTRODE� IT IS IMPORTANT TO LEAVE SOME MARGIN TO AVOID OVERCHARGING OR
OVERDISCHARGING A CELL�

4HE LITERATURE IS OFTEN UNCLEAR WHETHER STOICHIOMETRY IS DEFINED IN TERMS OF �I	 A FRACTIONAL OF THE CELL�S
3O# �RANGING BETWEEN � AND �	 THAT IS ACCESSIBLE IN PRACTICE� BUT THAT DOES NOT NECESSARILY CORRESPOND TO
CONCENTRATIONS RANGING BETWEEN � AND CMAX

K � OR �II	 THE TRUE THEORETICAL MAXIMUM� !DOPTING A PERSPECTIVE IN
WHICH LITHIATION LIMITS ARE IMPOSED� THE FRACTIONAL 3O#�Θ(T)� CAN BE DEFINED AS

Θ(T) =Θ(�)−
!
´ T
� ICIRCUIT(T

′)DT ′

1CELL
, ���	

WHERE 1CELL IS THE CAPACITY OF THE CELL WHEN FULLY CHARGED �BUT THE ANODE MATERIAL MAY NOT NECESSARILY BE FULLY
LITHIATED AND� LIKEWISE� THE CATHODE MATERIAL MAY NECESSARILY NOT BE FULLY DELITHIATED	� SO THATΘ> �
CORRESPONDS TO OVERCHARGE ANDΘ< � CORRESPONDS TO OVERDISCHARGE� %ACH ELECTRODE�S STATE OF LITHIATION CAN BE
EXPRESSED USING A VARIABLE �θK(5K) IN EQUATION ���		 WHICH DETERMINES THE FRACTION OF CRYSTAL
LATTICE SITES
OCCUPIED BY ,I+� 3INCE θK(5K) VARIES IN SPACE AS WELL AS OVER TIME� IT IS USEFUL TO DEFINE A VOLUME
AVERAGED
COUNTERPART 〈θK〉�

〈θK〉(T) =
´
θK(X, T)D6

6
=

´
CKS(X, T)DX

,KCK,MAX
. ���	

.OTE THAT CKS� NOT CK� IS INCLUDED IN ���	� BECAUSE θK IS A FUNCTION OF THE HALF
CELL /#6 5K� WHICH IS A FUNCTION
OF CKS AND NOT CK� 4HE FULL
CELL 3O#Θ(T) AND THE HALF
CELL LITHIATION FRACTIONS� 〈θN〉(T) AND 〈θP〉(T)� ARE LINKED BY

��
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&IGURE �� %QUILIBRIUM /#6S FOR NICKEL
MANGANESE
COBALT �.-#	 CATHODES �RED�	� GRAPHITIC ANODES �BLUE�	 AND COMBINED FULL
CELL �BLACK�	 AS REPORTED BY "IRKL AND COLLEAGUES ;���=� 4HIN LINES REPRESENT .-# AND GRAPHITIC MATERIAL /#6S� AS REPORTED BY
OTHER LITERATURE SOURCES COLLECTED IN THE ACCOMPANYING ,IION$" DATABASE ;��=� 3TOICHIOMETRIC LIMITS OF THE CATHODE AND ANODE ARE
INDICATED BY THE VERTICAL DASHED LINES ��	 AND MARKERS �X	 ON ELECTRODE
SPECIFIC AXES�

Θ(T) =Θ(�)+
&!

1CELL

{
,PCP,MAX[〈θP〉(T)−〈θP〉(�)]− ,NCN,MAX[〈θN〉(T)−〈θN〉(�)]

}
. ���	

/BSERVE THAT THE ELECTRODE
DOMAIN THICKNESSES ,P AND ,N APPEAR HERE� /NE IMPORTANT USE OF $&. MODELS IS
TO OPTIMIZE ELECTRODE BALANCING BY ILLUSTRATING HOW CHOICES OF ,P AND ,N AFFECT PERFORMANCE�

"ECAUSE THE FULL RANGE OF INDIVIDUAL ELECTRODE STOICHIOMETRIES� �< θP < � AND �< θN < �� EXTENDS
BEYOND THE ACCESSIBLE FULL
CELL 3O# RANGE� �<Θ< �� FULL
CELL /#6 MEASUREMENTS ARE NOT SUFFICIENT TO
DETERMINE 〈θK〉� IN PRINCIPLE HALF
CELL THERMODYNAMIC DATA FROM THE LITERATURE OR HALF
CELL MEASUREMENTS WITH
HARVESTED ELECTRODES ARE ALSO NECESSARY� 4O MATCH HALF
CELL /#6 CURVES WITH FULL
CELL /#6 DATA� ONE CAN
EXAMINE TURNING POINTS IN DIFFERENTIAL VOLTAGE MEASUREMENTS ;��=� PERFORM LEAST
SQUARES REGRESSION ;��=� OR
IMPLEMENT THREE
ELECTRODE
CELL MEASUREMENTS ;��� ���=� 4HE INITIAL VALUES OF 〈θK〉 RELATE TO THE MASS BALANCE
BETWEEN THE ANODE AND CATHODE� THE FIRST CYCLE LOSS OBSERVED DURING THE FORMATION PROCESS �USUALLY TAKING
PLACE DURING MANUFACTURING	 AND THE STATE OF HEALTH�

&IGURE � ILLUSTRATES THE RANGE OF /#6 CURVES REPORTED IN THE LITERATURE FOR GRAPHITIC ANODES AND .-#
CATHODES� 4HERE IS A LACK OF CONSENSUS BETWEEN REPORTING OF CELL
LEVEL 3O#�Θ(T)� AND MATERIALS
LEVEL LITHIATION
SCALES� 〈θK〉(T)� SHOWN PARTICULARLY BY THE VARIATION IN LITHIUM STOICHIOMETRY AND MEASURED HALF
CELL /#6 FOR
.-# CATHODES� -ANY PAPERS ARE CAREFUL TO DISTINGUISH BETWEEN THE FULL
CELL STATE OF CHARGEΘ AND ELECTRODE
STOICHIOMETRY θK� BUT SOME ;��� ���� ���= USE THE TERM 3O# FOR BOTH� WHICH IS CONFUSING FOR READERS TRYING TO
PARAMETERISE A BATTERY MODEL� FIGURE � ALSO HIGHLIGHTS AN EXAMPLE OF ELECTRODE STOICHIOMETRIC BALANCING� FROM
THE WORK OF "IRKL ET AL ;���=� SHOWING HOW THE RELATIVE POSITIONS OF HALF
CELL /#6 CURVES AND THEIR
MINIMUM�MAXIMUM LITHIATION LIMITS COMBINE TO FORM THE FULL
CELL VOLTAGE CURVE�

������ "UTLERn6OLMER REACTION RATE CONSTANT
2EACTION KINETICS IN POROUS ELECTRODES ARE TYPICALLY TAKEN TO FOLLOW THE "UTLERn6OLMER KINETIC EQUATIONS ���	
AND ���	� WHICH RELATE THE INTERFACIAL CURRENT DENSITY JK TO THE SURFACE OVERPOTENTIAL ηK� 4HE EXCHANGE CURRENT
DENSITY JK�� AND HENCE THE REACTION RATE� IS PROPORTIONAL TO THE "UTLERn6OLMER KINETIC RATE CONSTANT� KK� !
SAMPLE DISTRIBUTION OF KINETIC RATE CONSTANTS FOR ELECTRODE MATERIALS REPORTED FROM THE ,IION$" PARAMETER
DATABASE ARE SHOWN IN FIGURE �� %XPERIMENTALLY OBTAINED EXCHANGE CURRENT DENSITIES VARY BY SEVERAL ORDERS OF
MAGNITUDE� WITH SOME VARIATION OWING TO HOW THEY ARE DEFINED ;���� ���=� !S HIGHLIGHTED BY $ICKINSON AND

��
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&IGURE �� $ISTRIBUTION OF LITERATURE KINETIC RATE CONSTANTS AND POSITIVE �RED	 AND NEGATIVE �BLUE	 ELECTRODE MATERIALS AVAILABLE IN THE
,IION$" PARAMETER DATABASE AT TIME OF PUBLICATION ;��=�

7AIN� THIS VARIABILITY MAY STEM FROM DIFFERENCES IN HOW VARIABLES IN THE "UTLERn6OLMER EQUATION ARE
INTERPRETED BY ELECTROANALYTICAL CHEMISTS AND ELECTROCHEMICAL ENGINEERS ;���=� $IFFERENCES ALSO ARISE DUE TO
PARAMETER VALUES ASSUMED WHEN PROCESSING EXPERIMENTAL DATA� SUCH AS EFFECTIVE ELECTRODE SURFACE AREA�
DISCUSSED IN SECTION �� #AUTION IS ADVISED WHEN COMPARING PUBLISHED VALUES OF JK� AND KK� SINCE THE &ARADAY
CONSTANT� &� MAY BE OMITTED FROM THE DEFINITION OF THE INTERFACIAL OR EXCHANGE CURRENT DENSITIES IN SOME
PAPERS� AND THE EFFECTIVE SURFACE AREA MAY NOT BE TAKEN INTO CONSIDERATION ;�� ��� ���=�

%CKER ET AL ;��= FOUND THAT EQUATION ���	 WAS A GOOD FIT TO EXCHANGE CURRENT DENSITIES MEASURED BY %)3 FOR
,I.I���#O���/� �.-#���	� BUT NOT FOR GRAPHITE� 3CHMALSTIEG ET AL ;��= ALSO FOUND THAT ���	 WAS A GOOD FIT TO
EXCHANGE CURRENT DENSITIES MEASURED BY %)3 MEASUREMENTS FOR .-#���� BUT THE EXCHANGE CURRENT DENSITY
HAD VIRTUALLY NO 3O# DEPENDENCE FOR GRAPHITE� 4HESE FINDINGS ARE CONSISTENT WITH 3%)
LAYER PROPERTIES
INTERFERING WITH THE MEASUREMENTS ON NEGATIVE ELECTRODES� #ONVERSELY� THE SAME PAPER BY %CKER ET AL ;��=
FOUND THAT THE "UTLERn6OLMER EQUATION ��	 PROVIDED A GOOD FIT FOR %)3 MEASUREMENTS OF CHARGE
TRANSFER
RESISTANCE ON GRAPHITE� BUT NOT FOR .-#���� 3IMILARLY� +O ET AL ;��= FOUND THAT KP EXTRACTED FROM
GALVANOSTATIC INTERMITTENT TITRATION TECHNIQUE �')44	 MEASUREMENTS ON .-#��� IS NOT CONSTANT� BUT
INSTEAD VARIES WITH 3O#� 2ECENT LITERATURE HAS ALSO SUGGESTED THAT ALTERNATIVE KINETIC MECHANISMS BETTER
DESCRIBE ELECTROCHEMICAL REACTIONS AT HIGH RATES AND OVERPOTENTIALS� OR WITH ADVANCED BATTERY FORMATS� SUCH AS
LITHIUM METAL AND ANODE
FREE CELLS ;���� ���� ���� ���=� ! RIGOROUS JUSTIFICATION FOR THE COMMON ASSUMPTION
THAT αAK = αCK = �.� IS ALSO LACKING ;�� ���=� BUT THE FACTORS αAK AND αCK ARE NOTORIOUSLY DIFFICULT TO MEASURE�
THOUGH RECENT DEVELOPMENTS IN NONLINEAR %)3 HAS SHOWN SENSITIVITY TO THESE REACTION SYMMETRY
PARAMETERS ;���=� $EVIATIONS IN THESE FACTORS FROM ��� HAS BEEN USED TO EXPLAIN THE FACT THAT ,I" DISCHARGING
IS FASTER THAN CHARGING AT A GIVEN MAGNITUDE OF CELL VOLTAGE ;���=�

4HERMAL ACTIVATION OF INTERCALATION KINETICS IN MATERIALS SUCH AS GRAPHITE AND .-# IS WIDELY ACCEPTED�
WITH !RRHENIUS RELATIONSHIPS ASSUMED BETWEEN EXCHANGE CURRENT DENSITY AND TEMPERATURE HAVING BEEN
REPORTED THROUGHOUT THE LITERATURE ;��� ��� ��� ���=� $ESPITE BEING CALLED INTO QUESTION FROM BOTH THEORETICAL
AND EXPERIMENTAL PERSPECTIVES� THE THEORY OF THERMALLY ACTIVATED "UTLERn6OLMER KINETICS IS ALMOST ALWAYS
USED IN ,I" MODELS� FOR TWO REASONS� &IRST� IT REQUIRES ONLY TWO PARAMETERS� THE RATE CONSTANT IN A REFERENCE
STATE� KK� AND ASSOCIATED ACTIVATION ENERGY� 3ECOND� SENSITIVITY ANALYSES ;���n���= HAVE SHOWN THAT $&.
MODELS ARE MORE SENSITIVE TO PARTICLE RADII� RK� AND DIFFUSIVITIES� $K� THAN TO REACTION KINETICS�

������ 3OLID
STATE DIFFUSIVITY
)N THE ACTIVE MATERIALS� THE ,I+ DIFFUSIVITY� $K� CONTROLS THE TRANSPORT OF ,I+ WITHIN THE PARTICLES� )T BECOMES
VERY IMPORTANT AT HIGH CURRENTS� WHERE CONCENTRATION GRADIENTS WITHIN THE ACTIVE MATERIAL MAY BECOME THE
MAIN SOURCE OF OVERPOTENTIAL IF DIFFUSIVITIES ARE NOT LARGE ENOUGH� 7HEN DIFFUSIVITIES ARE TOO SMALL� PARTICLE
SURFACES EASILY BECOME DEPLETED OF OR SATURATED WITH LITHIUM� WHICH SHUTS DOWN REACTION KINETICS AND THEREBY
STRONGLY IMPACTS BATTERY OPERATION ;���n���=�

