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Modeling Lithium Intercalation of a Single Spinel Particle under
Potentiodynamic Control

Dong Zhang,* Branko N. Popov,** and Ralph E. White***2

Center for Electrochemical Engineering, Department of Chemical Engineering, University of South Carolina, Columbia,
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A mathematical model is presented for the lithium intercalation of a single spinel particle as a microelectrode undeluthe stimu
of a cyclic linear potential sweep. The model includes both lithium diffusion within the particle and kinetics at theepexcticle/
trolyte interface. The model is used to predict that peak current densities depend linearly on the scan rate to a cewdn power
a constant term, which is different from the predicted peak current density for a conventional redox system.
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Although much has been done concerning the modeling of an elec- Model Development
trode or a whole lithium battery, little can be found in the literature on  The following assumptions apply when we simulate the lithium
the modeling of lithium intercalation of a single particle. Vé#sil!  extraction/insertion behavior of a spherical particle following appli-
treated insertion into a composite cathode consisting of an active irzation of a potentiodynamic stimulug) Radial diffusion of lithium
sertion material and electrolyte in a porous structure, modeling theons dominates the process. In other words, the lithium concentra-
electrolyte and active cathode material as superimposed continugn gradient in the particle occurs only in the radial directibnA(
without regard to microscopic structure. Mao and V@hiséormulat-  Butler-Volmer reaction rate expression governs the charge-transfer
ed and extended their model to include a separator. The galvanostafifetics at the electrode/electrolyte interfadi) The open-circuit
charge and discharge of a lithium anode/solid polymer separator/insepotential of lithium intercalation includes two plateaus, as given by
tion cathode cell were modeled by Dogteal® Later Fulleret al* Eq. A-1 in the Appendix and shown in Fig. A-iv)(Current for the
presented a mathematical model for the galvanostatic charge and digharge and discharge of double layer capacitance at the solid-elec-
charge of a dual lithium insertion (rocking-chair) cell. Paxton andtrode/liquid interface is neglected) (There are no side reactions
Newmart proposed a theoretical approach for estimating a constanéych as electrolyte decomposition. The electrode/electrolyte interfa-
diffusion coefficient to use in an insertion electrode model for the casgijal kinetics are not complicated by solid electrolyte interphase
where experimental data exist for the diffusion coefficient as a func{Sg|) formed on the electrode surfaog) The Li* concentration in
tion of state of charge of an intercalation material. the electrolyte is constantvii) The electrochemical reaction that

Carefully controlled experiments and theoretical analyses argccurs at the surface of the particle can be represented as
needed to clarify the behavior of individual componeigs, @ctive

material, conductive filler, and binder) that make up a typical porous _ intercalation, discharge
electrode that is used in a cell. Individual carbon-fiber electrodes Li* +e” + Mn,O, ~  =—= LiMn,O4 [1]
were used by Verbrugge and K&¢Ho isolate characteristics intrin- deintercalation, charge

sic to a lithiated carbon fiber. They also proposed a theoretical

approach and mathematical methods in cylindrical geometry t ST ! L S

investigate lithium intercalation of single-fiber carbon electrodes. | 'oy'9a11€Se dioxide in which manganese is in‘thxidation state
Microelectrode techniques make it possible to determine the kinetE-JInd reduce the oxidation state of Mn to 3.5, as shown on the right

: na Mmaxe I poss - .. side of Reaction 1.v{ii) The flux of the lithium ions within the

ic and transport properties of lithium insertion/extraction of a particle here is d diffusion i . dient fisdiT

with a diameter of 10 to 10@m. &1 Microelectrode techniques are P o e IS GU€ to diffusion in a concentration gradient fidpirere

very versatile in kinetic studies because of high rates of flux in theiS no phase change of the crystalline particle during intercalation or
elerztrol te phase due to the small size of the %Iectrode less interfef-Eimercal"jltion of lithium ionsx( The lithium ion diffusion coeffi-
yte p ! ientD is a constantx{) There are no pores inside the particle. That

O B e v e s 2., s  perect sl sphere
ed by the influence of binders, electronically conductive additives, or In general, the intercalation of lithium ions into a spinel particle

- an be described in terms of a process in which a lithium ion in the
other components necessary for the fabrication of porous electrode, Olution adjacent to the electrode becomes partially desolvated and

