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Determination of the Lithium lon Diffusion Coefficient in Graphite
Ping Yu,* B. N. Popov,**? J. A. Ritter,** and R. E. White**

Center for Electrochemical Engineering, Department of Chemical Engineering, University of South Carolina, Columbia,
South Carolina 29208, USA

A complex impedance model for spherical particles was used to determine the lithium ion diffusion coefficient in graphite as a
function of the state of charge (SOC) and temperature. The values obtained range fromxof(.4%to 6.51x 10 11 cné/s at

25°C for 0 and 30% SOC, respectively, and for 0% SOC, the value’@teas 1.35< 1010 cm?/s. The conventional potentio-

static intermittent titration technique (PITT) and Warburg impedance approaches were also evaluated, and the advantages and dis-
advantages of these techniques were exposed.

© 1999 The Electrochemical Society. S0013-4651(98)02-032-1. All rights reserved.

Manuscript submitted February 6, 1998; revised manuscript received July 30, 1998.

The use of lithium-intercalated carbons as anodes instead of lithi- Theory
um metal for rechargeable lithium batteries helps in overcoming the ' The graphite electrode considered here is a small, flat, cylindri-
severe degradation problems associated with the metallic lithiuméa| electrode that is filled with spherical graphite particles, as de-
solvent interface and the short cycle life due to dendrite formatlonscribed in more detail in the Experimental section below. The elec-

during cycling. As alternative materials to replace lithium metal, trode reaction at the surface of the graphite partiéfe is
graphite, pyrolytic carbon, mesophase carbon, carbon fiber, as well

as carbons doped with P and N, have been studied exterisively. L charge 0 s
However, the lithium ion transport properties in these carbons have LT +e +§&§ dchar Erge LY - &7 (1]

not been measured precisely due to experimental difficulties associ-

ated with the changes of lithium content with time during chargingwhereS;, represents the vacant site within the graphite host and avail-
and discharging the electrode, and from uncertainties in the determigple for lithium intercalationy is the charge of lithium remaining
nation of the parameters necessary for evaluation of the lithium 10Rfter its intercalation—7 is the Charge the graphite host accumu-
diffusion coefficient. These parameters include the dependence @htes after lithium intercalatiol® In this paper the charge process on
the open-circuit potential of the anode upon the lithium content, theyraphite signifies the intercalation process of lithium into graphite,

electrochemically active surface area, and the molar volume of th@hereas the discharge process signifies lithium deintercalation from
lithiated material. graphite.

Several electrochemical techniques have been developed to deter-

mine the diffusion coefficient of the lithium ion in carbon, such asth . tal i h " B ing that
potential intermittent titration technique (PITT), current pulse relax- € experimental parameters aré charge vs. ime. By assuming tha
the carbon particles are spherical, and by using the appropriate ini-

ation (CPR), potential step chronoamperometry (PSCA), cyclic volt- . > " )
ammetry (CV), and electrochemical impedance spectroscopy (EISji2! and bo_undarngondmons, Fick's second law for a short-time
Reported values of the diffusion coefficient of the lithium ion in vari- @PProximation (= R/D, whereR is the maximum length of the dif-
ous carboneous materi&f$ using these techniques vary greatly and fusion path, i.e., the particle radius) lead¥'fo
are summarized in Table |. Note that the values reported by Takami et
al*2are three orders larger than those given by Morita’ét al.

The objective of this work was to determine the lithium ion dif-
fusion coefficient in graphite. Here, the PITT, Warburg, and a COM-\ hich describes the variation of charge with time. In EQ B the
plex faradaic impedance model for spherical particles were used

: U e T ; oulombs per unit mass of active material due to potentiostatic
determine the lithium ion diffusion coefficient in graphite. The latter ; ; P : .
: : . charging or discharging,is the elapsed time from the beginning of
technique is an extension of the method reported by Motupall ging ging b 9 9

o . g L ¥he stepF is the Faraday constarkjs the effective surface area per
et all* for determining the solid-state diffusion coefficient of pro- PF y ! b

. h . . ' unit mass of the electrodB, is the diffusion coefficient of Lfi, and
tons in a nickel hydroxide film. Haran et'dlextended Motupally's o andCp are the concentrations of Lbefore and after the voltage

planar diffusion model to spherical coordinates and used it to deters f ; : :
mine the diffusion coefficient of hydrogen in metal hydrides. step, respectively. Thu® is determined from the slope of a linear

plot of Q vs. /t.