4HE FIRST $&. MODELS ASSUMED THAT SOLID PHASE DIFFUSION FOLLOWS &ICK�S SECOND LAW ;�=� I�E� THEY USED ���	
AND TOOK $K TO BE CONSTANT� 3TUDIES ON PARAMETER IDENTIFIABILITY HAVE SHOWN THAT DIFFUSIVITY IS INTRINSICALLY
LINKED TO THE PARTICLE RADII� R�K/$K ;��� ��=� )T SHOULD BE EMPHASISED THAT MANY OF THE EXPERIMENTAL
TECHNIQUES� SUCH AS ')44� INFER DIFFUSIVITIES UNDER THE ASSUMPTION THAT A SPHERICAL FORM OF &ICK�S SECOND LAW
APPLIES AND SO THIS MODEL ASSUMPTION WOULD BE REQUIRED FOR CONSISTENCY�

$ESPITE THE CONSTANCY OF $K ASSUMED IN THE ORIGINAL $&. MODELS� MEASUREMENTS INDICATE THAT $K(CK) CAN
VARY BY ORDERS OF MAGNITUDE� AS THE ,I+ CONCENTRATION CHANGES ;��� ��� ��� ���� ���n���=� 4HE DATA PLOTTED

��
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&IGURE �� ,ITHIUM DIFFUSIVITY FOR COBALT CONTAINING POSITIVE ELECTRODES� $P �A	� AND GRAPHITIC NEGATIVE ELECTRODES� $N �B	� AS A
FUNCTION OF LITHIATION AT �� ◦#� $IFFUSIVITIES WERE EXTRACTED FROM LITERATURE AND REPORTED IN THE ,IION$" PARAMETER DATABASE AT
TIME OF PUBLICATION ;��=�

FOR POSITIVE AND NEGATIVE ELECTRODES IN FIGURE � SHOW THAT ,I+ TYPICALLY DIFFUSES THROUGH THE ACTIVE MATERIALS IN
THE RANGE OF ��−� TO ��−�� CM� S−�� &OR GRAPHITE NEGATIVE ELECTRODES� $N(CN) IS LARGE FOR CONCENTRATIONS
CORRESPONDING TO MATERIAL PHASE TRANSITIONS BETWEEN PLATEAUS ON THE HALF CELL /#6 CURVE AND IS SMALL FOR
OTHER STOICHIOMETRIES� !CTIVE MATERIALS ARE TYPICALLY POLYCRYSTALLINE AND BOTH MODELLING ;���= AND
EXPERIMENTAL ;���= STUDIES ON .-#
TYPE MATERIALS AGREE THAT DIFFUSION IS FASTER ALONG GRAIN BOUNDARIES THAN
WITHIN CRYSTALS� #RACKS FORM MUCH MORE QUICKLY DURING CYCLING IN POLYCRYSTALLINE MATERIALS THAN IN SINGLE
CRYSTAL MATERIALS� HOWEVER� CAUSING A FURTHER DECREASE IN DIFFUSIVITY ;���� ���=� .ANOSCALE ,&0 SHOWS VERY FAST
,I
ION TRANSPORT� BUT LARGER ,&0 CRYSTALS HAVE MUCH SLOWER TRANSPORT� OWING TO THE TRANSPORT ALONG THE RAPID
B CHANNELS BECOMING BLOCKED BY DISLOCATIONS� 4HUS� ACTIVE MATERIAL QUALITY HAS A SIGNIFICANT IMPACT ON
BATTERY BEHAVIOUR�

#ONCENTRATION
DEPENDENT DIFFUSIVITIES HAVE BEEN USED IN MODELS� WHICH HAVE BEEN SHOWN TO MATCH
EXPERIMENTAL DATA BETTER AT VARIOUS #
RATES AND TEMPERATURES ;��=� 4HEY HAVE ALSO BEEN USED TO INVESTIGATE
HOW PHASE CHANGES AFFECT DIFFERENTIAL VOLTAGE SIGNALS WITH AND WITHOUT LITHIUM PLATING ;���=� 4HE
TEMPERATURE DEPENDENCE OF DIFFUSION IS WELL REPRODUCED BY AN !RRHENIUS RESPONSE ;��� ���=� 7HILE &ICKIAN
DIFFUSION IS BY FAR THE MOST WIDELY USED MODEL OF MASS TRANSPORT WITHIN PARTICLES� THERE IS INCREASING EVIDENCE
THAT OTHER MODELS THAT ACCOUNT FOR PHASE CHANGE� SUCH AS THE #AHN
(ILLIARD EQUATIONS ;���� ���=� MAY BE
MORE APPROPRIATE FOR GRAPHITE ;���= AND ,&0 ;��=� ALTHOUGH PARAMETERS SUCH AS THE CHARACTERISTIC
TRANSITION
REGION LENGTH DO NOT HAVE CLEAR MEANINGS IN THE CONTEXT OF CLASSICAL THERMODYNAMICS�

���� -EASUREMENT�FITTING TECHNIQUES
������ %LECTRONIC CONDUCTIVITY PROBES
&OUR
POINT SURFACE PROBES ARE COMMONLY USED TO MEASURE THE ELECTRONIC CONDUCTIVITY OF POROUS ELECTRODES� !
CURRENT IS APPLIED ACROSS THE SAMPLE VIA TWO OF THE PROBES� WHILE THE OTHER TWO MEASURE THE POTENTIAL DROP�
4HE PROBE SPACING IS FIXED� BUT VARIES FROM DEVICE TO DEVICE� IT CAN RANGE FROM A FEW MICROMETERS TO A FEW
MILLIMETERS ;���=� "Y RELATING THE APPLIED CURRENT AND THE MEASURED VOLTAGE� THE ELECTRONIC CONDUCTIVITY CAN
BE ESTIMATED ;���� ���=� USING SUITABLE CORRECTIONS BASED ON SAMPLE SIZE AND SHAPE ;���=� #URRENT COLLECTORS
CAN ALSO BE SEPARATED FROM THE ELECTRODE COATING TO REDUCE THEIR INFLUENCE ON MEASUREMENTS BY STRATEGIES
SUCH AS THE USE OF STRONG ADHESIVES TO DELAMINATE THE ELECTRODE MATERIAL OR SOLVENTS TO DISSOLVE THE CURRENT

��
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COLLECTOR FOIL ;��� ��� ���=� $UE TO THE ANISOTROPY OF THE ELECTRODE COATINGS� CONDUCTIVITY DEPENDS ON THE
ORIENTATION OF THE SAMPLE ;���=� )N AN OPERATING BATTERY� THE THROUGH
PLANE CONDUCTIVITY �IN THE DIRECTION
PERPENDICULAR TO THE CURRENT COLLECTORS	 IS MOST RELEVANT FOR USE IN THE $&. MODEL� AS THIS RELATES TO THE
MOVEMENT OF ELECTRONS FROM THE SURFACE OF THE ELECTRODE PARTICLES TO THE CURRENT COLLECTOR ;���=� "ESPOKE
METHODS HAVE ALSO BEEN DEVELOPED TO MEASURE THE COMBINED INTERFACIAL RESISTANCE ;���� ���=�

4HROUGH
PLANE CONDUCTIVITY CAN BE MEASURED USING A TWO
ELECTRODE METHOD ;���� ���=� 4HIS INVOLVES
SANDWICHING THE SAMPLE BETWEEN TWO PROBES� THEN EVALUATING THE DIRECT
CURRENT RESISTANCE� $ECONVOLUTION OF
CONTACT RESISTANCES CAN BE A CHALLENGE IN THE TWO ELECTRODE SET
UP� BESPOKE FOUR
POINT PROBE DESIGNS OFFER
GREATER ACCURACY ;���=�

������ 0SEUDO OPEN
CIRCUIT VOLTAGE �PSEUDO
/#6	 TEST
$URING CYCLING OF AN ACTIVE MATERIAL� THE OVERALL VOLTAGE RESPONSE IS COMPRISED OF THE EQUILIBRIUM /#6 OF
EACH ELECTRODE PLUS THE OVERPOTENTIALS BETWEEN EACH ELECTRODE AND THE ELECTROLYTE� AND THE RESISTIVE POTENTIAL
DIFFERENCE ACROSS THE ELECTROLYTE AND SOLID COMPONENTS OF THE ELECTRODES� %ACH OF THESE CONTRIBUTIONS TO THE
POTENTIALS� EXCEPT THE /#6S� GENERALLY INCREASE WITH CURRENT THROUGHPUT� 4HE GALVANOSTATIC PSEUDO
/#6
METHOD MINIMISES THE NON
/#6 CONTRIBUTIONS BY SWEEPING THROUGH A CELL�S STOICHIOMETRIC RANGE AT A SLOW
RATE �E�G� LESS THAN #����I�E� A CURRENT AT WHICH THE RATED CAPACITY OF THE CELL WOULD CHARGE OR DISCHARGE IN ��
H	 TO DETERMINE THE CELL /#6� )T SHOULD BE NOTED THAT THIS METHOD NEVER TRULY REACHES AN OPEN
CIRCUIT
CONDITION� BUT CAN BE MADE TO COME ARBITRARILY CLOSE TO IT BY DECREASING THE #
RATE� #HEN ET AL ;��= COMPARED
THE PSEUDO
/#6 APPROACH TO THE ')44 TECHNIQUE DESCRIBED IN SECTION ������ CONCLUDING THAT POLARISATION�
KINETICALLY STABLE PHASE TRANSITIONS AND HYSTERESIS ARE STILL OBSERVED IN MOST PSEUDO
/#6 DATA�

������ ')44
7EPPNER AND (UGGINS ;���= INTRODUCED THE ')44 IN ���� TO CHARACTERISE DIFFUSIVITIES IN DENSE PLANAR
ELECTRODES� 4HE METHOD HAS SINCE BEEN ADAPTED FOR POROUS ELECTRODES� ')44 INVOLVES APPLYING A SHORT AND
WEAK CURRENT PULSE� FOLLOWED BY AN OPEN
CIRCUIT �NO APPLIED CURRENT	 REST PERIOD WHICH IS SUFFICIENTLY LONG
THAT A CELL VOLTAGE CLOSE TO THE EQUILIBRIUM POTENTIAL IS OBTAINED� 4HE CHARGE TRANSFERRED SHOULD BE SMALL
ENOUGH SUCH THAT THE VOLTAGE RESPONSE REMAINS PROPORTIONAL TO THE CURRENT APPLIED� AND DATA SHOULD ONLY BE
PROCESSED OUTSIDE THE TIMESCALE DOMINATED BY CAPACITIVE RELAXATION OF THE ELECTROLYTIC DOUBLE LAYER� !N
EXEMPLARY SET OF ')44 DATA IS PROVIDED IN FIGURE ���A	�

&OR INTERCALATION ELECTRODES� ')44 IS USED TO ESTABLISH ELECTRODE /#6S AT DIFFERENT STATES OF LITHIATION
;��� ��� ��� ���=� !FTER EACH CURRENT PULSE AND SUBSEQUENT RELAXATION STEP� THE EQUILIBRIUM /#6� 5K� IS GIVEN
�TO A GOOD APPROXIMATION	 BY THE CELL VOLTAGE� AND THE LITHIATION CONCENTRATION CK� IS KNOWN FROM THE PULSE
CURRENT AND DURATION THROUGH &ARADAY�S LAW OF ELECTROLYSIS� )T SHOULD BE EMPHASIZED THAT THERMODYNAMIC
EQUILIBRIUM IS ONLY WELL APPROXIMATED BY ')44
DERIVED /#6S THAT HAVE BEEN RECORDED WITH SUFFICIENT REST
PERIODS AFTER EACH PULSE�

4HE QUANTIFICATION OF THE SOLID
STATE DIFFUSIVITY FROM ')44 DATA IS BASED ON AN ANALYSIS WITH &ICK�S SECOND
LAW� !SSUMING LINEAR DIFFUSION LIMITED BY THE SOLID ELECTRODE MATERIAL� AND THAT THE PULSE DURATION IS SHORT
ENOUGH THAT DIFFUSION WITHIN THE ELECTRODE FILM CAN BE ASSUMED SEMI
INFINITE� THE DIFFUSIVITY $K OF LITHIUM
WITHIN THE SOLID IS GIVEN BY

$K =
�

π

(
ICIRCUIT!