In other words, the response is solely from the reaction between th . ’ .
active material and the electrolyte. The current observed in the voltigdsorbEd onto the surface of the microelectrode; this process is

ammetry for a microelectrode is typically on the order of rlanoam_accompan|ed by the insertion of an electron into the conduction

peres, which is four to six orders of magnitude smaller than the usu qand of the solid. Subsequently, the partially solvatéddn moves

current observed in cyclic voltammetry experiments. This is due to th (:Ilrosdséscr’l\a}laﬂgg g:%séur:tfgfset:\% ?:t;iréfgzsaﬁ'%nn?gﬁamg%i g:rigot?:ne;
small surface area of the particle electrode. This feature reduces greaf- y idati f i ¥ is lowetddb Th '
ly the distortion of cyclic voltammetric behavior due to ohmic resis- he ;));]' ation state o trgnsrﬂon metal lons 1S ﬁwe P T efrt;on .
tance, which is found in studies of porous electrodes. the lithium ions occupying the sites close to the surface of the parti-

This paper describes an approach to simulate mathematically thcIe diffuse radially into the center of the particle by the driving force

behavior of lithium intercalation in a spinel particle including both 6t a concentration gradient. The deintercalation of lithium ions is

L ) ok . considered to be a process opposite to the above description.
mass transport within the particle and kinetics at the particle/elec- The flux of lithium ions K) within the particle is

trolyte interface subject to a potentiodynamic stimulus.
N = —DVc [2]

ccording to Reaction 1, lithium ions are intercalated into solid

* Electrochemical Society Student Member. . . s . L .
** Electrochemical Society Active Member. wherec is the concentration of lithium ions abdis diffusion coef-

= Electrochemical Society Fellow. ficient. Diffusion is assumed to be the mechanism of transport of the
Z E-mail: white@engr.sc.edu lithium ion in the particle.
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A material balance dr a small wlume element in the pile

leads to the dierential conseration law for Li* in the paticle
e__ VI [3]
ot

The combingion of Eq. 2 and 3 yields
% =DV?c [4]
ot

We stat from the fully dischaiged stée as an initial condition
with uniform lithium concenttion ¢, in the paticle, comesponding
to the composition LigMn,O,, and fnite kinetics ae considezd
We wish to legp the model gneal thus the intekfcial kinetics of the
electiode is intuded For a single sphé&al electode the goveming
equdions ae

1. Fck’s second la

o _ - 02 , 20cH

ot B or ror H

whetrer is radial distance &fm the center of the pile.
2. Initial condition

(5]

c(r, 0) = ¢ (6]

3. At the electode surace

i Coc 0 7
E_ D%Trr—ro[l []

wheri is the curent density fithe electnde surce and is posite
during deintecalaion of lithium ions.

The curent densityi is assumed to bewgn ty a ButlerVolmer
equaion with Eq. 1 as thesaction melanisnt-1°

BFn [

. - _ 0
'E: k(e) P (cy) P (co)? EBXFETH eXpH T 4

Combindion of Eq. 7 and 8 yields

_pc - 1B (o 1B \BE B)FnO
D@#Q (o) P ey P )P D
expg— BFT‘% [9]
or
eo@ed _. O 1 BFng BFn [
roffef - ol - eoft R
and

io = Fk(cp)'P(co)P(c® (11]

whetery is the mdius of the pdicle, k is a eaction ate constantg;
is the Li* concentation in the liquid phase @eed hee as a con
stant,known value),c, (= ¢, — ¢ is the surfice concenétion of
vacant siteseady for lithium inteicaldion, cgis the concenétion of
lithium ions on the susice of the elecbde andc; is the conceng
tion of total sites dr seding lithium ions.The oemotentialr is
defined as

m=¢s— U [12]

whete ¢ is the potential tathe suréce of the paicle andU is the
open-cicuit potential of the eleatde which is a function of the
concentation of lithium ions in the paicle.

4. At the center of the spheal electbde

7,
r r=0

To male the poblem simplerwe suppose thahe potentialp is
uniform throughout the paicle. Thus

Ps = Uapp

[13]

[14]

where Uy, is the @plied potentialThis is a easonble assumption
because the speiifconductvity of the spinel’is 1004 Qtcm™L
Thus, for a paticle with radius of 10pum, the wltage difference
between the center and the saagé of the paicle can be estimad
by using Ohms law to be less than 5 mV with a cent density of
0.6 mA/cn?, which will cause ont a small deiation for the wltam-
metic responses undeniestigition.