PITT.—In PITT, the potentiostatic mode acts as a coulometer and

= i%(co — Cr)Vt (+ for discharge—~ for charg [2]

* Electrochemical Society Student Member. Wri\gburg impedance-This method was flrst proposed by Ho_
** Electrochemical Society Member. et al.;/" where they expressed the Warburg impedance representing
& E-mail: popov@engr.sc.edu the diffusion of an ion as

Table I. Lithium ion diffusion coefficients in different carboneous materials.

Material Diffusion coefficient (crfis) Range ok in Li,Cq Technique Source
Petroleum coke 1.610°°~18x 1078 0<x<0.65 PITT Guyomard and Tarason
Carbon fiber 1012 ~ 10710 0<x<0.6 CPR and PSCA Uchida et'dl.
Pitch-based carbon fiber 8 ~ 10710 0.1<x<0.5 EIS Morita et at!

Carbon fiber 1077~ 10754 0.1<x<0.5 EIS Takami et df
Artificial graphite 1085~ 10777 0.1<x<05 EIS Takami et d2
Carbon fiber 1010 x=0 Modeling and CV Verbrugge and Kdéh
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~Zim = 8w Y2 0r Zge = 0 12 [3] coefficient of Li" is obtained from the slope of the Nyquist plot
[d(Z,,,)/d(Zgo)] in the diffusion-controlled region.

Experimental

d = Vm(dEOL/dx)/zFArr(ZD)”2 wheno >> D/R? [3a] The electrochemical measurements were carried out using a
) . . Swagelock three-electrode cell (defined here as a T-cell) shown in
ando is the angular frequency,is the Warburg prefactov,is the  gjg 1 A typical graphite anode was prepared by mixing 16.3 mg of
molar volume of lithiated materialdE,/dX) is the gradient of the graphite powder (1-g&m, Aldrich) with 10% polytetrafluoroethylene
coulometrlp titration curve, which |s.c.)bta|ned from a plot of the (PTFE, Aldrich) and roller pressed into a thin disk approximately
open-circuit potential vs. the compositioxi ‘at each charged state, 95m in thickness, 1.26 cm in diam, and 14802 cn? in volume.
mis the amount of active material in the electradis, the charge  The average value of 1,60 was used for the diameter of the graphite
number of the electroactive species, aiglequal to 1 for Li. particle. The counter and reference electrodes were made of Li foil
e . 5 . (99.9%, Aldrich), and a sheet of Whatman glass fiber membrane was
im p'\ggglr:fed oEfli nme‘lag(]:?ri;ﬁg(r:r?iglngyg eHn? riznwerittt?:rﬁ t;;e faradaic used as the separator. The electrolyte consisted of 1 M dig¥olved
in a mixture of propylene carbonate (PC), ethylene carbonate (EC),
o 1- j)o and dimethyl carbonate (DMC) in a ratio of 1:1:3. The T-cell was
Z(w) = =R + 7 assembled in a glove box filled with Ar. The cathode and anode sepa-
ration was approximately 0.3 mm. After the cell was assembled, it
remained in the glove box for 30 min to allow the electrolyte to dis-
perse into the porous structure of the graphite anode prior to cycling
[4] and carrying out other electrochemical characterizations.

where

al
. |wR? . D
coth( + — - (-
Jo{ Criy5y — ¢ J),/Zszl
The reaction of Li with the organic electrolyte which results in

whereng is the overpotential at= R, | is the specific current due  the formation of the passivating film occurs during the first charge-
to the electrochemical reactignis the imaginary unit/—1, ando discharge cycle. After two cycles, the passsive film formation rate

(modified Warburg prefactor) is expressetPas decreases dramaticafly® Thus, before carrying out the PITT and
(93/3Cx) m EIS measurements the T-cell was charged and discharged at least