3K&

)�
(
5 ′

K(CK�)
∂6
∂
√
T

)�

, ���	

WHERE ! IS THE GEOMETRICAL AREA OF THE POROUS ELECTRODE� 3K IS THE AREA OF THE ELECTRODE
ELECTROLYTE INTERFACE
WITHIN IT� CK� IS THE ,I+ CONCENTRATION IN THE SOLID AT THE BEGINNING OF THE PULSE� 5 ′

K(CK�) IS THE DERIVATIVE OF
/#0 WITH RESPECT TO CONCENTRATION AT CK�� AND

∂6
∂
√
T
IS THE DERIVATIVE OF THE TERMINAL VOLTAGE WITH RESPECT TO THE

SQUARE ROOT OF TIME� .OTE THAT THIS ANALYSIS ASSUMES A SEMI
INFINITE FILM PENETRATION MODEL OF DIFFUSION ;���=�
IT IS IMPORTANT TO BE AWARE OF WHETHER ASSUMPTIONS CONCERNING THE NATURE OF DIFFUSION ARE APPLICABLE TO THE
SYSTEM BEING STUDIED ;���=�

4HE ')44 METHOD WAS ORIGINALLY DERIVED FOR COMPACT THIN
FILM ELECTRODES ;���=� BUT REMAINS VALID FOR
POROUS ELECTRODES� AS LONG AS 3K IS TAKEN TO BE THE EFFECTIVE SURFACE AREA AVAILABLE FOR CHARGE TRANSFER WITHIN THE
POROUS MATERIAL AND THE CONFIGURATION IS SUCH THAT SPHERICAL DIFFUSION WITHIN THE ELECTRODE PARTICLES DOES NOT
BECOME RATE LIMITING� 'ENERALLY� 3K RELATES TO THE $&. SURFACE
TO
VOLUME PARAMETER BK� THROUGH

3K = BK!,K, ���	

WHERE ,K IS THE THICKNESS OF THE POROUS ELECTRODE� !SSUMING THAT THE ELECTRODE COMPRISES SPHERICAL PARTICLES�
ALL OF RADIUS RK� THAT OCCUPY A VOLUME FRACTION εACT,K OF THE ACTIVE MATERIAL� AND THAT THE DISTRIBUTION OF

��
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&IGURE ��� %XEMPLARY SIGNALS FROM CHARACTERISATION TECHNIQUES FOR ')44 �A	� POTENTIOSTATIC INTERMITTENT TITRATION TECHNIQUE� 0)44
�B	� %)3 �C	� AND CYCLIC VOLTAMMETRY� #6 �D	� )N PLOT �C	� AN EXAMPLE .YQUIST DIAGRAM FOR A 2ANDLES CIRCUIT �INSET	 IS ILLUSTRATED�

PARTICLES THROUGHOUT THE FILM DEPTH IS UNIFORM THEN� IT FOLLOWS THAT BK = � εACT,K/RK� !PPLICATION OF ')44 TO
POROUS
ELECTRODE MODELS IS WELL DETAILED BY .ICKOL ET AL ;���=�

! REACTION
KINETIC OVERPOTENTIAL IS PRESENT DURING ANY GALVANOSTATIC MEASUREMENT� HENCE THE ')44 SET
UP
SHOULD BE CHOSEN TO MINIMISE ANY OVERPOTENTIALS OBSERVED ON THE WORKING ELECTRODE� MAINTAINING ACCURATE
MEASUREMENT OF THE THERMODYNAMIC STATES THROUGH THE /#6� )N TWO
ELECTRODE MEASUREMENTS CARE SHOULD BE
TAKEN TO ENSURE THAT THESE OVERPOTENTIALS ARE SMALL ENOUGH THAT THEY DO NOT APPRECIABLY CONTAMINATED THE
RESULTS� %VEN WHEN USING ,I METAL COUNTER ELECTRODE HALF CELLS� THE ,I METAL MAY CONTRIBUTE AN ADDITIONAL
OVERPOTENTIAL� LEADING TO INACCURACIES IN THE OBSERVED CELL VOLTAGES AND UNDERESTIMATION OF DIFFUSION
PROPERTIES� 4HREE
 OR FOUR
ELECTRODE CELLS� INCORPORATING ONE OR TWO REFERENCE ELECTRODES� PRODUCE MORE
ACCURATE VOLTAGE RESPONSES BECAUSE THEY ALLOW THE CONTRIBUTIONS FROM THE OVERPOTENTIAL TO BE QUANTIFIED AND
SUBSEQUENTLY SUBTRACTED OFF OF THE DATA ;���=�

&OR SUFFICIENTLY SMALL CURRENTS AND SHORT TIME INTERVALS� D6/D
√
T IS CONSTANT� EXPERIMENTAL DATA CAN BE

USED TO ESTIMATE THE CHANGE IN /#6 AND THE CHARGE INJECTED WITH THE PULSE DIRECTLY RELATES TO THE
CONCENTRATION CHANGE IN THE SOLID THROUGH &ARADAY�S LAW OF ELECTROLYSIS� 4HUS� ONE CAN USE VOLTAGES FROM THE
DATA IN FIGURE ���A	 TO SIMPLIFY EQUATION ���	� YIELDING

$K =
�

πτ

( RK
�

)� (6� −6�

6� −6�

)
, ���	

WHERE� APART FROM THE MEASURED VOLTAGES 6J� THE ONLY INPUTS ARE THE PARTICLE RADIUS� RK� AND THE PULSE
DURATION� τ � 4HIS APPROACH REMOVES SOME ERROR ASSOCIATED WITH OVERPOTENTIALS� SINCE THE EQUILIBRIUM VOLTAGE
IS RECORDED WITHOUT AN INTERNAL RESISTANCE CONTRIBUTION� 0OOR ESTIMATES OF DIFFUSIVITY CAN STILL OCCUR� HOWEVER�
PARTICULARLY WHEN ')44 IS UNDERTAKEN IN AN 3O# REGION WITH A RELATIVELY FLAT /#6 RESPONSE� OR IF EQUILIBRIUM
IS NOT �APPROXIMATELY	 REACHED BY THE END OF EACH REST PERIOD� ')44 MEASUREMENTS DIRECTLY PARAMETERISE THE
DIFFUSIONAL TIME CONSTANT� R�K/$K� WITH THE EXTRACTED DIFFUSIVITY HAVING AN INHERENT DEPENDENCE ON THE
MEASURED RADII R�K� 4HIS LINK ALSO MAKES IT DIFFICULT TO INTERPRET ')44 RESULTS FOR ELECTRODES WITH A WIDE RANGE
OF PARTICLE SIZES� !N ALTERNATIVE APPROACH IS TO FIT THE VOLTAGE TRANSIENT VERSUS

√
T DURING THE CURRENT PULSE� AND

CALCULATE THE DIFFUSION COEFFICIENT DIRECTLY USING EQUATION ���	� 4HIS APPROACH DOES NOT ELIMINATE ANY
OVERPOTENTIAL ERRORS� -ORE ELABORATE METHODS TO CALCULATE 3K CAN BE USED� AS DESCRIBED IN SECTION �� BUT THE
VALUE SHOULD ALWAYS BE CONSISTENT WITH THAT USED IN THE $&. MODEL�

2ECENTLY� THERE HAVE BEEN SEVERAL DEVELOPMENTS IN THE APPLICATION AND ANALYSIS OF THIS TECHNIQUE� !
MODIFIED ')44 TECHNIQUE� USING A @STAIRCASE� CURRENT PROFILE� HAS BEEN REPORTED TO DETERMINE OTHER KINETIC

��
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PARAMETERS� INCLUDING THE EXCHANGE CURRENT DENSITY AND CHARGE TRANSFER COEFFICIENTS� BY FITTING THE OBSERVED
OVERPOTENTIALS TO A MODIFIED "UTLER
6OLMER EQUATION ;���=� ,ACEY AND COLLEAGUES HAVE ALSO MODIFIED THE
')44 TECHNIQUE TO REDUCE EXPERIMENTAL TIME AND PROVIDED VALIDATION BASED ON $&. MODEL SIMULATIONS
;���� ���=� /THER DEVELOPMENTS IN THE ESTIMATION OF DIFFUSION COEFFICIENTS HAVE FOCUSED ON THE METHODS TO FIT
THE MODEL TO THE DATA ;���� ���� ���=�

������ #YCLIC VOLTAMMETRY
#YCLIC VOLTAMMETRY �#6	 IS A TECHNIQUE COMMONLY EMPLOYED TO INVESTIGATE REDUCTION AND OXIDATION
PROCESSES ;���� ���=� USING A THREE ELECTRODE SYSTEM�WORKING� COUNTER AND REFERENCE ELECTRODES�AND
MEASURING THE CURRENT RESPONSE TO A LINEARLY CYCLED POTENTIAL SWEEP BETWEEN TWO GIVEN VOLTAGE LIMITS� AS
DEPICTED IN FIGURE ���D	� )N SWEEP VOLTAMMETRY� AN APPLIED POTENTIAL IS VARIED LINEARLY WITH TIME WHILE
RECORDING THE RESULTANT CURRENT� 4HIS POTENTIAL SWEEP IS CHARACTERISED BY A PARTICULAR SCAN RATE� ν �WITH
UNITS 6 S−�	� $ATA IS TYPICALLY REPORTED IN THE FORM OF A CYCLIC VOLTAMMOGRAM� WHICH PLOTS CURRENT VERSUS
VOLTAGE� BOTH PARAMETRIC FUNCTIONS OF TIME� !NALYSIS OF CYCLIC VOLTAMMOGRAMS PROVIDES BOTH QUALITATIVE AND
QUANTITATIVE INFORMATION ABOUT ELECTRODE REACTION KINETICS AND MASS TRANSPORT� &OR ELECTRODE
PARAMETERISATION� #6 CAN BE USED TO OBTAIN KINETIC RATE CONSTANTS OF �DE	LITHIATION ;���� ���= AND THE
DIFFUSION COEFFICIENT OF LITHIUM WITHIN ELECTRODES ;���=� 4HESE TECHNIQUES ARE DISCUSSED IN DETAIL IN
+IM ET AL ;���=�

4HE QUANTITATIVE ANALYSIS OF CYCLIC VOLTAMMOGRAMS VARIES ACCORDING TO WHETHER THE ELECTROCHEMICAL
REACTION IS CLASSIFIED AS REVERSIBLE �I�E� KINETICALLY FAST	� QUASI
REVERSIBLE� OR IRREVERSIBLE �I�E� KINETICALLY
SLUGGISH	� &OR A REVERSIBLE REACTION� THE FORWARD AND REVERSE ELECTRON
TRANSFER STEPS ARE IN EQUILIBRIUM AND
VOLTAGE FOLLOWS A .ERNST
LIKE EQUATION� ,I
ION INTERCALATION IS OFTEN CONSIDERED TO BE REVERSIBLE ;���=� THOUGH
QUASI
REVERSIBLE ANALYSES HAVE ALSO BEEN APPLIED WHEN RATES OF CHARGE TRANSFER AND MASS TRANSPORT ARE SIMILAR
;���=� 'IVEN A DIFFUSION
CONTROLLED� REVERSIBLE SINGLE
ELECTRON TRANSFER PROCESS� THE PEAK CURRENT IS
PROPORTIONAL TO THE SQUARE ROOT OF THE SCAN RATE �)PEAK ∝

√
ν	�

&OR POROUS ELECTRODES� THE SURFACE AREA AND MORPHOLOGY OF THE SURFACE ALSO AFFECTS THE SHAPE OF THE
VOLTAMMOGRAM� !S MANY COMMON MODELS THAT UNDERPIN #6 ANALYSIS ARE DERIVED BASED ON ASSUMPTIONS THAT
THE WORKING ELECTRODE IS SMALL COMPARED TO THE COUNTER AND THAT LIQUID
PHASE DIFFUSION IS SEMI
INFINITE�
TRANSLATION OF THE THEORETICAL EQUATIONS TO REPRESENT POROUS ELECTRODES IS DIFFICULT� 4HE EFFECTS ON PEAK VOLTAGE
AND REVERSIBILITY ARE PARTICULARLY PRONOUNCED ON THICKER POROUS ELECTRODES ;���=� 4HE IMPACTS OF
INTERCALATION
PARTICLE GEOMETRY AND DISPERSION ON #6 PROFILES HAVE ALSO BEEN MODELLED ;���=� )T WAS FOUND
THAT ACCOUNTING FOR THE REAL PARTICLE
SIZE DISTRIBUTION MAY BE CRUCIAL FOR DETERMINING THE VOLTAMMETRIC
RESPONSE� 7HEN MASS
TRANSFER CONTRIBUTIONS DERIVE FROM BOTH FREE ELECTROLYTE ADJACENT TO THE ELECTRODE AND
PORE
FILLING ELECTROLYTE WITHIN IT� REVERSIBLE REACTIONS MAY ALSO PRODUCE AN APPARENT SHIFT IN PEAK VOLTAGE
POSITION� PROPORTIONAL TO THE SCAN RATE ;���=�

)N GENERAL� THIN ELECTRODE COATINGS MINIMISE THE OBSERVED KINETIC LIMITATIONS AND THE EFFECT OF THE POROUS
ELECTRODE GEOMETRY� 'IVEN A REVERSIBLE #6 RESPONSE� THE RELATIONSHIP BETWEEN THE PEAK CURRENT� )PEAK� AND THE
SCAN RATE� ν� SEE FIGURE ���C	� CAN BE FIT WITH THE FOLLOWING EQUATION TO ELUCIDATE THE SOLID
PHASE DIFFUSIVITY OF
LITHIUM� $K ;���� ���� ���=�

)PEAK = �.���� &CK3K

√
&ν$K

24
. ���	

(ERE CK IS THE CONCENTRATION ON THE SURFACE OF THE PARTICLE AND 3K IS THE EFFECTIVE SURFACE AREA PER UNIT MASS�
4HE EFFECTIVE SURFACE AREA CAN BE FURTHER REFINED TO ACCOUNT FOR THE ELECTROCHEMICALLY ACTIVE SURFACE AREA� 3INCE
PRACTICAL BATTERY ELECTRODE MATERIALS MORE OFTEN EXHIBIT QUASI
REVERSIBLE OR IRREVERSIBLE CHARACTERISTICS� #6
PARAMETERISATION TECHNIQUES MAY ONLY OFFER QUALITATIVE COMPARISONS BETWEEN EFFECTIVE KINETIC AND TRANSPORT
PROPERTIES�

������ 0OTENTIOSTATIC METHODS
0OTENTIOSTATIC METHODS INVOLVE APPLYING A VOLTAGE STEP AND OBSERVING THE CURRENT RESPONSE� %XAMPLES INCLUDE
A VOLTAGE SWEEP� SUCH AS IN #6� OR CONSTANT VOLTAGE MEASUREMENTS� SUCH AS CHRONOAMPEROMETRY�
#HRONOAMPEROMETRY CAN ALSO BE APPLIED OVER A RANGE OF CONCENTRATIONS OR STATES OF CHARGE OF THE
ELECTROACTIVE MATERIAL AND� AT EACH CONCENTRATION �OR VOLTAGE	� THE CURRENT TRANSIENT CAN BE USED TO CALCULATE
THE SOLID
STATE DIFFUSION COEFFICIENT�

)N THE POTENTIOSTATIC INTERMITTENT TITRATION TECHNIQUE �0)44	� A STEPPED CONSTANT VOLTAGE IS APPLIED AND
THE CURRENT DECAY IS TRACKED� AT EACH VOLTAGE� TO A SET CURRENT LIMIT� ! REST PERIOD CAN ALSO BE INTRODUCED IN
BETWEEN EACH VOLTAGE STEP� AFTER THE CURRENT DECAYS SUCH THAT /#6 IS �APPROXIMATELY	 REACHED ;���� ���=� 4HE
EXCLUSION OF REST PERIODS ACCELERATES DATA COLLECTION� (OWEVER� INCLUDING THE REST PERIOD IN 0)44 MEANS THE
TITRATION METHOD CAN BE USED TO CALCULATE THE DIFFUSION COEFFICIENTS WHILE MINIMISING OVERPOTENTIALS THAT