The goveming equéon, initial condition,and boundar condk
tions can be placed in a a@mient dimensionlessim if we use the
following dimensionlessariables

dimensionless timt = % [15]
fo
dimensionless distanceofn the center of pticle X = rL [16]
0
dimensionless conceation y = % [17]
. . Lo g
and dimensionless aent density | _FDco [18]
Equdions 5,6, 7, and 13 become
2
9y _ a_z’ L 20 [19]
ot ox X 0X
y(x,0)=1 [20]
; y
- -2 e
X x=1
%a =0 [22]
X x=0

If we letcy = ¢, tha is, the initial concengtion is equal to the total
concentation, Eq. 10 becomes

— —y|b g —
S
(23]
wheryl,-; = cJ/c; and
a= kg (24]

which is a dimensionless aneter denoting thestio of the difu-
sional lesistance rg/D) to the interécial kinetic esistance
{1/(kd~P)}, involving the Li" concentation in the liquid phase
Under potentiognamic stinulus, the gplied potential banges lin
eaty with time, and can bex@ressed b

Uqpp = Ug + Vit [25]

app
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Table I. Parameters for the lithium inter calation reaction.

D (cm s} 22X 1079
0.5

¢ (mol dm™3) 1.0
ro (cm) 5x 1074
Co (mol dr3) 23.7
¢ (mol dm™3) 23.7
Cy (mol drr ™3 0.0 (initial value)
k (cnP2s 1 mol~13) 0.00019
v(mV s 1.0
a (dimensionless) 1.3€
Uo (V) (Ylk=1 = 1.0) 3.5102

Table Il. Parameters for the lithium inter calation reaction.

D (cnPs™ 1) 107°
B 0.5
¢ (mol dm3) 1.0
ro (cm) 5x 1074
Co (mol drm3) 23.7
¢ (mol dm3) 23.7
Cy (mol drm3) 0.0 (initial value)
k (cmP2s~1 mol~13) 0.0001
a (dimensionless) 1.5€
U (V) (Ve_q = 1.0) 3.5102

where Uy, is the gplied potentially is the initial gplied potential,
which we assign to be the same as the initial opesuitipotential
and is futher discussed belo The potential weep rate is epre-

sented as.

Equaions 19,20, 22, and 23 with assigned anetes in Table |
or Il were sohed with a patial differential eqution soler PDE2D'®
Among the édures of this soler ae emplyment of a collocgon
method with cubic Henite basis functionsadative time stp con
trol and discetizaion of time ly use of the Gank-Nicolson skeme
The dimensionless aant density of lithium inséon/extraction is
given ty Eq. 21. Since the open-ciit potential ér reaction 1 is non-
Nemstian,Eq. 23 is complicded The open-cituit potential gpres
sion (see thAppendix) br Reaction 1 as dven ky Doyle et al1®1n
this sinulation the @plied potential ange, Uy, is from 3.5102 to
4.3102V vs Li/Li*.

Results and Discussion

Compaison of sinulation results with gpeiimental daa.—Fig-
ure 1 pesents a compiaon of our model @dictions to gpelimen

0.8

08 Fie

0.4

experimental

02
-00

02 [ v=1mVis

D=22x10" em®s™

04 k=000019em™ 5" mol'?
B =035

Dimensionless current density, j

35 36 37 3.8 3.9 4.0 41 4.2 43 4.4
U, (Vs LLi")

app

Figure 1 Compaison of model pedictions with gpeiimental d&a1° Para-
meter \alues ag gven inTable .

tal daal® The pedicted dimensionless aent densityj is obtained
by solving the gveming equéons with the paameter alues gven
in Table I. The pedictions ér j were made ¥ beginning the poten
tial swegp @t = 0 with Uy, = 3.5102V so thdj = 0 sinceUy,, =
Ul,=1 = 3.5102V. Then ly incrementing timeJ,,, is increased 1
1 mV per second andis obtained  solving the equ#ons. Note
that U, in this case is slightllarger thanU so tha the anodic per
tion of t?le ButletVolmer equ#on (first tem in the culy bradets in
Eqg. 23) is positie. As can be seen inid= 1, an anodic peak in the
predicted dimensionless cent density occur & about 3.98V,
which is just &ove the laver wltage plaeau in kg. A-1. As time
proceedsthe gplied potential is in@mented until a second dimen
sionless cuent density peak is edicted to occurtsa wltage of
about 4.12V, which is just &#ove the upper oitage plaeau in
Fig. A-1. The pedicted dimensionless aent density then dps
after this second peak because thpliad potential is @y neaty
equal to the open-auit potential (seeif. A-1). Note thathe pe-
dicted dimensionless concegiion of lithium ions &the surlce of
the paticle (y|,—4) is also obtainedybsolving the equ#ns d ead
time stg. Once the pplied potential isaised to 4.310¥, the diec
tion of the svee is changed by chandng the sign ofv to a mirus
sign. Naw, as time poceedsl 4, is reduced fom 4.1302/, and this
provides a pedicted cthodic peak in the dimensionless @nt den
sity j at about 4.11V. The pedicted curent density is rgative nav
because thepplied potential is slighyl less than the open-ciit
potential so thiathe cahodic potion of the ButleVolmer equéon
(last tem on the ight in the bace in Eq. 23) is mo greder than the