= [5] two cycles between 0 and 1.0 V vs. Liflieference electrode using

(03/9mg) a,V(1 — €)FV2D a constant current density of 0.1 mAfkihe PITT was carried out

potentiostatically at 0.2, 0.1, and 0.06 V vs. Lilieference elec-

whereVis the volume of the cylindrical pellet electrode agis the 540 The state of charge (SOC) was estimated by the coulometric
electroactive surface area per unit volume of the electrode. In Eq. rve (Fig. 2) corresponding to these imposing potentials. In Fig. 2,

the faradaic impedance is a linear combination of the charge-trans; _  refers to 0% SOC. whibe= 1 corresponds to 100% SOC. The

fer resistance and the diffusion impedance (modified Warburgy, o qance measurements were carried out on preconditioned elec-

o_leﬁned by the first and se_cond terms on the right s_ide of the €AUqtodes. The fully charged electrodes were discharged for 2 h using
tion, respectively. Separating the modified Warburg impedance iNQhe same current density of 0.1 mAfriext the electrodes were

areal part4gg) and an imaginary parZf,) and differentiatind’,,  giowed to stabilize at open-circuit potenti&,,, The SOC was
andZg, gives the slope of the Nyquist plot in the diffusion-con- jetermined from the coulometric titration curve (Fig. 2) obtained for

trolled region a& the stable open-circuit potential.
d(Zm) _ T[T+ (S8 + 55 1SSt -9H —2 {T4 846 o !
d(Zre) Tl-Ts +(S8+ 28 SS 298 —2(T $5 2 )9

(6]

_ _ . — (2 2. _ The experiments were carried out using Corrware and Zplot soft-
T=ES-5% =G+ Ts=GSHSS 6o Nersion 1.4d (Scribner Associates, Inc.) with the EG&G
SS=S% SS=20 - S S;= 2 coth(y) coth)(1 — vSp) Princeton Applied Research ac impedance system. The impedance

5 6b tests covered the frequency range from 0.005 Hz to 10 kHz. The
— 205 + S5 [6b] impedance experiments were carried out at 25 afi@ 8Bd the

S, = 20 coth@l) cot(l) — Sg:  Ss = cothgy) — cot@y) [6¢c]  PITT experiments only at 36.
S = coth@h) + cot@): S;=2—S;; S5 = cothg)?

+ COt(‘b)z [6d] Spherical
pamcc
b [ o '/'
=5 e -
2D a2
. . . . | : | Separainr
Note that the ohmic resistance of the cylindrical electrode and th i, __._J""' T Werklng sletede i
uncompensated solution resistance are not included in Eq. 4. Neve e ks
theless, the ohmic resistance affects only the magnitude of th CyBnderkal pellet
impedance, it has no effect on the slope of the Nyquist plo
[d(Z,,)/d(Zgo)] in the diffusion-controlled regime, which is the I W

quantity being sought in this analysis. In addition, the double-laye = — 1 B
capacitance is assumed to be negligible in the diﬁusion-controlle||: A
region, because the time constant for diffusion in a solid is mucl 7—l B ] callesior
greater than the time constant corresponding to the double-lay: S
capacitancé? Also, migration in the solid phase is neglected in this ~ Fitic maud
model because of the small charge carried by the Li ion. Swrgehok " thres

Equations 6a-d are functions ¢f According to Eq. 6eys is T Elactrode zall
defined in terms of the frequenay, diffusion coefficientD, and the  Figure 1. A schematic diagram of the Swagelock T-cell used in determining
radius of the particleR. Thus, witho and R known, the diffusion  the Li" diffusion coefficient in graphite.
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Figure 2. Coulometric titration curve for graphite.