��



0ROG� %NERGY � �����	 ������ ! !7ANG ET AL

CONTRIBUTE ERRORS TO THE CONCENTRATION ESTIMATION� #ARE MUST BE TAKEN WITH ANY OVERPOTENTIAL OBSERVED IN THE
MEASUREMENT AND� AGAIN� �
ELECTRODE MEASUREMENTS WITH A REFERENCE ELECTRODE ARE SIGNIFICANTLY MORE
ACCURATE� ! TYPICAL 0)44 DATA SET IS DEPICTED SCHEMATICALLY IN FIGURE ���B	�

! MODEL BASED ON &ICKIAN DIFFUSION IS USED TO ESTIMATE DIFFUSIVITY FROM CURRENT DATA ;���=� )N THE CASE
WHERE T( R�K/$K �SHORT TIMES COMPARED TO THE TIME SCALE OF SOLID
STATE DIFFUSION	� AND WHERE INTERFACIAL
REACTION KINETICS IS REVERSIBLE� IT IS APPROPRIATE TO APPLY THE #OTTRELL EQUATION ;���=�

$K = πT

(
I(T)

&3K(CKS − CK�)

)�

, ���	

WHEREAS FOR T) R�K/$K �LONG TIMES	 THE CURRENT DECAY BECOMES EXPONENTIAL AND THE SOLID
STATE ,I DIFFUSION
COEFFICIENT CAN BE DETERMINED FROM ;���� ���=�

$K =−
� R�K
π�

∂ LN I

∂T
. ���	

4HIS HAS BEEN EXPRESSED IN TERMS OF A PARTICLE RADIUS� RK� AND� WITHIN THE CAVEATS DESCRIBED IN SECTION ������ IT
IS TRUE TO SAY THAT BK = � εACT,K/RK�

-ALIFARGE ET AL ;���= HAVE PROVIDED GUIDELINES FOR THE IMPLEMENTATION OF 0)44 AND ITS UNDERLYING
ASSUMPTIONS� ,ESS CONVENTIONALLY� 0)44 CAN ALSO EVALUATE THE EXCHANGE CURRENT DENSITY ;���= BUT� AS ALREADY
MENTIONED �SECTION �����	� %)3 IS MORE OFTEN USED� $IFFUSION COEFFICIENTS VIA 0)44 AND ')44 HAVE BEEN SHOWN
TO CORROBORATE ONE ANOTHER ;���� ���=� 4HE POTENTIOSTATIC METHODS OFFER A SPEED ADVANTAGE OVER GALVANOSTATIC
METHODS� BUT ADDITIONAL MEASURES MAY BE NEEDED TO MINIMISE THE POTENTIAL DIFFERENCE BETWEEN THE WORKING
ELECTRODE AND THE REFERENCE OR COUNTER ELECTRODE� AND THE VOLTAGE DROP ACROSS THE ELECTROLYTE� .OT PROPERLY
ACCOUNTING FOR THESE OVERPOTENTIALS CAN LEAD TO OVERESTIMATES OF THE SOLID
PHASE DIFFUSION COEFFICIENTS�

������ %LECTROCHEMICAL IMPEDANCE SPECTROSCOPY
4HE %)3 TECHNIQUE WAS DESCRIBED IN SECTION ����� OF THIS REVIEW AND IS REVISITED AGAIN IN SECTION ������ )N THE
CONTEXT OF ELECTRODE PARAMETERISATION� %)3 MAY BE USED TO ESTIMATE CHARGE
TRANSFER RESISTANCE� DOUBLE
LAYER
CAPACITANCE AND DIFFUSION TIMESCALES� USUALLY BY FITTING PARAMETERS OF A SIMPLE CIRCUIT MODEL TO %)3 DATA� BY
MEANS DESCRIBED BELOW AND FURTHER DETAILED IN ;��� ��� ���=� ! TYPICAL MODEL IS THE 2ANDLES CIRCUIT WHICH� PER
ELECTRODE� CONSISTS OF A DOUBLE
LAYER CAPACITANCE IN PARALLEL WITH THE SERIES COMBINATION OF A 7ARBURG
ELEMENT� REPRESENTING DIFFUSION� AND A CHARGE
TRANSFER RESISTANCE� AS SHOWN IN FIGURE ���C	� &URTHER SERIES
RESISTANCES MAY BE ADDED TO REPRESENT ADDITIONAL OHMIC AND IONIC VOLTAGE DROPS� AS WELL AS ADDITIONAL
ELEMENTS TO REPRESENT ELECTROLYTE DYNAMICS� IF REQUIRED�

�������� #HARGE TRANSFER
!N EXPRESSION FOR CHARGE
TRANSFER RESISTANCE MAY BE DERIVED BY LINEARISING THE "UTLER
6OLMER EQUATION ���	
FOR SMALL VALUES OF THE OVERPOTENTIAL� I�E� ABOUT ηK = �� /N DOING SO� ONE FINDS THAT THE CHARGE TRANSFER
RESISTANCE �PER ELECTRODE	� 2CT� RELATES TO EXCHANGE CURRENT DENSITY THROUGH�

JK� =
24

3K&2CT
=

24

!,KBK&2CT
. ���	

-EASUREMENTS OF 2CT BY %)3 HAVE THUS BEEN USED TO DETERMINE KINETIC PARAMETERS ;��� ���=�
,ARGE VARIANCES AMONG CALCULATED EXCHANGE CURRENT DENSITIES JK� STEM� IN PART� FROM THE CHOICE OF SURFACE

AREA� WITH DIFFERENT GROUPS USING DIFFERENT DEFINITIONS� AS DESCRIBED BY #HANG ET AL ;���= AND +OCH ;���=� 4HE
EXCHANGE CURRENT DENSITY RELATES TO THE "UTLERn6OLMER RATE CONSTANT� KK� THROUGH EQUATION ���	�

4HE IDENTIFICATION OF THE 2CT VALUE ASSOCIATED WITH THE MAIN INTERCALATION REACTION FOR INDIVIDUAL
ELECTRODES IS A CHALLENGING TASK� 7ITHOUT A REFERENCE ELECTRODE� IT IS NOT POSSIBLE TO DISTINGUISH BETWEEN THE
SEPARATE HALF
CELL REACTIONS �RECALL THAT IN THE MODEL� THERE ARE IN FACT TWO "UTLER
6OLMER EQUATIONS� ONE FOR
EACH ELECTRODE	� !NOTHER ISSUE IS THAT THE IMPEDANCE RESPONSE OF THE ACTIVE MATERIALS AND THE RESPONSE
ASSOCIATED WITH THE CONSTANTLY EVOLVING PASSIVATION SURFACE FILMS TEND TO OCCUR IN SIMILAR FREQUENCY RANGES
;���=� #HANGING POROSITY AND SURFACE ROUGHNESS ALSO LEADS TO FREQUENCY DISPERSION ;���=� 4HE MAJORITY OF
STRATEGIES TO FIT 2CT FROM OVERALL SPECTRA INVOLVE PERFORMING %)3 MEASUREMENTS UNDER CONDITIONS THAT CAUSE
THE KINETIC AND SURFACE
LAYER BEHAVIOUR TO DIVERGE� 4HIS INCLUDES OBSERVING DEPENDENCE ON TEMPERATURE ;��=�
CHANGES WITH CONDITIONING CYCLES TO DEVELOP 3%) ;���=� OR VARYING 3O# ;���=� )NSIGHT CAN ALSO BE GAINED BY
COMPARING %)3 SPECTRA OBTAINED FROM FULL
CELL AND HALF
CELL CONFIGURATIONS ;��=� .ON
LINEAR %)3 HAS BEEN
IMPLEMENTED TO ANALYSE HIGHER
ORDER HARMONICS ;���=� 4HE TEMPERATURE DEPENDENCE OF 2CT HAS BEEN
MODELLED IN TERMS OF THE ACTIVATION ENERGY FOR LITHIUM TRANSPORT THROUGH THE 3%) LAYER ;���=�

��
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�������� $IFFUSION
7HILE CHARGE TRANSFER OCCURS AT MEDIUM TO HIGH FREQUENCIES� THE LOW
FREQUENCY %)3 RESPONSE OF A POROUS
ELECTRODE PROVIDES INFORMATION ABOUT THE SOLID
STATE DIFFUSION COEFFICIENT IN EACH ELECTRODE ;���=� 4HE
CONSIDERATIONS MENTIONED ABOVE ALSO APPLY HERE� NAMELY THAT� WITHOUT A REFERENCE ELECTRODE� IT IS NOT POSSIBLE
TO DISTINGUISH BETWEEN THE SEPARATE ELECTRODES �NOTE THAT THIS ISSUE IS NOT UNIQUE TO %)3� IT ALSO APPLIES TO
')44 AND OTHER TECHNIQUES MENTIONED IN THIS SECTION	� )N THE FREQUENCY DOMAIN� DIFFUSION TRANSPORT IS
CHARACTERISED BY A 7ARBURG ELEMENT� WHICH MAY BE DERIVED FOR VARIOUS DIFFERENT GEOMETRIC CONFIGURATIONS�
INCLUDING THIN FILMS� AS WELL AS PLANAR� CYLINDRICAL� OR SPHERICAL PARTICLES �SEE 3ONG AND "AZANT ;���=	� &OR
SPHERICAL PARTICLES� THE DIFFUSION
RELATED IMPEDANCE FOR EACH ELECTRODE KMAY BE EXPRESSED AS ;��=�

:DIFF�SP�K = 5 ′
K(CK�)C

MAX
K

τ DK
�1K

TANH
(√

Sτ DK

)

TANH
(√

Sτ DK

)
−
√

Sτ DK

, ���	

WHERE S IS THE ,APLACE VARIABLE� 5 ′
K(CK�) IS THE GRADIENT OF HALF CELL /#6� WITH RESPECT TO CONCENTRATION�

τ DK IS A DIFFUSION TIMESCALE R�K/$K FOR EACH ELECTRODE� AND 1K = &!,KεACT,KCMAX
K IS THE MAXIMUM CAPACITY OF

EACH ELECTRODE�
,EVI AND !URBACH ;���= DEMONSTRATED GOOD AGREEMENT BETWEEN THE DIFFUSIVITY VALUES OBTAINED BY 0)44

AND %)3� %CKER ET AL ;��= DEMONSTRATED GOOD AGREEMENT BETWEEN THE DIFFUSION VALUES OBTAINED BY ')44 AND
%)3� EXCEPT FOR THE HIGHLY LITHIATED PHASES OF GRAPHITE IN WHICH TOO FEW %)3 MEASUREMENTS WERE TAKEN TO
IDENTIFY THE SPIKES IN $N CORRESPONDING TO THE PHASE TRANSITIONS� &URTHER COMPARISON OF THE TECHNIQUES FOR
CHARACTERISING DIFFUSION COEFFICIENTS CAN BE FOUND IN $ENG AND ,U ;���= AND )VANISHCHEV ET AL ;���=� !PPLYING
TITRATION TECHNIQUES FOR 3O#
DEPENDENT DIFFUSIVITIES IS ALSO PARTICULARLY TIME
CONSUMING �CA� �� DAYS ;���=	
AND %)3 MAY BE A MORE TIME
EFFICIENT ALTERNATIVE� 3IMILAR TO MOST PARAMETERS WITH !RRHENIUS
LIKE RESPONSES�
THE ACTIVATION ENERGY CAN BE DETERMINED BY FITTING REPEAT MEASUREMENTS AT DIFFERENT TEMPERATURES ;��� ��=�

�� %LECTROLYTE PARAMETERS

)NTRINSIC ELECTROLYTE PROPERTIES THAT PARAMETERISE $&.
TYPE MODELS ARE PRIMARILY CONCERNED WITH HOW IONIC
AND NEUTRAL SPECIES IN SOLUTION ARE REDISTRIBUTED UNDER THE INFLUENCE OF ELECTRIC FIELDS� CONCENTRATION
�ELECTROCHEMICAL POTENTIAL	 GRADIENTS AND BULK CONVECTION� 4RANSPORT PROPERTIES ARE SENSITIVE TO SALT AND
SOLVENT COMPOSITION� AS WELL AS TEMPERATURE�

)ON TRANSPORT WITHIN THE ELECTROLYTE FOR $&. MODELS WAS ORIGINALLY DESCRIBED USING MULTI
COMPONENT
CONCENTRATED SOLUTION THEORY ;�� ��� ���� ���=� !S SUCH� THE THREE FAMILIAR TRANSPORT PROPERTIES OF IONIC
CONDUCTIVITY� σE� SALT DIFFUSIVITY� $E� AND TRANSFERENCE NUMBER� T�+� ARE RELATED TO A SET OF THREE PAIRWISE
3TEFANn-AXWELL DIFFUSIVITIES� WHICH ACCOUNT FOR FRICTIONAL DRAG BETWEEN SOLVENT AND CATION� SOLVENT AND ANION�
AND CATION AND ANION� RESPECTIVELY� $ILUTE
SOLUTION THEORY HAS ALSO BEEN APPLIED IN THE LITERATURE� TO MODEL
THE ELECTROLYTE PHASE IN BATTERIES ;��=� +EY ASSUMPTIONS MADE FOR THIS APPROACH INCLUDE NON
INTERACTING IONS�
INFINITELY DILUTE SALT CONCENTRATION AND THERMODYNAMIC IDEALITY ��+ ∂ LN F±/∂ LN CE = �	� "IZERAY ET AL ;���=�
AS WELL AS 2ICHARDSON ET AL ;���=� REVIEW THE DISCREPANCIES BETWEEN DILUTE� MODERATELY
CONCENTRATED� AND
CONCENTRATED MODELS� )N TYPICAL BATTERY APPLICATIONS� CONCENTRATED ELECTROLYTES ARE USED� AND CONCENTRATED
SOLUTION THEORY IS BETTER SUITED TO DESCRIBE THE UNDERLYING PHYSICS� AS WELL AS TO MODEL A BROAD RANGE OF
SCENARIOS SUCH AS FAST CHARGING OR COMPLEX MULTI
COMPONENT ELECTROLYTES�

7HEN PARAMETERISING ELECTROLYTES FOR AS
RECEIVED COMMERCIAL CELLS� MANUFACTURER DATA SHEETS AT THE TIME
OF ASSEMBLY MAY BE USED WHEN AVAILABLE� OR SAMPLES WILL NEED TO BE EXTRACTED AND CHARACTERISED�FOR
EXAMPLE WITH CENTRIFUGE AND SPECTROSCOPY ;���=�TO DETERMINE THE EXACT FORMULATION TO STUDY� %LECTROLYTE
COMPOSITION IS KNOWN TO VARY THROUGHOUT THE LIFE OF A CELL AS SALT AND SOLVENT ARE CONSUMED BY SIDE
REACTIONS ;���=�

���� 0ARAMETERS
������ )ONIC CONDUCTIVITY
4HE IONIC CONDUCTIVITY� σE� QUANTIFIES THE MOBILITY OF IONS UNDER AN ELECTRIC FIELD� IN THE ABSENCE OF
CONCENTRATION GRADIENTS� )T APPEARS IN THE GENERALISED /HM�S LAW �EQUATION ��		 AND DETERMINES THE IONIC
CURRENT IN RESPONSE TO THE GRADIENT OF THE ELECTROCHEMICAL POTENTIAL� )ONIC CONDUCTIVITY IS A STRONG FUNCTION OF
TEMPERATURE AND CONCENTRATION� )N DILUTE ELECTROLYTES� CONDUCTIVITY RISES WITH SALT CONCENTRATION� AS THE
NUMBER OF MOBILE IONS IN SOLUTION INCREASES� !S SALT CONTENT INCREASES PAST A CERTAIN THRESHOLD� HOWEVER�
SPECIESnSPECIES INTERACTIONS� SUCH AS ION PAIRING� CAUSE σE TO FALL ;���=� 4HE DEPENDENCE OF CONDUCTIVITY ON
SALT CONCENTRATION AT A GIVEN TEMPERATURE CAN BE FIT WELL WITH SIMPLE POLYNOMIAL FORMS ;���= OR BY
PHENOMENOLOGICALLY INSPIRED FORMS� SUCH AS THE SQUARE
ROOT DEPENDENCE OF EQUIVALENT CONDUCTANCE

��
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&IGURE ��� )ONIC CONDUCTIVITIES OF ,I0&�
CONTAINING ELECTROLYTES� AT TEMPERATURES OF �� ◦# �BLUE	� �� ◦# �BLACK	 AND �� ◦# �RED	�
REPORTED FROM THE ,IION$" LITERATURE PARAMETER DATABASE ;��=�

�σE/(&CE)	� PREDICTED BY $EBYEn(ÀCKEL LIMITING BEHAVIOUR ;���n���=� /THER EMPIRICAL FUNCTIONAL FORMS
HAVE ALSO BEEN EMPLOYED� TO ACCOUNT FOR TEMPERATURE DEPENDENCE ;���� ���=�

)ONIC CONDUCTIVITIES� σE� FOR A VARIETY OF ,I0&�
CONTAINING ELECTROLYTES FROM THE PROPERTY DATABASE ARE
PRESENTED IN FIGURE ��� 'ENERALLY� ION TRANSPORT IMPROVES WITH TEMPERATURE� 4HE TEMPERATURE DEPENDENCE OF
ELECTROLYTE CONDUCTIVITY IN PRACTICAL CONDITIONS IS WELL
DESCRIBED BY A SIMPLE !RRHENIUS RELATION ;��� ���=�
#ONSISTENT RESULTS MAY BE ATTAINED BY INTERPOLATING CONDUCTIVITIES USING ACTIVATION ENERGIES FIT FROM A RANGE
OF TEMPERATURES� %XTRAPOLATING TO WIDER TEMPERATURE RANGES MAY REQUIRE COMPENSATING FOR THERMAL EFFECTS ON
THE DIELECTRIC CONSTANT AND VISCOSITY ;���� ���=�

)N ,I"S� THE ELECTROLYTIC SOLUTION PERMEATES POROUS PHASES IN THE SEPARATOR AND ELECTRODES� 4HEREFORE�
BEFORE THEY CAN BE UTILISED IN THE $&. MODEL� EFFECTIVE TRANSPORT PARAMETERS MUST BE OBTAINED BY SCALING
WITH A TRANSPORT EFFICIENCY FACTOR� B� 4HESE EXTRINSIC DETAILS WERE DISCUSSED IN SECTION ������

������ 3ALT DIFFUSION COEFFICIENT
4HE SALT DIFFUSIVITY� $E� DETERMINES THE CONTRIBUTION TO THE IONIC FLUX BY SALT CONCENTRATION GRADIENTS� AS GIVEN
BY EQUATION ��	� 4HE THERMODYNAMIC DIFFUSIVITY� D � ALSO DESCRIBES DIFFUSION UNDER THE TRUE DRIVING FORCE OF
CHEMICAL POTENTIAL GRADIENTS ;���=� ! DIRECT CONVERSION BETWEEN D AND $E�THE VALUE USUALLY EXPERIMENTALLY
MEASURED�EXISTS VIA THE THERMODYNAMIC FACTOR� �+ ∂ LN F±/∂ LN CE �DISCUSSED BELOW IN SECTION �����	�

$E = C46�

(
�+

∂ LN F±
∂ LN CE

)
D . ���	

4HE ADDITIONAL TERM� C46�� WHICH IS THE TOTAL MOLARITY� C4� MULTIPLIED BY THE SOLVENT PARTIAL MOLAR VOLUME� 6��
ARISES AS A DRIFT FACTOR THAT PUTS $E IN REFERENCE TO THE SOLVENT VELOCITY� )T IS THIS DIFFUSION COEFFICIENT� $E� WHICH
MOST COMMONLY APPEARS IN $&. MODEL EQUATION ��	� $IFFUSION COEFFICIENTS HAVE BEEN DEMONSTRATED TO
DECREASE WITH INCREASING SALT CONCENTRATION AND SOLVENT VISCOSITY� AS MEASURED BY A RANGE OF TECHNIQUES� 4HE
RATE OF DIFFUSION ALSO INCREASES WITH TEMPERATURE� &IGURE �� SHOWS THE SALT DIFFUSIVITIES� $E� REPORTED IN THE
LITERATURE ACROSS VARYING SOLVENT COMPOSITIONS AND SALT CONCENTRATIONS� $IFFUSION COEFFICIENTS ARE TYPICALLY
WELL FITTED BY SIMPLE POLYNOMIAL EXPRESSIONS OR EXPONENTIALS�

3ALT DIFFUSION COEFFICIENTS CAN BE MEASURED EXPERIMENTALLY �SEE RESTRICTED DIFFUSION BELOW� IN
SUBSECTION ������ ;���� ���=	� -ODELS THAT USE A CONSTANT� AVERAGE DIFFUSIVITY WILL INHERENTLY FORCE
CONCENTRATION GRADIENTS IN SOLUTION TO DEVELOP SYMMETRICALLY ;���=� 4HIS MAY CAUSE AN OVER
 OR
UNDERESTIMATION OF THE CONCENTRATION POLARISATION� -ANY MODELING EFFORTS USE APPROXIMATE DIFFUSION
COEFFICIENTS� 3CHMALSTIEG ET AL ;��= USE THE .ERNSTn%INSTEIN RELATIONSHIP� DERIVED FROM IDEAL� INFINITELY DILUTE
ASSUMPTIONS� TO ESTIMATE $E FROM σE� 4HE .ERNST
%INSTEIN MODEL IS NOT WELL JUSTIFIED FOR CONCENTRATED
SOLUTIONS� HOWEVER� AND DEVIATIONS FROM THIS IDEAL BEHAVIOUR OCCUR WELL BELOW THE SALT CONCENTRATIONS OF
AROUND � - THAT ARE TYPICAL IN ,I" ELECTROLYTES ;���=� 3ELF
DIFFUSIVITIES ATTAINED BY NUCLEAR MAGNETIC
RESONANCE �.-2	 OR MOLECULAR DYNAMICS� WHILE SIMILAR IN MAGNITUDE TO $E� REQUIRE ADDITIONAL
INTERPRETATION TO BE USED CONSISTENTLY IN THE $&. MODEL ;���� ���=�

4HE CHOICE OF MODEL USED TO EXTRACT THE DIFFUSION COEFFICIENT FROM EXPERIMENTAL DATA STRONGLY INFLUENCES
THE INFERRED DIFFUSIVITY� &OR EXAMPLE� FOLLOWING &ULLER ET AL ;�=� THE ION FLUX �EQUATION ��	 IN OUR MACROSCOPIC

��
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&IGURE ��� 3ALT DIFFUSIVITIES OF ,I0&�
CONTAINING ELECTROLYTES� AT TEMPERATURES OF �� ◦# �BLUE	� �� ◦# �BLACK	 AND �� ◦# �RED	�
REPORTED FROM THE ,IION$" LITERATURE PARAMETER DATABASE ;��=�

&IGURE ��� 4RANSFERENCE NUMBERS OF ,I0&�
CONTAINING ELECTROLYTES AT TEMPERATURES OF �� ◦# �BLUE	� �� ◦# �BLACK	 AND �� ◦# �RED	�
REPORTED FROM THE ,IION$" LITERATURE PARAMETER DATABASE ;��=�

RELATIONSHIPS	 IS COMPOSED OF CONTRIBUTIONS FROM MIGRATION AND DIFFUSION� WITH CONVECTION ASSUMED TO BE
NEGLIGIBLE� 4HE MAJORITY OF $&. BATTERY MODELS HAVE ADOPTED THIS CONVENTION� )NDEED� IF CONVECTION� DRIVEN
BY THE DENSITY CHANGES WHICH ACCOMPANY CONCENTRATION CHANGES� IS ACCOUNTED FOR� AS DISCUSSED BY THE WORKS
OF ,IU AND -ONROE ;���� ���=� THIS MAY SKEW THE APPARENT DIFFUSION COEFFICIENT AND TRANSFERENCE NUMBER�

������ 4RANSFERENCE NUMBER
4HE TRANSFERENCE NUMBER� T�+� IS THE FRACTION OF THE CONDUCTIVITY CONTRIBUTED BY CATION MOTION� 4HIS
PARAMETER IS TYPICALLY REPORTED RELATIVE TO A REFERENCE FRAME SET BY THE SOLVENT VELOCITY� WHICH IS TAKEN TO BE
ZERO IN CONVENTIONAL $&. MODELS� #ATION AND ANION TRANSFERENCE NUMBER MUST SUM TO UNITY� &ROM FIGURE ��
IT IS CLEAR THAT THE LITHIUM ION CARRIES A MINORITY OF THE CHARGE DURING TYPICAL BATTERY OPERATION� -ANY BATTERY
MODELS CHOOSE TO USE A SIMPLIFIED AVERAGE T�+ VALUE IN THE ���n��� RANGE�

! LOW TRANSFERENCE NUMBER IMPLIES POOR POWER EFFICIENCY� $IEDERICHSEN ET AL ;���= DEMONSTRATED� VIA A
SENSITIVITY ANALYSIS ON THE $&. MODEL� THAT RAISING THE TRANSFERENCE NUMBER BY ��� CAN HAVE SIGNIFICANT
IMPACT ON ACCESSIBLE CAPACITY DURING CHARGE AND DISCHARGE� 4HE LIMITING CURRENT�THE MAXIMUM CURRENT AT
WHICH CHARGE CARRIERS ARE COMPLETELY DEPLETED AT AN ELECTRODE�IS ALSO A STRONG FUNCTION OF TRANSFERENCE
AND DIFFUSIVITY�

7HILE IT IS CLEAR THAT ACCURACY OF THE TRANSFERENCE NUMBER HAS A STRONG IMPACT ON THE ACCURACY OF BATTERY
MODELS AT HIGH #
RATE� CONSENSUS IS LOW ON THE EXPECTED MAGNITUDES AND COMPOSITION DEPENDENCIES OF T�+�
4HE VARIED EXPERIMENTAL APPROACHES AND PROCESSING TECHNIQUES� USING DILUTE OR CONCENTRATED SOLUTION THEORY�
AS DISCUSSED IN SECTION ���� ALSO CONTRIBUTE TO THE SPREAD IN THE DATA ACROSS ALL ELECTROLYTE FORMULATIONS AND
SALT COMPOSITIONS ;���=� &OR EXAMPLE� EXPERIMENTALLY OBTAINED NEGATIVE CATION TRANSFERENCE NUMBERS HAVE

��
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BEEN RATIONALISED BY THE PRESENCE OF CHARGED OR NEUTRAL AGGREGATES ;���=� OR BY MOVING BOUNDARIES DUE TO
LITHIUM PLATING ;���=� 4HE CHOICE OF REFERENCE VELOCITY �E�G� SOLVENT OR VOLUME
AVERAGED	 USED CAN ALSO IMPACT
APPARENT TRANSFERENCE ;���� ���=�

4HE ULTIMATE PURPOSE OF THESE ELECTROLYTE PARAMETERS IS TO PREDICT THE LITHIUM ION CONCENTRATION� AS A
FUNCTION OF POSITION AND TIME� )T IS IMPORTANT TO REITERATE THAT THE SPECIFIC FORMULATION OF A $&. MODEL WILL
IMPACT THE INTERPRETATION OF EXPERIMENTS DESIGNED TO MEASURE T�+� &OR EXAMPLE� MODELS THAT INCORPORATE
DENDRITE GROWTH ;���= WILL PREDICT VASTLY DIFFERENT TRANSFERENCE NUMBERS TO MODELS WITH ION PAIRING ;���=�
3IMILARLY� MODELS THAT DO NOT INCLUDE SOLUTE
VOLUME EFFECTS ;���= WILL OVERPREDICT TRANSFERENCE WHEN
CONVECTIVE
POLARISATION SUPPRESSION IS WRONGLY ACCOUNTED FOR AS A MIGRATION EFFECT ;���� ���=� &INALLY� IT
SHOULD BE BORNE IN MIND THAT� AT LOW #
RATES� SIMPLIFYING ASSUMPTIONS ABOUT T�+ HAVE MINIMAL IMPACT ON
SIMULATION VALIDITY� BUT THAT THESE ASSUMPTIONS MAY BE VIOLATED AT HIGHER #
RATES�

������ 4HERMODYNAMIC FACTOR
4HE THERMODYNAMIC FACTOR� (�+ ∂ LN F±/∂ LN CE)� IS KEY TO TRANSLATING A CONCENTRATION DIFFERENCE INTO AN /#6
DROP� AS CAN BE SEEN FROM THE GENERALISED FORM OF /HM�S LAW IN EQUATION ��	� 4HERMODYNAMIC FACTORS
MEASURE SOLUTION NON
IDEALITY� ACCOUNTING FOR DEVIATIONS FROM .ERNSTIAN BEHAVIOUR� 4HE THERMODYNAMIC
FACTOR IS A GROUPING OF TERMS WHICH ARISES WHEN THE DERIVATIVE OF THE CHEMICAL POTENTIAL� µE� WITH RESPECT TO
CONCENTRATION� IS COMPUTED ;���=� 4HIS LEADS TO THE APPEARANCE OF THE DERIVATIVE OF THE MEAN MOLAR SALT
ACTIVITY COEFFICIENT� F±� WITH RESPECT TO SALT MOLARITY� CE� )N THE LITERATURE� THE GRADIENT OF THE ACTIVITY COEFFICIENT
IS ALSO OFTEN DEFINED RELATIVE TO COMPOSITION IN A MOLAL �ME	 BASIS� WHICH CAN BE MAPPED FROM THE MOLAR BASIS
VIA THE MEAN MOLAL ACTIVITY COEFFICIENT� γ±� SOLVENT MOLARITY� C�� AND PARTIAL MOLAR VOLUME OF SOLVENT� 6��

�+
∂ LN F±
∂ LN CE

=
�

C�6�

(
�+

∂ LNγ±
∂ LNM

)
=

�

24

∂µE

∂ LN CE
. ���	

"Y DEFINITION� THE THERMODYNAMIC FACTOR APPROACHES UNITY AT INFINITE DILUTION� $EBYE
(ÀCKEL THEORY PREDICTS
A DECREASE IN THERMODYNAMIC FACTOR WITH RESPECT TO CONCENTRATION NEAR INFINITE DILUTION ;���� ���� ���=� BUT
THIS CONCENTRATION RANGE IS FAR FROM THE PRACTICAL CONCENTRATIONS USED IN LITHIUM
ION ELECTROLYTES� 4HE ,I"
LITERATURE� WHICH FOCUSES ON MODERATELY DILUTE TO CONCENTRATED ELECTROLYTES� TYPICALLY REPORTS
�+ ∂ LN F±/∂ LN CE VALUES ABOVE UNITY THAT INCREASE ACROSS THE OBSERVED CONCENTRATION RANGE� IN AGREEMENT
WITH A CONDITION WHERE IONnSOLVENT OR IONnION INTERACTIONS ARE SIGNIFICANT ;���=� 4HERE ALSO APPEARS TO BE A
WEAKER DEPENDENCE ON TEMPERATURE THAN FOR OTHER PARAMETERS ;���=� 0OLYNOMIALS OR POWER SERIES IN

√
C�

FOLLOWING $EBYE
(ÀCKEL THEORY� HAVE BEEN USED TO FIT CORRELATIONS FOR �+ ∂ LN F±/∂ LN CE ;���� ���=�
4HE MEASUREMENTS SUMMARISED IN FIGURE �� INDICATE THAT CONVENTIONAL LITHIUM
ION ELECTROLYTES WITH

COMPOSITIONS ABOVE ��� - SHOULD NOT BE TREATED AS IDEAL ;���� ���� ���=� 4HE ORIGINAL $&. PUBLICATIONS
INCLUDED �+ ∂ LN F±/∂ LN CE IN THEIR MODEL FORMULATION� BUT ASSUMED IDEALITY BECAUSE THERMODYNAMIC DATA
WAS UNAVAILABLE ;�� �=� -ANY SUBSEQUENT $&. MODELS FOR CONVENTIONAL ,I"S HAVE DROPPED �+ ∂ LN F±/∂ LN CE
;��� ��� ��=� )NSPECTION OF THE $&. MODEL FORMULATION REVEALS THAT NEGLECT OF THE THERMODYNAMIC FACTOR HAS
NO EFFECT ON COMPOSITIONS PREDICTED BY EQUATIONS ��	 AND ��	� BUT EXCLUSION OF �+ ∂ LN F±/∂ LN CE WILL
INTRODUCE ERRORS IN THE CONCENTRATION OVERPOTENTIAL� AS SEEN IN EQUATION ��	� )N MODELLING� THIS WILL IMPACT
PREDICTED BATTERY CAPACITY� DUE TO THE PROPENSITY TO UNDERPREDICT CELL
VOLTAGE CUTOFFS DURING
CHARGE�DISCHARGE� )DEAL ASSUMPTIONS ONLY HAVE A STRONG INFLUENCE AT MEDIUM
HIGH #
RATES� HOWEVER� WHEN
OHMIC LOSSES ARE NOT DOMINANT� )N SITUATIONS WHERE BATTERY OPERATION INDUCES A HIGH DEGREE OF CONCENTRATION
POLARISATION� OR FOR CELL FORMULATIONS WITH PARTICULARLY HIGH ELECTROLYTE MOLARITIES� INCLUSION OF AN ACCURATE
�+ ∂ LN F±/∂ LN CE IS WARRANTED�

������ 0ARTIAL MOLAR VOLUMES
0ARTIAL MOLAR VOLUMES ARE THERMODYNAMIC PROPERTIES THAT DESCRIBE HOW VOLUME IS DISTRIBUTED ACROSS THE
COMPONENTS IN SOLUTION � 6E FOR SALT AND 6� FOR SOLVENT	� $OYLE ET AL ;�= SIMPLIFIED THEIR TREATMENT OF
CONCENTRATED SOLUTION THEORY BY ASCRIBING ZERO MOLAR VOLUME TO THE DISSOLVED SALT IN SOLUTION� 0ARTIAL MOLAR
VOLUMES HAVE SINCE BEEN INCLUDED IN $&.
TYPE MODELS ;���� ���� ���� ���=�

)N THE ONE
DIMENSIONAL ION CONSERVATION EQUATION ��	� THE DIVERGENCE OF FLUX ∂.E
∂X YIELDS AN

EXCLUDED
VOLUME FACTOR
(
�− D LN C�

D LN CE

)
� !S SOLVENT MOLARITY C� IS TYPICALLY A WEAK FUNCTION OF SALT CONTENT� CE� IN

TYPICAL LITHIUM
ION ELECTROLYTES� .EWMAN ;���= USE THIS ASSUMPTION TO NEGLECT THE EXCLUDED
VOLUME FACTOR�
HENCE SETTING 6E TO ZERO� 0ARTIAL MOLAR VOLUMES RELATE TO THE EXCLUDED
VOLUME FACTOR THROUGH THE SOLVENT
CONCENTRATION� C�� AND SOLUTION DENSITY� ρ ;���=�

�− D LN C�
D LN CE

=
ρ

C� -�

(
�− D LNρ

D LN CE

)
=

�

C�6�
, ���	
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&IGURE ��� 4HERMODYNAMIC FACTORS OF ,I0&�
CONTAINING ELECTROLYTES AT TEMPERATURES OF �� ◦# �BLUE	� �� ◦# �BLACK	 AND �� ◦#
�RED	� REPORTED FROM THE ,IION$" LITERATURE PARAMETER DATABASE ;��=�

WITH-� BEING THE SOLVENT MOLAR MASS� /NE CAN MEASURE 6E AND 6� READILY WITH DENSITOMETRY� AS DISCUSSED IN
SECTION ������ 2ECENT SPECTROSCOPIC TECHNIQUES HAVE ALSO ALLOWED FOR THE PROBING OF SOLVENT CONCENTRATIONS
;���� ���=�

���� -EASUREMENT�FITTING TECHNIQUES
������ %)3
7E HAVE PREVIOUSLY DISCUSSED THE USE OF %)3 IN INFERRING GEOMETRICAL AND ELECTRODE INTRINSIC PARAMETERS IN
SECTIONS ����� AND ������ RESPECTIVELY� (ERE� WE COVER ITS USE FOR ELUCIDATING ELECTROLYTE INTRINSIC PROPERTIES�
#OMMERCIALLY
AVAILABLE CONDUCTIVITY PROBES WHICH OPERATE ON FREQUENCY
BASED PRINCIPLES ARE COMMONLY
USED TO MEASURE IONIC CONDUCTIVITIES FOR MANY COMMON LITHIUM
ION ELECTROLYTE FORMULATIONS ;���� ���� ����
���� ���n���=�

%)3 IS ALSO PERFORMED WITH SYMMETRIC PLANAR CELLS WITH BLOCKING �STAINLESS STEEL	 OR NON
BLOCKING
�LITHIUM	 ELECTRODES� 4HE IONIC CONDUCTIVITY� σE� MAY BE EXTRACTED BY MEASURING THE HIGH
FREQUENCY RESISTANCE
VALUE� 2B� IN THE BULK ELECTROLYTE� RELATIVE TO THE %)3 CELL GEOMETRY� AND THEN LEVERAGING THE EQUATION�

σE =
,S
2B!

, ���	

WHERE ,S IS THE PLANAR INTER
ELECTRODE SPACING AND ! IS THE GEOMETRICAL ELECTRODE AREA� 4HIS IS OFTEN DONE WITH
AN ELECTROLYTE SOAKED POROUS SEPARATOR BETWEEN ELECTRODES AND CAN BE USED TO CALCULATE THE EFFECTIVE
CONDUCTIVITY� BASED ON THE HIGH FREQUENCY BULK RESISTANCE INTERCEPT ON A .YQUIST PLOT ;���� ���� ���=� 4HE
LOW
FREQUENCY IMPEDANCE RESPONSE CAN ALSO DETERMINE CONTRIBUTIONS FROM THE IONIC DIFFUSION COEFFICIENT�
$E(CE)� AND TRANSFERENCE NUMBER� T�+(CE) ;���� ���=� 4HIS APPROACH IS AKIN TO A FREQUENCY
DOMAIN ANALYSIS OF
REPEATED POLARISATION
RELAXATION EXPERIMENTS� DISCUSSED IN THE FOLLOWING SECTION�

������ 0OLARISATION
RELAXATION CELLS
0OLARISATION
RELAXATION CELLS REFER TO SYMMETRIC PLANAR LITHIUM METAL ELECTRODE CELLS� USED TO CHARACTERISE
ELECTROLYTE PROPERTIES BY PERFORMING A SEQUENCE OF STEPS WHERE A CURRENT OR VOLTAGE �OR LACK THEREOF	 IS
APPLIED� 4HE CONCENTRATION GRADIENTS RESULTING FROM POLARISATION
RELAXATION STEPS ARE THEN TRACKED� OFTEN
BEING INFERRED THROUGH CONCENTRATION OVERPOTENTIALS �ALSO CALLED DIFFUSION POTENTIALS	� WHICH SCALE WITH THE
CONCENTRATION GRADIENT ;���=� 4HE NEXT FEW SECTIONS OUTLINE COMMON POLARISATION
RELAXATION EXPERIMENTAL
TECHNIQUES USED FOR ELECTROLYTE PARAMETERISATION�

�������� 2ESTRICTED DIFFUSION
4HE ELECTROLYTE SALT DIFFUSION COEFFICIENT� $E(CE)� IS BEST MEASURED WITH A RESTRICTED
DIFFUSION EXPERIMENT IN A
SEALED VERTICAL CELL� WHERE THE ION FLUX DIRECTLY OPPOSES THE DIRECTION OF GRAVITY� /RIENTATION IS IMPORTANT�
ESPECIALLY WHEN NO POROUS SEPARATOR IS EMPLOYED TO PREVENT NATURAL CONVECTION ;���= OR BUOYANCY EFFECTS
;���= FROM MARRING THE METHOD� $URING RESTRICTED DIFFUSION� A NONUNIFORM CONCENTRATION PROFILE IS INDUCED
ACROSS AN ELECTROLYTE� OFTEN GALVANOSTATICALLY OR POTENTIOSTATICALLY� BEFORE MONITORING THE RELAXATION OF THE
CONCENTRATION DIFFERENCE BETWEEN TWO FIXED POINTS� !S CONCENTRATION GRADIENTS RELATE TO THE /#6 VIA

��
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EQUATION ��	� THE DIFFUSION COEFFICIENT CAN BE INFERRED FROM THE EXPONENTIAL RELAXATION OF THE CELL VOLTAGE
;���� ���n���� ���� ���=�

LN6/#6 ∝∆CE =−π�$EFFECTIVE
E

,�S
· T+ CONST, ���	

WHERE 6/#6 IS THE RESTRICTED DIFFUSION CELL VOLTAGE MEASURED DURING THE OPEN
CIRCUIT RELAXATION�∆CE IS THE
DIFFERENCE IN CONCENTRATION BETWEEN THE POINTS WHERE 6/#6 IS MEASURED� ,S IS THE SEPARATOR OR BULK ELECTROLYTE
THICKNESS AND T IS TIME� ! FORMAL ANALYSIS BY .EWMAN AND #HAPMAN ;���= SHOWED THAT THIS LINEAR TIME
DEPENDENCE OF THE LOGARITHM OF VOLTAGE CAN BE USED TO PROCESS DATA ACCURATELY� EVEN WHEN DIFFUSIVITY VARIES
WITH RESPECT TO CONCENTRATION� 4HUS� WHEN CONCENTRATION DIFFERENCES ARE SUFFICIENTLY SMALL� &ICKIAN DIFFUSION
WITH A CONSTANT DIFFUSION COEFFICIENT CAN BE ASSUMED AND THE DIFFUSIVITY RESULTING FROM A RESTRICTED
DIFFUSION
MEASUREMENT SHOULD BE INTERPRETED AS THE VALUE AT THE ELECTROLYTE�S EQUILIBRIUM CONCENTRATION�

%HRL ET AL ;���= FOUND THAT THE RESTRICTED
DIFFUSION METHOD THROUGH STEADY
STATE POLARISATION AND
LONG
TERM RELAXATION WAS LESS SUSCEPTIBLE TO THE INFLUENCE OF DOUBLE
LAYER RELAXATION EFFECTS THAN
PULSE
POLARISATION METHODS� %RROR DUE TO SURFACE EFFECTS MAY ALSO BE AVOIDED BY USING A FOUR
ELECTRODE CELL�
CONTAINING TWO REFERENCE ELECTRODES POSITIONED AT SOME DISTANCE FROM THE REACTIVE METAL INTERFACES� TO TRACK
DIFFUSIVITIES USING CELL VOLTAGES� AS PRESENTED BY &ARKHONDEH ET AL ;���=�

7HEN PERFORMING RESTRICTED DIFFUSION MEASUREMENTS� ONE SHOULD ENSURE THAT THE INTER
ELECTRODE LENGTH�
,S� BETWEEN ELECTRODES AND DURATION OF VOLTAGE RELAXATION� T� ARE SUCH THAT THE VOLTAGE RELAXES LINEARLY� /THER
INDICATORS OF COMPOSITION SUCH AS CONDUCTANCE AND SPECTROSCOPIC RESPONSE CAN ALSO BEEN USED TO TRACK
CONCENTRATION GRADIENTS BETWEEN TWO POINTS ;���� ���� ���� ���=�

�������� 'ALVANOSTATIC POLARISATION
4HE GALVANOSTATIC POLARISATION� OR CURRENT INTERRUPT METHOD� ORIGINALLY IMPLEMENTED BY -A ET AL ;�= FOR
POLYMER ELECTROLYTES� CAN BE USED TO MEASURE THE TRANSFERENCE NUMBER� 4HIS ANALYSIS IS BASED ON SEMI
INFINITE
LINEAR DIFFUSION ;���=� WHERE THE CONCENTRATION GRADIENT OR /#6 MEASURED IMMEDIATELY AFTER A GALVANOSTATIC
PULSE IS DIRECTLY RELATED TO THE TRANSPORT AND THERMODYNAMIC PROPERTIES OF THE ELECTROLYTE� "Y VARYING THE
POLARISATION TIME� TI� AND CURRENT DENSITY� ICIRCUIT� THE SLOPE�M� OF CELL POTENTIAL� 6� AFTER THE MOMENT OF CURRENT

CUTOFF WITH RESPECT TO A TRANSFORMED TIME VARIABLE ICIRCUITT
�/�
I � CAN BE RELATED TO THE TRANSFERENCE NUMBER VIA�

T�+ = �− M&CE�
√
π$E

� D6
D LN CE

. ���	

(ERE & IS THE &ARADAY CONSTANT� CE� IS THE BULK SALT CONCENTRATION� $E IS THE DIFFUSIVITY AND
D6

D LN CE
IS THE

CONCENTRATION DEPENDENCE OF THE DERIVATIVE OF THE MEASURED VOLTAGE �THE DIFFUSION POTENTIAL	 WITH RESPECT TO
THE LOGARITHM OF THE CONCENTRATION� .OTE THAT THIS METHOD REQUIRES INDEPENDENT CONCENTRATION CELL AND
DIFFUSION COEFFICIENT MEASUREMENTS TO DETERMINE $E AND

D6
D LN CE

� AND SO CARE MUST BE TAKEN TO PRECLUDE THE
PROPAGATION OF EXPERIMENTAL ERRORS� 7HILE VALID FOR NON
IDEAL ELECTROLYTES� THIS RELATIONSHIP IS DERIVED USING
CONCENTRATED SOLUTION THEORY� ASSUMING A BINARY ELECTROLYTE WITH ELECTRODE REACTIONS UNDER ANION
BLOCKING
CONDITIONS� 3EVERAL GROUPS HAVE USED THE GALVANOSTATIC POLARISATION METHOD TO MEASURE TRANSPORT PROPERTIES
IN NON
AQUEOUS ,I" ELECTROLYTES ;���� ���� ���� ���� ���=� &ARKHONDEH ET AL ;���= HAVE ALSO FITTED THEIR
FOUR
ELECTRODE GALVANOSTATIC
PULSE RELAXATION EXPERIMENTS WITH A TRANSPORT MODEL� TO EXTRACT ELECTROLYTE
TRANSPORT PROPERTIES�

�������� 0OTENTIOSTATIC POLARISATION
4HE POTENTIOSTATIC POLARISATION� OR STEADY
STATE DIRECT CURRENT� METHOD WAS POPULARISED BY "RUCE AND 6INCENT
;���= FOR TRANSFERENCE MEASUREMENTS IN POLYMER ELECTROLYTES� 4HE PROPERTY MEASURED BY THIS METHOD IS
BETTER DESCRIBED AS A CURRENT FRACTION ;���= OR TRANSPORT NUMBER� T+ ;���� ���� ���=� SINCE INFINITE DILUTION IS
ASSUMED IN THE ORIGINAL DERIVATION OF EQUATION ���	�IMPLYING THAT IONIC SPECIES ARE NON
INTERACTING� )T
SHOULD BE EMPHASISED THAT THE INTERPRETATION OF PARAMETERS T+ AND T�+ IS DISTINCT� !NALYSIS BY "ERGSTROM ET AL
;���= HAS SHOWN THAT POTENTIOSTATIC POLARISATION MEASUREMENTS WITH LIQUID ELECTROLYTES ARE HIGHLY SUSCEPTIBLE
TO THE INSTABILITY OF LITHIUM METAL ELECTRODE SURFACES� !S SUCH� T+ CANNOT BE USED TO PARAMETERISE MODELS THAT
ACCURATELY PREDICT ION FLUX THROUGH THE ELECTROLYTE PHASE�

4HE ORIGINAL "RUCEn6INCENT METHOD APPLIED A SMALL CONSTANT POTENTIAL BIAS ��� M6	 AND COMPARED THE
INITIAL AND STEADY
STATE CURRENTS� AFTER SUBTRACTING INTERFACIAL RESISTANCE EFFECTS� TO DETERMINE THE TRANSFERENCE
NUMBER VIA�

T+ =
)SS(6− )I2I)

)I(6− )SS2SS)
. ���	

��
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(ERE� )I IS THE INITIAL CURRENT MEASURED WHEN A BIAS VOLTAGE� 6� IS APPLIED� AND ISS IS THE STEADY
STATE CURRENT
DENSITY� 2I AND 2SS ARE THE INTERFACIAL RESISTANCES �MEASURED WITH %)3	 FROM THE ELECTRODES� BEFORE AND AFTER
POLARISATION� (OU AND -ONROE ;���= HAVE DEMONSTRATED THAT THE PROPENSITY TO UNDERPREDICT CONCENTRATION
POLARISATION DUE TO T+ MAY BE CORRECTED FOR BY ACCOUNTING FOR THE PARTIAL MOLAR VOLUME OF SALT� 2ECENTLY�
"ALSARA AND .EWMAN ;���= HAVE REDERIVED THE RELATIONSHIP BETWEEN THE STEADY
STATE CURRENT AND TRANSFERENCE
NUMBER FROM CONCENTRATED SOLUTION THEORY� INJECTING THE DEPENDENCE OF THE DIFFUSION COEFFICIENT AND
THERMODYNAMIC FACTOR FOR HIGHER SALT COMPOSITIONS� #OMPARISONS BETWEEN GALVANOSTATIC AND POTENTIOSTATIC
POLARISATION METHODS FOR TRANSFERENCE NUMBERS HAVE BEEN PROVIDED BY :UGMANN ET AL ;���= AND
%HRL ET AL ;���=�

�������� (ITTORF METHOD
4HE (ITTORF METHOD MEASURES THE CHANGE IN MOLES OF CATIONS� COMPARED TO ANIONS� ACROSS THE CELL ELECTROLYTE
CAVITY� WITH THE PASSAGE OF A SET AMOUNT OF CHARGE ;���� ���=� 4HIS RATIO IS THEN DIRECTLY RELATED TO THE
TRANSFERENCE NUMBER� (OU AND -ONROE ;���= DESIGNED A DENSITOMETRIC (ITTORF CELL WITH STOPCOCKS� ALLOWING
THE ISOLATION OF ANODIC AND CATHODIC CHAMBERS AFTER POLARISATION� /NCE GRADIENTS IN THE ISOLATED CHAMBERS
RELAX� THE CHANGES IN DENSITY BETWEEN CHAMBERS COULD BE USED TO DETERMINE THE CONCENTRATION DIFFERENCE� 4HE
TRANSFERENCE NUMBER IS RELATED TO THE CONCENTRATION DIFFERENCE VIA�

T�+ = �+
&6CHAMBER∆CE
1(�−6ECE)

, ���	

WHERE 6CHAMBER IS THE VOLUME OF THE CELL CHAMBER WHERE ION ACCUMULATION OR DEPLETION OCCURS�∆CE IS THE FINAL
CHANGE IN CONCENTRATION BETWEEN THE NEUTRAL CHAMBER AND CATHODIC OR ANODIC CHAMBERS� 1 IS THE CHARGE
PASSED AND 6E IS THE PARTIAL MOLAR VOLUME OF SALT ATTAINED FROM THE DENSITY
MOLARITY CORRELATION� 4HE OVERALL
CHANGE IN COMPOSITION FROM THE (ITTORF METHOD MAY ALSO BY TRACKED CONDUCTOMETRICALLY AND
POTENTIOMETRICALLY ;���=�

������ #ONCENTRATION CELLS
#ONCENTRATION CELLS PLACE TWO ELECTROLYTES WITH SIMILAR MOLECULAR SPECIES IN CHEMICAL CONTACT� TO MEASURE THE
LIQUID
JUNCTION POTENTIAL THAT ARISES BETWEEN THEM� 4HIS LIQUID
JUNCTION POTENTIAL OWES TO THE DIFFERENCE IN
CHEMICAL POTENTIAL INCURRED BY THE DIFFERENT SALT CONCENTRATIONS ACROSS THE CELL� 7HEN THE /#6 DIFFERENCE IS
MEASURED WITH REVERSIBLE LITHIUM METAL ELECTRODES ACROSS THE LITHIUM
ION ELECTROLYTE CONCENTRATION CELL� THE
LIQUID
JUNCTION POTENTIAL� φE� IS RELATED TO THE THERMODYNAMIC FACTOR� �+ ∂ LN F±/∂ LN CE� AND TRANSFERENCE� T�+�
VIA THE CHANGE IN VOLTAGE WITH RESPECT TO CE ;���=�

∂φE

∂ LN CE
=

�24

&

(
�+

∂ LN F±
∂ LN CE

)(
�− T�+

)
. ���	

4HE ABOVE EQUATION CAN BE DERIVED BY TAKING EQUATION ��	 AT OPEN
CIRCUIT �ZERO CURRENT	 CONDITIONS�
$IFFUSION IS CONTROLLED BY PLACING BOTH ELECTROLYTES IN CONTACT THROUGH A POROUS SEPARATOR OR FRIT WITH LOW

POROSITY� "Y VARYING THE REFERENCE AND TEST CONCENTRATIONS ON EITHER SIDE OF THE CELL� THE COMBINATION OF THE
THERMODYNAMIC FACTOR AND THE TRANSFERENCE NUMBER THAT APPEARS IN EQUATION ���	 CAN BE EXTRACTED� 4HE
THERMODYNAMIC FACTOR FOR LITHIUM
ION ELECTROLYTES IS THEN ISOLATED BY AN INDEPENDENT MEASUREMENT OF
TRANSFERENCE NUMBER VIA POLARISATIONnRELAXATION EXPERIMENTS ;���� ���n���� ���� ���� ���� ���=�
#ONCENTRATION
CELL EXPERIMENTS INHERENTLY AVERAGE THE TRANSFERENCE NUMBER ACROSS THE CONCENTRATION PROFILE
THROUGH THE FRIT� 4HE DIFFERENCE IN TEST AND REFERENCE CONCENTRATIONS SHOULD THEREFORE BE MINIMISED� TO
PREVENT CONVOLUTION OF CONCOMITANT CHANGES IN TRANSFERENCE AND THERMODYNAMIC FACTORS ;���=�

������ 3PECTROSCOPIC TECHNIQUES
3PECTROSCOPIC TECHNIQUES� SUCH AS .-2 SPECTROSCOPY� HAVE BEEN USED TO CHARACTERISE ELECTROLYTE TRANSPORT
PROPERTIES� LARGELY FROM TWO DIRECTIONS� 4HE FIRST IS USING SPECTROSCOPY TO EXTRACT ENTIRE LITHIUM
ION
CONCENTRATION PROFILES� /FTEN THIS IS DONE WITH IN SITUMAGNETIC RESONANCE IMAGING �-2)	� 3IMILAR
POLARISATION
RELAXATION EXPERIMENTS ARE PERFORMED� BUT -2) IS USED IN PLACE OF VOLTAMMETRIC OR
DENSITOMETRIC INDICATORS OF CONCENTRATION� 4HESE PROFILES ARE USED TO VALIDATE ;���= OR INVERSELY FIT RELEVANT
TRANSPORT PROPERTIES ;���� ���� ���=� 2AMAN SPECTROSCOPY AND X
RAY SCATTERING HAS ALSO BEEN USED TO MEASURE
SALT CONCENTRATION PROFILES ;���� ���=� 4RANSPORT PARAMETERS OBTAINED FROM INVERSE FITTING ARE THEREFORE HIGHLY
DEPENDENT ON THE FORMULATION OF THE MODELS USED TO FIT COMPOSITION GRADIENTS�

3ECONDLY� PULSE
FIELD GRADIENT �0&'	 .-2 CAN BE USED TO MEASURE SELF
DIFFUSION COEFFICIENTS OF NUCLEI IN
ELECTROLYTES� WHICH RELATES TO THEIR EQUILIBRIUM "ROWNIAN MOTION� "Y USING RADIO
FREQUENCY PULSES ALONG WITH
MAGNETIC FIELD GRADIENTS� SPATIAL INFORMATION ON CATION� ANION� OR SOLVENT NUCLEI CAN THEN BE ENCODED�

��
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"ECAUSE 0&'
.-2 DOES NOT DISTINGUISH BETWEEN CHARGED AND NEUTRAL SPECIES� ASSUMPTIONS NEED TO BE MADE
TO TRANSLATE SELF
DIFFUSION COEFFICIENTS INTO TRANSPORT PROPERTIES OF CHARGE CARRIERS ;���=� 3RINIVASAN�S RESEARCH
GROUP CONNECTED 0&'
.-2 RESULTS WITH /NSAGER
3TEFAN
-AXWELL CONCENTRATED SOLUTION THEORY� BY
CALCULATING BINARY INTERACTION PARAMETERS USING A $ARKEN RELATION BETWEEN INDIVIDUAL DIFFUSIVITIES ;���� ���=�
$ISCREPANCIES IN 0&'
.-2 RESULTS MAY STEM FROM THE LACK OF ELECTRIC FIELD AND CHEMICAL POTENTIAL DRIVING
FORCES� WHICH ARE PRESENT DURING BATTERY OPERATION� !N EMERGING TECHNIQUE INVOLVES APPLYING A LARGE ELECTRIC
FIELD TO 0&'
.-2 KNOWN AS ELECTROPHORETIC .-2� 4HE MEASURED INSTANTANEOUS VELOCITY BETWEEN SPECIES IS
THEN USED TO INTERPRET TRANSPORT PROPERTIES ;���� ���� ���=�

������ $ENSITOMETRY
4HE ELECTROLYTE DENSITY CAN EASILY BE ATTAINED BY COMPARING THE MASS AND VOLUME OF A PARTICULAR SOLUTION� )T IS
COMMONLY MEASURED WITH COMMERCIAL DENSITOMETERS� THAT OPERATE BASED ON THE OSCILLATING 5
TUBE PRINCIPLE
;���� ���� ���� ���� ���=� "Y VIBRATING A CONTAINER FILLED WITH SOLUTION� THE FREQUENCY IS THEN LINKED TO THE
MASS PER UNIT VOLUME�

0ARTIAL MOLAR VOLUMES� AS DISCUSSED IN SECTION ������ GIVE THE CHANGE IN VOLUME OF A SOLUTION PER MOLE OF
SOLVENT� 6�� OR SALT� 6E� ADDED� 4HE PARTIAL MOLAR VOLUMES ARE DIRECTLY RELATED TO THE WAY DENSITY� ρ� CHANGES AS
A FUNCTION OF SALT CONCENTRATION� CE� ;���=�

6E =
-E −

Dρ

DCE

ρ− CE
Dρ

DCE

, 6� =
-�

ρ− CE
Dρ

DCE

, ���	

WHERE-�,-E ARE THE RESPECTIVE MOLAR MASSES OF SOLVENT AND SALT�

�� 0ARAMETER DATABASE

!S PART OF THIS REVIEW� WE PROVIDE A FREE AND OPEN DATABASE OF BATTERY� AND $&. MODEL� PARAMETERS CALLED
,IION$"� AVAILABLE AT WWW�LIIONDB�COM ;��=� /PEN BATTERY DATA REPOSITORIES LIKE THIS WILL CONTINUE TO AID
RESEARCHERS ACROSS THE ENERGY STORAGE SPECTRUM� &OR EXAMPLE� THE "ATTERY 'ENOME AND "ATTERY !RCHIVE
INITIATIVES BOTH PROVIDE FRAMEWORKS FOR OPEN
SOURCE DATA SHARING ;���� ���=� 2EIS ET AL ;���= HAVE ALSO
SUMMARISED PUBLIC SOURCES OF BATTERY CYCLING AGING DATA FOR DIFFERENT CHEMISTRIES AND OPERATING CONDITIONS�
/THER TOOLS� SUCH AS THE "ATTERY %XPLORER BY THE -ATERIALS 0ROJECT� PROVIDE A DATABASE OF MATERIAL PROPERTIES
THAT CAN ACCELERATE COMPOUND DISCOVERIES ;���=� 4EXT
MINING APPROACHES HAVE BEEN APPLIED TO PARSE A LARGE
QUANTITY OF PUBLISHED LITERATURE� TO EXTRACT RELEVANT MATERIAL PROPERTIES ;���� ���=�

4HE COMPLEXITY IN $&. PROPERTY RELATIONS PRECLUDED AUTO
PARSING OF LITERATURE PARAMETERS VIA
DATA
DRIVEN TECHNIQUES IN THIS REVIEW� (ENCE� PARAMETERS WERE ABSTRACTED INDIVIDUALLY BY REPRODUCING VALUES
OR CORRELATIONS WHERE PROVIDED� OR EXTRACTED MANUALLY FROM PUBLISHED PLOTS�

4HE DATABASE PARAMETERS REPORTED ALONGSIDE THIS MANUSCRIPT WERE LIMITED TO LITERATURE SOURCES FOR
LITHIUM
ION CELL CHEMISTRIES� WITH A FOCUS ON RELEVANCE TO $&.
BASED BATTERY MODELS� 4HEY ARE PRESENTED IN A
SEARCHABLE 0OSTGRE31, FORMAT� ALONG WITH A '5) WEB APPLICATION �AT WWW�LIIONDB�COM	 ;��=� ! SCHEMATIC OF
THE DATABASE STRUCTURE IS DEPICTED IN FIGURE ��� !T THE TIME OF PUBLISHING� THERE ARE ����+ PARAMETER DATA SETS
IN SCALAR AND FUNCTIONAL FORMS ACROSS THE MATERIALS AND PAPERS INCLUDED� %ACH DATA SET IS ALSO ASSOCIATED WITH
THE METHODS BROADLY EMPLOYED DURING ITS DIRECT OR INVERSE MEASUREMENT� 4HE APPLICABLE COMPOSITION RANGE�
TEMPERATURE AND THERMAL SCALING METHODS ARE ALSO STATED� WHERE AVAILABLE� -ATERIAL SUB
COMPONENTS HAVE
ALSO BEEN INDIVIDUALLY INCLUDED� TO MAINTAIN SEARCH FLEXIBILITY�

4HE AUTHORS CAUTION AGAINST PARAMETERISING BATTERY MODELS WITHOUT REGARD FOR THE CONTEXTUAL ORIGIN OF
CHOSEN PROPERTIES� "EST PRACTICE GUIDELINES FOR BATTERY MODELLING SHOULD BE FOLLOWED ;���=� 4HIS DATABASE ACTS
AS A DIRECTORY FOR A RANGE OF PARAMETER VALUES REPORTED IN THE LITERATURE� ALLOWING MODELLERS ACCESS TO THE
CONTEXT OF HOW THE PHYSICAL PARAMETERS WERE MEASURED� !S COVERED IN SECTIONS ���� ��� AND ���� MANY
PROPERTIES ARE METHOD
SPECIFIC AND COMPATIBILITY WITH MODEL FORMULATION SHOULD BE CONFIRMED� TO ENSURE
PHYSICAL CONSISTENCY�

���� #ONTRIBUTING TO THE DATABASE
7E ENCOURAGE THE COMMUNITY TO CONTRIBUTE TOWARDS ,IION$"� /N THE WEBSITE WWW�LIIONDB�COM ;��=� WE
HAVE PROVIDED INFORMATION ON HOW AUTHORS CAN SUBMIT THEIR DATA FOR INCLUSION� 4HIS WILL NOT ONLY SERVE THE
COMMUNITY IN GENERAL� BY MAKING THE DATABASE MORE COMPREHENSIVE� BUT ALSO OFFERS CONTRIBUTORS BETTER
VISIBILITY FOR THEIR WORK� LEADING TO MORE CITATIONS AND INTERACTION WITH OTHER RESEARCH GROUPS AROUND
THE GLOBE�

��
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&IGURE ��� ,IION$" PARAMETER DATABASE STRUCTURE ;��=� &OR A SET OF DATA EXTRACTED FROM LITERATURE� THERE CAN BE A $&. PARAMETER�
PAPER� MATERIAL AND METHODS ASSOCIATED WITH IT� %ACH TABLE IS RELATED TO EACH OTHER THROUGH PRIMARY KEYS �0+	 AND FOREIGN KEYS
�&+	�

�� $ISCUSSION AND CONCLUSIONS

4HE $&. MODELLING FRAMEWORK HAS BECOME A UBIQUITOUS TOOL FOR CARRYING OUT CELL
SCALE SIMULATIONS OF ,I"S�
$ESPITE ITS WIDESPREAD USE� CHALLENGES REMAIN AROUND HOW TO FULLY AND ACCURATELY DETERMINE THE SCALAR AND
FUNCTIONAL PARAMETERS THAT ARE REQUIRED FOR ITS USE� 7HILST A GREAT DEAL OF CHARACTERISATION HAS BEEN REPORTED
IN THE LITERATURE� THERE WAS NO CENTRAL REPOSITORY WHERE INDEPENDENT MEASUREMENTS ARE COLLATED AND CAN BE
COMPARED� 4HE DATABASE THAT ACCOMPANIES THIS REVIEW �AVAILABLE AT WWW�LIIONDB�COM	 FILLS THIS NEED AND WE
HOPE THAT IT WILL SERVE THE BATTERY MODELLING COMMUNITY� BY BECOMING THE MAIN RESOURCE FOR FINDING $&.
MODEL PARAMETER VALUES�

4HE SECOND PURPOSE OF THIS REVIEW IS TO INFORM MODELLERS AND EXPERIMENTALISTS ALIKE ABOUT SOME OF THE
OFTEN UNSTATED ASSUMPTIONS IMPLICIT IN THE METHODS USED TO INFER PARAMETER VALUES FROM RAW EXPERIMENTAL
DATA� 4HE AIM HERE IS TO PREVENT RESEARCHERS FROM USING PARAMETER VALUES WHICH WERE EXTRACTED UNDER
ASSUMPTIONS INCONSISTENT WITH THE OPERATING CONDITIONS IN WHICH THEY AIM TO USE THEIR MODEL� 4HIS IS CRITICAL�
TO ENSURE THAT MODELS HAVE GENUINELY ROBUST PREDICTIVE POWER� &OR MANY PARAMETER VALUES� THE CONSISTENCY OF
ASSUMPTIONS IS CLEAR� &OR OTHER PARAMETER VALUES� FOR EXAMPLE� THE SOLID
STATE DIFFUSIVITY AS INFERRED BY %)3�
THERE ARE TYPICALLY NUMEROUS �AND MORE SUBTLE	 ASSUMPTIONS AT PLAY� E�G� WHETHER INSERTION MATERIALS ARE
TREATED AS SPHERICAL OR PLANAR WITH SEMI
INFINITE GEOMETRY� 4HE PARAMETERISATION CHALLENGE IS FURTHER
COMPLICATED BY THE ISSUE OF IDENTIFIABILITY� A NONDIMENSIONALISATION OF THE EQUATIONS CAN BE CARRIED OUT TO
REVEAL WHICH PARAMETERS CAN BE LEARNED FROM A GIVEN EXPERIMENT AND WHICH PARAMETERS ARE REQUIRED TO
PARAMETERISE A MODEL� 7E HOPE THAT THIS REVIEW SERVES TO MAKE THESE ASSUMPTIONS CLEAR� THEREBY EMPOWERING
RESEARCHERS TO MAKE INFORMED CHOICES ABOUT WHICH PARAMETER VALUES ARE MOST APPROPRIATE FOR THEIR
PARTICULAR SITUATION�

! COMPOUNDING ISSUE THAT APPLIES TO MANY PARAMETERS IS THE PROPAGATION OF ERRORS IN THE
PARAMETERISATION PROCESS� #ONSIDER AGAIN THE SOLID
STATE DIFFUSION COEFFICIENT� 4HE MODEL USED TO CONVERT THE
RAW EXPERIMENTAL DATA TO A DIFFUSION COEFFICIENT REQUIRES THE INPUT OF GEOMETRICAL PROPERTIES� E�G� THE
ELECTROCHEMICALLY ACTIVE SURFACE AREA OF THE ELECTRODE PARTICLES� 4HIS QUANTITY IS ALMOST ALWAYS NOT KNOWN
EXACTLY AND INSTEAD HAS TO BE ESTIMATED BY ANOTHER EXPERIMENTAL PROCEDURE� 4HUS� WE MUST BE MINDFUL OF
HOW THESE ERRORS CAN POTENTIALLY PROPAGATE�

!LTHOUGH THIS REVIEW HAS FOCUSED PRIMARILY ON THE $&. MODEL� THERE ARE MANY APPLICATIONS IN WHICH
REDUCED MODELS GIVE SUFFICIENT PREDICTIVE POWER� &OR EXAMPLE� A CELL PHONE BATTERY DISCHARGING AT A MODEST
#
RATE IS WELL
DESCRIBED BY A SO
CALLED @SINGLE PARTICLE MODEL�� )N SUCH CASES� IT IS PRUDENT TO UTILISE THESE
REDUCED MODELS� NOT ONLY IN THE INTERESTS OF COMPUTATIONAL EFFICIENCY� BUT ALSO BECAUSE THEY TYPICALLY CONTAIN
FEWER PARAMETERS AND ARE THEREFORE SIMPLER TO PARAMETERISE�

$ESPITE ALL THESE DIFFICULTIES� THE $&. FRAMEWORK IS AN EXTREMELY POWERFUL TOOL AND HAS BEEN USED TO GREAT
EFFECT IN HELPING TO ACCELERATE ,I" DEVELOPMENT�

��
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$ATA AVAILABILITY STATEMENT

!LL DATA THAT SUPPORT THE FINDINGS OF THIS STUDY ARE INCLUDED WITHIN THE ARTICLE �AND ANY SUPPLEMENTARY FILES	�
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