Table IlI. Dif fusion coeficients of lithium-ion in Li yMn,0,.

D (cm? s} y Method® Ref.
0.5t0 1.5x 1079 Oand05=y=1 PITT 19
10711 0.4 Transient 21
0.66 to 1.4x 10710 0.1=y=08 PSCA in an aqueous phase 22
0.19t0 3.1x 10711 0.1<y=0.8 EIS in an aqueous phase 23
4.89x 107°° 02=<y=038 cv 20
9.65x 10710 0.3 EIS 24
0.092 to 2.0x 1012 01<y=05 EIS 25
2.2x 1079 017=y=10 cv This paer

2Nonaqueous eledilyte except as indicted
PITT: potentiostéc intemittent titration tednique
PSCA:potential stp chronoampeosmetyy.
EIS: electochemical impedance speascoyy.
CV: cyclic voltammety.
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anodic potion. As time contimies,a second dhodic peak is @
dicted to occurtagbout 3.98V, as epected

The qualitéive agreement beteen the pdictions and the meas
ured \alues ofj in Fig. 1 was obtained Y a tial-and-eror adjust
ment of the pametes D andk (after ixing B = 0.5) so thathe pe-
dicted peak potentials and peakremt densitiesgrteed easonbly
well with the experimental d#a, as shan in FHg. 1. The \alue br D

obtained hex O = 2.2 x 10~% cn? s~ 1) is similar to those obtained

by Guyomad andTarascot® (D = 0.5 to 1.5 1072 cn? s~ 1) and
by Xia andYoshic®® (D = 4.89x 102 cn? s~ 1). The litewture al-

ues of the dffision coeficient of lithium-ion in spinel LjiMn,0, are

summaized inTable lll. It is seen in this fae tha theD values ary

over four oders of ma@nitude indicating tha disagreement gists in
the literture. The discepangy between the tw cuwves in Fg. 1 my

be due to thex¢éended gcling of the spinel eleatde br the eper

imental d&a or the &ct tha the geomety of the expelimental spinel
patticle is not peréctly spheical. Other causes could be thhe
lithium diffusion coeficient D vaiies with the st of dharge of the
paticle or tha the open-cituit potential of the spinel piale used
in the xpeiment my be somwha different from the &pression
we used (Apendix).

Features of the simlation results—Figure 2 shas the simila-
tion results with the pametes from Table II, which ae slightly dif-
ferent from those irTable I. The upper case letein Hg. 2 core-
spond to the concemtion profiles in Hg. 3, which shavs the pe-
dicted concenttion profiles a different times using the pametes
in Table Il at a scanate of 0.4 mV/sThe upper case lettein this
figure corespond to the points ind: 2. The concenttion distibu-
tion and the conceration gradient & the paticle surbice hang
drastically duiing the anodic and td@odic pocess. Initialy the con
centation is unibrm & 1.00 (dimensionless) or 23.7 mol/éms
shovn in FHg. 3a. Duing the anodic (tamging, deintecalding)
processwith a linear incease of theplied potentiallithium dein
tercalaion occus, and lithium ions fbw out of the paticle, which
increases thexadation stae of Mn from 3.5 to 4. Consequewntthe
average concenttion of lithium ions within the paicle kegxs de
creasing The concenttion gradient is seenery ohviously when
time reades the positions of aent density peaks (D and F ilgF2
and 3 vhent = 4.8 ort = 6.24,corresponding tdJ,,, = 3.990 and
4.134V, respectiely); a other timesthe gadient is elaively small.
The concenttion profiles for the c¢hodic (dishaging, intercala-
ing) process dung the bak swee of the gplied potential & sin
ilar to those dér the anodic mrcessexcept tha the aerage concen
tration increases and the éiction of the concerdtion gradient,cor-
responding to intealding lithium into the pdicle, is opposite to
the anodic prcess,as shawn in Hg. 3h Again, the concenation
gradient & the paticle surfice eades its maxima ten the pplied
potential is &the cdhodic peak cuent density positionsta =

04
03_
o2

P IS TS EORRS I

00F
QA

02

Dimensionless current density, j
>

03t

04 i

35 36 3.7 3.8 39 4.0 4.1 42 43 44

Uypp ( V vs. LILI")

Figure 2 Compaison of calculted gclic voltammarams of gcle 1 and
cycle 10 withv = 0.4 mV/s.The points spedid ly upper case lettercor
respond to the conceation profiles in Ag. 3.