Results and Discussion

Determination of the li diffusion coefficient using PITFAs
shown in Eg. 2, the value of the diffusion coefficient can be extract
ed from the slope of @ vs. Jt plot with known values of, C°, and
Cg. The values 0€° andCy were obtained in this work as follows:
the compositionsx” (in Li,Cg) before and after a voltage step were
obtained from the coulometric titration curve (dependence of the
open-circuit potentialE,., vs. composition X’). Next, theC® or C
value was estimated using Eq. 7

__(xe)
12g/mol

where 12 g/mol is the molecular weight of carbon, 2.0 §A%is the
density of carbon, and6 is the molar ratio of lithium to carbon in

x 2.0g/cm® [7]

(i.e., 9% SOC) from the coulometric titration curve (Fig. 2) when the
graphite electrode was charged at 0.2 V vs. [i/tthen the concen-
tration Cy was calculated to be 2.8 102 mol/cn? according to
Eq. 7. The effective surface arég,was determined by a Brunauer-
Emmett-Teller (BET) measurement using a Micrometrics Pulse
Chemisorb 2700. The value Afhere is 1.5 rfig.

The potentiostatic intermittent titration curves for graphite at var-
ious SOCs are given in Fig. 3. The integration of curders. time
in Fig. 3 gives the values of the charging coulurfbsFigure 4
shows the corresponding dependenc® ohtY2for different SOCs,
which all appear to be quite linear. The slop&af.t12at 9% SOC
is 6.01 C/g %°. With the initial concentratio®® of zero, the con-
centrationCg of Li* equal to 2.5 1072 mol/cn? after the poten-
tial of 0.2 V vs. Li/Li" was imposed, and the effective surface area
at 1.5 nf/g, the Li" diffusion coefficient was calculated from Eq. 2 >
to be 1.03x 10712 cné/s. Figure 5 shows that the diffusion coeffi- o
cients determined using the PITT technique ranged of2.08~12
to 9.30x 10714 cné/s, and that they decreased with an increase ir

SOC from 9 to 57%.

Determination of the Ui diffusion coefficient by the EIS method
using Warburg impedance-The electrochemical impedance spectra
obtained for graphite at various SOCs are shown in Fig. 6. The fre
quencies in the diffusion-controlled region and the charge-transfe
region are also indicated in Fig. 6. The Warburg impedzpci the
diffusion-controlled region is plotted in Fig. 7 as a functiomof?
at different SOCs. A linear relationshipzy, vs.» Y2 was observed
for graphite at each SOC. In Eq. 3a, the valu¥ pfvas calculated
to be 8.69 crifmol with the electrode volume of 1.8 1072 cn,
the electrode mass of 16.3 mg, and the formula weight of 12 g/mc
for carbon. At 35% SOG(= 0.35 in LiCg), the value ofiE,Jdxwas

1.0

0.0 T Q.OQO-QAG&!;Oe_{&e.o‘efe&'soe—sofe
0,6‘09 o 8- -0 -8-@- e -o-0
o P
., .- -
,'m l"' ,4«-"‘7/7<k * il
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Figure 3. Potentiostatic intermittent titration curves for graphite at various
SOCs;T = 55°C.

and the slope 0Z,, vs. o Y2 was 0.4553 from Fig. 7; the corre-
sponding Li" diffusion coefficient in graphite was then estimated to
be 2.27x 10 13 cné/s. The values of diffusion coefficient at differ-
ent states of charge are plotted in Fig. 5 along with the PITT results.

Determination of the L diffusion coefficient by the modified EIS
LiCs. For example, the compositionwas determined to be 0.09 method—To compare the results obtained using the conventional

150.0

75.0

9
3
5

% charge -®
3 7% charge 4-
7 % charge A-

20.0

o
_/
&
& 4
57
4/. , /A
.A’/ A.’_,
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7 &
a’ I'e
4
, s
a, ’
*e®
K
, s
ks »
7 3
e ‘A
3
, A.{"
/a o
N
’ £
"
L&
N 1
10.0
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determined to be 0.8159 from the coulomb titration curve in Fig. ZFig. 3; T= 55°C.

Figure 4.Q as a function of2 for graphite at various SOCs extracted from
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Figure 5. Li* diffusion coefficients as a function of the SOC determined by
PITT and Warburg impedance approaches; 55°C.