10.08 orr = 11.52,comresponding tciJapp = 4.102 and 3.95%,
respectiely (K and N in kg. 2 and 3).

Cydic voltammarams or various scan ates v—Figure 4a
shavs the frst g/cle wltammarams br scan ates of 0.2 to
6.4mV/s over the @plied potentiallJgpp, range from 3.51 to 4.3V

I .

0 “(a) A =0, Uy, 735102V ]
: ) %

3 C ] _ T _
0.0 bovesvuiemommnes =32 U383V, A0 ULV

Lithium concentration, y (Dimensionless)

1=5.6, U,,=4.07V
65 s Crs s R e P OB T s -
i F
L =624, U,,~4.134V |
Tl - T
05 |esiamas G T2 U428V
] H =80, U, =4.3105 V
0‘1 T R R e I R B L PP -
I ) | 1+ 1 | | 1 | | l 1
000102030405060.7080910
Radial coordinate, x (Dimensionless)
(B) ;= =10 T T T T T 1 T 17 T LI
p =160, U,,,=3.5102 V
1‘0 A P I U . S P A I S PP S AP U I S P S U P I S TP S W TP I W WU 1 WP T B BP0 S0P TP W TSP I SR -
- o F 120Uy 391V |
=
w
£ 08 t=11.52, U, =3.958 V
=
g 07 M &
=) =112, U,,=3.99V
R 0B | S—
= _—L-///
= ™= 104, U, =4.07V
g 0.5 - S et e st eese st es e esaeennasnnnn . sssas s ot . v .
=
[}
2
é 04 — ... I I ) -
= ©=10.08, U, =4.102 V
é 0.3 [Proninienrn s S e R e L R B T e =
= J =96, U,,~4.15V
I 1=8.8,U,~4.23 V
.| | I« 1 3 1 3 1 1 | |- | -

0.00.102030405060708091.0

Radial coordinate, x (Dimensionless)

Figure 3 Concentation profiles of lithium within the spinel pécle a& scan
rate 0.4 mV/s. (ajnodic (chamging, deintecalaing) process,(b) cahodic
(dischaming, intercalaing) processThe uppetase lettes in this fgure cor
respond to the points ind- 2.
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R TY IEELRTT

(a)

1st peak

v= 64 mWs’\\ }\
' *

D=107em?s™!

Dimensionless current density, j

4th

a=1.58 ard
72 L 1 1 1 1 1 1 L L
3.5 3.6 37 3 8 39 4.0 4.1 4.2 4.3 4.4
W (Vvs. LVLIT)
(b)

: 0.05 v =0.04 mV/s i
a pmeme= p = 0.0l mV/s
5 v =0.0016 mVis
3
5
Z -0.00
—z D=10"em?s?!
2 a=158
=
E -0.05
£

35 3.6 3.7 3.8 3 9 4.0 4.1 4.2 4.3 44

(Vws. LI/Li")

u_np

Figure 4 Cydic voltammarams br various scanates witha = 1.58 and
B = 0.5. (a)v= 0.2 to 6.4 mV/s(b) v= 0 to 0.04 mVI/s.

vs Li/Li * and bak. As can be seen indr 4a,the peaks in the aned
ic dimensionless cuent densities become ¢@r and the potentials
associted with those peaks become mmositve, and the cthodic
peak dimensionless aent densities become neomeyative and
those associad potentials becomes neoneative for lamger svee
rates.To see teaily the dhang of g/clic voltammarams vihen \ary-
ing the potential scarate, the values of the dimensionless peak-cur
rent density and assotga potential fom Hg. 4a ae summaeed in
Table IV. The frst anodic peak ctent density is 0.116t ¢he poten
tial scan ate of 0.2 mV/s,compaed to the anodic dimensionless
peak curent density of 1.296tahe potential scaraie of 6.4 mV/s.
In a similar mannerthe frst anodic peak potentials Li/Li*
changes flom 3.992V at a scanate of 0.2 mV/s to 4.04¥ at a scan

rate of 6.4 mV/sThe shae and position of the other anodic and

cahodic peaks ary with v similarly. As a lesult of the shift of the

dimensionless cuent density peakshe diference betwen the al-
ues of the peak potential of cesponding peaks becomesgkr
indicating the &istence of baige-transkr resistance and non-Ner
stian behwaior of the system under stydSince the peak height and
shae of the gclic voltammarams brv = 0.2 mV/s ae nuch dif-
ferent fom those ascan ates dove 0.2 mV/sFig. 4b pesents the
predicted wltammayrams br scan ates 1.6 X 103 to 4 X
1072 mV/s.

To corelae the dimensionless peak mt density with scan
rate, the frst anodic peak ctent densmjpl values @ven inTable IV
are plotted as a function @#2in Fig. 5a.The formation of this peak
current density hasactly the same initial conditionsf the \arious
scan gtes.Appaently the elaionship ofj,; vs V2is linear vhen
v > 0.2 up to 10 mV/s. Mean sqearegressmn of the alues or
V2= 0.5 mV/s dves

jpr = 0.57542 — 0.158 [26]

This relationship is in greement with some liteture values in
tha an eqution like Eq. 26 was used to estin@the difusion coef
ficient of lithium ions in the spinel phase of a thpmrous elee
trode?%-22However, the pesent model mdicts thaextrapolaion of
the linear elaionship to a ery low scan ate (s, v< 0.05 mV/s) is
not gpropriate, since theaetically if the scanate is infnitely small
the peak cuent density should bdase to ero. In other vords, j,;
vs V2 is nonlinear wer \ery low scan ates. The dashed I|ne in
Fig. 5a is a cure depicting the elation & very low scan stes,cor-
responding to therkt anodic peaks inif: 4b (alsoseeTable 1V).
The equéion j, = A2 where \ is a constantelated to haige-
transer coeficient and lithium difusion coeficient, with no con
stant tem as used Y Xia andYoshid® and Ooiet al?? does not
agree with the model pdictions pesented her This is becausa)(
the themodynamics of the lithium intealdion of spinel dpaits
from the Nenst equion?® which was the pecondition br the
deiivation of the elaionships usedypOoi et al.or Xia andYoshio;
(ii) & very low scan ates,the paticle will shov a lumped esponsge
and the cuent will be popottional to the scarete.

Figure 5b shws the second anodic peak dimensionlesseatir
density as a function of the scaaterto the pwer of 0.63As shavn
in Fig. 5b these second peaks do nopeed in a linear manner on
the squag oot of the scanae as do theirfst peaks laove a cetain
scan ate. The pedicted dimensionless peak @nt density deen
dence on scarate pesented heragrees vell with tha reported by
Uchidaet all® They detemined expeimentally tha the second peak
cument density \&s popottional tov0-7-0-8

To shav the efect of the upper ptaau of the open-aiuit poten
tial on the thid dimensionless peak cent densitywe ran the
model ly stating the scans in the tedic diection & 4.3102V
with an initial dimensionless conceatton (y) of 0.17 instead of
using a stding potential of 3.510¥ (with y = 1.00) and then scan
ning anodical, as done laove. Thus,the initial conditions a the
same or all scan ates br the c¢hodic scans shn in Fg. 6. Com
patison of Fg. 6 to Rg. 4 reveals thafor all the scanates in kg. 6

Table IV. Predicted peak dimensionless cuent densities and peak potentialsof various scan ates.

v ip (dimensionless) Ugpp VS LilLi ™ (V)

(mVIs) Anodic Cahodic Anodic Cahodic

0.0016 0.00141 0.00481 —0.00455 —0.00125 3.982 4.117 4.114 3.981
0.01 0.00673 0.0229 —0.0227 —0.00599 3.982 4,117 4,113 3.981
0.04 0.0251 0.0783 —0.0764 —0.0236 3.985 4.119 4.112 3.979
0.2 0.116 0.229 -0.231 —0.109 3.992 4.127 4.098 3.968
0.4 0.209 0.355 -0.361 -0.188 3.996 4.132 4.093 3.963
0.8 0.353 0.537 —0.551 —0.309 4.007 4.142 4.089 3.958
1.6 0.567 0.807 —-0.789 -0.514 4.011 4.151 4.079 3.949
3.2 0.875 1.246 -1.116 -0.841 4.025 4.161 4.069 3.934
6.4 1.296 1.932 —1.448 —1.350 4.040 4.180 4.059 3.915
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Figure 5 Peak dimensionless a@nt density as a function of the scateto
a cetain paver for (a) the i st peak and (b) the second peHhe \alues used
in (a) and (b) & deived from Hg. 4.