Warburg approach with those estimated using the modified EI¢
modell5 simulations were carried out for different *Lidiffusion
coefficients. These simulations were performed with the values o
frequency,w, ranging from 0.01 to 100 Hz, the graphite particle
spherical radius of 0.75m, the Warburg prefactas, of 5Q/s'2and
amg/dl of 100 (the values ofr anddmg/dl were arbitrarily chosen).
The results are shown in Fig. 8. The modified impedance is chara
terized by three distinct regions: the semi-infinite, transition, and
finite diffusion regiong*20-22The frequency range corresponding to
these regions is related to the value of the diffusion coefficient and t

the radius of the particle. At high frequencies, wher< D/

R2, the

11

w—l/z (md/s) -172

28.0 T T B e T
3 35 % charge * , -
240 F 18 % charge O ad i
| 12 % charge A ”,'
7 7% charge ® e
0 % charge @
20.0 [ T . 5
| ° t’—’ 4
16.0 | .
= e P ]
E I ]
S L - -
£ L A &
Y120 . E
- -a
e, - A
» _——“"—’ 1
8.0 e T -
,—"‘/’—
e - _ .o
L .- < - a--" "
4.0 |+ _ _-—u“'—-‘a’ b
__-e-" e 7
| a---°~ R U x---"""" *ooT
o
o_or..J PP B EEPEEPEr S EEPEr R B
3.0 4.0 5.0 6.0 7.0 8.0

Figure 7.Warburg impedancé,,, as a function of /2 for graphite at var-
ious SOCs exacted from Fig. 6.

hyperbolic cotangent term tends to unity in Eq. 4. As a result, thealue of D/R2, lies between the semi-infinite and finite diffusion

modified Warburg impedance simplifies to the conventional Warburgregions. In Fig. 8, each of the three characteristic regions is easily
identified, where it is seen that increasing the diffusion coefficient

impedance. In such a case, a straight line with an angle afate-

sponding to the semi-infinite diffusion region, is observed in thejncreases the abscissa value for the onset of the transition region.

Nyquist plot (Fig. 8). At lower frequencies, when>> D/R?, the
slope of the imaginary vs. real plot approaches infinity, and, i.e., as= 10 () were used as known parameters. Note that these parameters
shown in Fig. 8, a vertical line perpendicular to the real-axis is SeeRffect only the magnitude of the impedance; they have no effect on

on a Nyquist plot, corresponding to the finite diffusion region. The
transition regiod*2%-22at which the angular frequency is close to the

30

20

-Z,, (ohm)

10

T T T T T T
. 35% SOC
- 18% SOC ]
0
. 12% SOC * 0,005 Hz
v 7% SOC
. 0% SOC |
*
0005Hzy o
v *
v * -
v *
v 0.02 Hz
0.005 Hz & L
. '-,0\ 0.02 Hz
A v
v .
0005H; ,  _ve*
| a A v', . i
0.02H u A T 0.02 Hz
a et
e~
10k ) ) 30z ) A )
10 20 30
Zge (0hm)

Figure 6. Nyquist plots for graphite at various SOCs and €55

During the simulations the values @f= 5 Q/s"2 and gmg/dl)

80 i L ! LI T T : T T T T T T
Yinite diffusion + 0.01 Hz
| i :
i '
N i '
1 '
60 I ! :
! |
i !
= 50T i !
£ i /
= - : '
CA ! /
E40 [ i /
N i ,
i i ’/ transition
1 ,
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| | /
transition ; ¢
20 [ l ’,’
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- i e D=5.0e-10 cm?/s
10k /I,{,’ ------- D=1.0e-10 cm?/s
'
| ,’
0 100Hz )7 semjinfinitediffusion |, ., o,
0 10 20 30 40 50 60 70
Zge (0hm)

80

Figure 8. Simulation results from the modified EIS model with different
lithium ion diffusion coefficients. The values efand @ng/dl) were set to