the dimensionless cuant density is o & 4.3102V, which is dif
ferent fom the \alues shan in FHg. 4 & the same potential.ig~
ure 7a shavs tha the cahodic peak dimensionless cent density,3

is propottional tov®-48 when 6.4= v = 0.05 mV/sThis deendence
of j,3 on V**8indicates tha the ormation of a peak dimensionless
current density on dis@aige (intecaldion) is similar to aedo sys
tem in an aqueous solutiéf.

Figure 7b shws the second anodic peak m@nt density as a
function ofv®-61for the witammarams pedicted br the scans star
ed & 4.3102V in the cdhodic diection. Note thiather is ony a
slight difference betwen kg. 5b and Ky 7h This slight diference

D=10"em?s™!
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p=03

-

'
-

Dimensionless current density,
[=}
[

\ v=6.4mV/s
4th

3rd peak
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386 4.0
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Figure & The wltammarams with the scans stig from 4.3102V for
various scanates.
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Figure 7. The peak dimensionless cent density as a function of the scan
rate to a cemin paver for (a) the thid peak and (b) the second pegke \al-
ues ae deived from the wltammarams pedicted br the scans stid a
4.3102V as shan in Fg. 6.

3.0 35

is due to the tw different stating points (3.5102 and 4.3102
respectiely) for the scans.

To demonstte the effiect of the upper ptaau of the open-auit
potential on the second peak dimensionlesgeatidensitywe ran
the model i stating the scans in the anodic elition & 4.0602V
with an initial dimensionless conceatton (y) of 0.5806.This initial
point is the midpoint betaen the lwer plaeau and the upper
plateau. As a lesult,the formation of all of the second peaks has the
same initial conditions.i§ure 8 shas the wltammayrams obtained
this way. Compaison of kg. 8 to Fg. 4 reveals thafor all the scan
rates in Fg. 8 the dimensionless aent density isero a 4.0602V
whetre the anodic scansere stated Fgure 9 shas tha the anodic
peak dimensionless gent density,, is propottional tov245 when
6.4=v = 0.05mV/s.

Cydic voltammayrams or different \alues of a—In the bound
ary condition 23,a is a dimensionless pameter denotingatio of
diffusional esistance of lithium in the solid host to ingaifl kinet
ic resistancginvolving the Li" concentation in the liquid phase
Equdion 24 gves the mthemadical expression or this paameter
Larger a means dster interécial dhage-transer kinetics wen the
diffusion coeficient is ixed On the other handvhen the intedcial
reaction constark is kept & a cetain valug smallera means dster
diffusion of lithium in the solid host.ifure 10 shws the gclic
voltammarams br various \alues ofa at the scanate of 0.4 mV/s.
In Fig. 10 the paametera was dhangd lby chandng paameterk.
The shaes of the yclic voltammarams ©iang gpreciebly when
patametera is increased fom 0.0316 to 3.16.d¥ instancethe frst
anodic peak potential deases im U,,, = 4.113V vs Li/Li * for
a=0.0316 to 3.99% vs Li/Li * fora = 3.16; 4 the same timethe
value of the dimensionlesgdt anodic peak cuent density inaas
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Figure 8 The wltammayrams ly stating the scans in the anodicefition &
4.0602V with an initial dimensionless conceatfon (y) of 0.5806.

es fom 0.133 dra = 0.0316 to 0.217dr a = 3.16. Havever, a fur

ther incease ofa results in on} a little decease in theirfst anodic
peak potential3.987V vs Li/Li* for a = 31.6 and 3.986/ vs

Li/Li * fora = 3160. Sinultaneousy, the dimensionlessrst anodic
peak curent density ina@ases to 0.223f a = 31.6 and 0.2240k

a = 3160. Similar behdor was obsered for other curent density
peaks.The little dange of peaks tshigh a values eflects tha when
the interficial eaction kinetics is ety fast,the whole intecalaion

process is contdled by the lithium difusion in the solid hostas
expected

Cydic voltammarams br different \alues of3.— is a symme
try factor epresenting the &ction of the pplied potentialUy,,
which promotes the dhodic reaction. In most casdsis dose to
0.5. Variation of B will lead to gprecisble debrmation of gyclic
voltammayrams,especialy when the intedcial kinetics is impor
tant in the lithium intezaldion process. Fyure 11 shws our pe-
dicted wltammetic responsesoir various \alues of whenv =
0.4mV/s. For this lage value ofathe debrmation of g/clic voltam:
mograms is not &ry distinct,as shan in Hg. 11a; havever, there
are signifcant dangs in the cures br various \alues ofg whena
is small as shen in FHg. 11b It can be seen inig: 11b tha a
decease ofg favors the anodiceaction and maids the wlues of

16 i
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Figure 9 Second anodic peak dimensionlessentrdensity,, as a function
of V245 The \alues ae deived fom the wlitammarams pedicted br the
scans staed a 4.0602V as shavn in Fg. 8.
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Figure 1Q Cydic voltammarams br various \alues ofa at scan ate v =
0.4mV/s andB = 0.5 by changdng k.

peak potential smalleFuthemore, a decease off results in an
increase of thealues of anodic peak dimensionlessrent density
and a de@ase of thealues of cthodic peak dimensionless cent
densities. Byifting the pesent model toxpeimental déa, it should
be feasilbe to acquie a pecisep value br a lithium intecaldion of
a speciic spinel.
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Figure 11 Cydic voltammayrams br various \alues off at scan ate v =
0.4 mV/s. (ajp = 1.58 and (bp = 0.0316.
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Summary

Cydic voltammetic responsestalifferent scanates and ér var-
ious \alues of the pametes a (see Eq. 24) anfl (see Eq. 8) ha
been calculeed rumeiically based on the nlzemaical model br
lithium intercalaion of a single sphéaral spinel paticle. The esults
showv tha a \ariety of gyclic voltamma@rams can be pdicted de
pending on thealues of the kinetic pametes goveming the elee
trode eaction and massainser in the solid This dependence is
reflected ly the dimensionlessrgup @, defned in Eq. 24) thare-
lates the tanspot resistance of lithium within the pasle to tha of
interfacial electon transer & the paticle surfice The frst dimen
sionless peak ctent density deends on the squaroot of the scan
rate as gven ly Eq. 26 br the spinel paicle studied in this msent
paper. Also, the peak dimensionless cent density deends dtical-
ly upon knaving the d@endence of the open-cirit potential of the
lithium-ion intercalaion reaction in mangnese digide on the di
mensionless conceation (y) of Li™ in the paticle.
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Appendix

The open-cituit potential as a function of dimensionless conegatr of

lithium-ions a the suréice of the maranese digide paticle is expressed d§

U = 4.19829+ 0.0565661 tanh{14.5546|,_; + 8.60942)
—0.0275479 [(0.998432 y|,_,)~0492465— 1 90111]
—0.157123 ep(—0.04738¢},_,)®)
+0.810239 gp(—40y},_; + 5.355) [A-1]

List of Symbols
a a dimensionless pameter denotingatio of diffusional esistance of
lithium in the solid host to inteaitial kinetic esistancginvolving the
Li ™ concentation in the liquid phasedefned in Eq. 24

¢ concentation of lithium ions within the spinel pticle, mol dm 3

Cy initia3I concentation of lithium ions within the spinel piecle, mol
dm~

¢ Li™ concentation in the liquid electlyte phasemol dn3

Cs concsentation of lithium ions on the swate of the spinel pacle, mol
dm~

¢, concentation of total sitesdr seding lithium ions,mol dm3

Cy surface concendtion of vacant sitesead/ for lithium intercalaion,
mol dm 3

D diffusion coeficient of lithium within spinel paicle, crm? s~1

F  Farada/’s constant96,487 C mot?!

i deintecalaion curent density on pécle surbice A cm—2

ip  exchang curent density on pécle surbicg A cm—?

j dimensionless cuent densityj = iry/FDcy

jp  dimensionless peak gent density

k interfacial hage-transer reaction constangmP’2 s~1 mol~1/2

N flux of lithium ions within paticle, mol cm 2 s1

R universal gas constan8.314 J K1 mol~1

r radial coodinate, cm

ro radius of spinel pgicle, cm

t time, s

U  equilibium potential V

Uy initial applied potentialy/

Ugpp applied potentialy

v potential scanate, V s1

x  dimensionlessadial coodinate, x = r/ry

y  dimensionless conceation,y = c/cy

Greek

symmety factor

overmotential,V

potential &a point within patcle, V
potential &the surlce of paticle, V
constant

a \acant site athe surce of spinel péicle
dimensionless timer = tD/r3

4@7(—/}6-6_'3'@
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