5Q/sY2and

10Q, respectively.
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the slope of the Nyquist plot in the diffusion-controlled regions. So 50 T T T T T T T T T
their magnitudes were not critical to the foregoing analysis.
The method for extracting the diffusion coefficient from the tran- L 4
sition region is well exploited in literatuté20-24 Mathias and
Haag? used the equatidAD = L?w/5.12 to calculate the diffusion w0 F i
coefficient with the slope of2.0 in the transition region. Pyt
employed the equatidhD = #fR%/1.94 (wherd is the frequency at
the transition region) to obtain the diffusion coefficient. In their
work, only a single slope or single frequency in the transition regior
was used for determining the diffusion coefficient, which can lead tc g
an error because the transition region cannot be specified exaci§ 2500
with only one data point in a Nyquist plot. Similar to Motupally i
et al.}* the frequencies for the slopes in the range bf5 to—2.5
(between 0.005 and 0.02 Hz) were considered in this work to corre 20 [ T
spond to the transition region, and were used for determining the di
fusion coefficients. r ]
The impedance data presented in Fig. 6 were reprocessed | L
using the modified EIS model. The transition regions at different 10
SOCs are shown in Fig. 9. The'ldiffusion coefficient at each SOC
was determined using the following procedure. The imaginary an 3 .
real parts of the EIS data at each state of charge in the diffusic

30 | 55°C ]

'Zlm

region were fitted to a polynomial function of the form 0 1 L 1 L 1 L L L )
Zyn = 8+ bZge + 022, 8] 0 10 20 30 40 50
The fitting parameters, b, andc were then determined. A slope was Zge (0hm)

obtained by differentiating the polynomial function at each dataFigure 10. Nyquist plots in the diffusion region for the diffusion of‘Li

p_o_int. Ne?(t, Eq- 6a-e were solved fpat each frequency iU th_e ran-  graphite at 0% SOC, and at 25 and@&5Solid symbols are experimental data
sition region with the slopes betweerd.5 and—2.5. The Li" diffu- and lines are fitted equations.

sion coefficients were estimated using Eq. 6e for the known frequer
cy and radius of the spherical graphite particle (.i75. For exam-
ple, Eq. 8 fitted to the data at 0% SOC (fully discharged state) resul
ed inZ,, = 0.1311— 0.120&g, + 0.036Z3, By taking the slope

of this function at each data point and solving Eq. 6a-d, the values

the Li* diffusion coefficient at each data point were determined. ; ) :
. a agreement with those estimated by Morita étahd Verbrugge and
These values were averaged to obir 1.35 < 10 1° cn¥s for K%ch.13 The Li* diffusion coefficier):ts at 5% also decreaggd only

0% SOC. The same procedure was repeated at other states of char ?ghtly by increasing the SOC, and the* Ldiffusion increased

Figure 10 shows the EIS data and Eq. 8 correlations at 25 angd. AT . o e
55°C and at 0% SOC. The slopes in the transition region varied Wit|"é cl)ge?ftlzevxltt: ;l:czrga::]r:jg Stgmv\?;gtf rlez'f tl%{ol(?;)n% ihssgﬂfgﬂg

P - :
temperature. The values of the'Ldiffusion coefficients estimated cn?/s, respectively. The value of the activation energy at 0% SOC

was estimated from these values using an Arrhenius expression to be
5.1 kd/mol, which is in agreement with that reported in the literature
(7.5 kd/mol for Li" diffusion in a LiAl alloy)1°

The diffusion and migration through the passivating film were

| o%soc not accounted for in this model. This was because the transition fre-
30 quency region analyzed in this study was far from the frequency
region where the passivating film is active. The frequencies in the
transition region used to determine thé diffusion coefficient and

at the two different temperatures and at various SOCs are presented
in Fig. 11. It is seen that increasing the SOC from 0 to 30% caused
the Li* diffusion coefficient at 25 to decrease only slightly from

12 x 101910 6.51x 10711 cné/s. These values are in good

7% SOC

_ T T T T =
=20 | -1 F E
£ .| |
o 2 ]
) E
E 10 E M. 3
N | 4 F 3
sk ]
12%S0C & 2f 1
S 1womE E
10 T e = —e—  modified EIS, 25°C E
F —&—  modified EIS,55°C 1
18%S0OC ; i —&—  conventional Warburg,55°C |
4 102 3
35% SOC E E
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Figure 11.Li " ion diffusion coefficients in graphite determined by the mod-
Figure 9. Nyquist plots in the diffusion region for graphite at various SOC at ified EIS method as a function of the SOC at various temperatures; the val-
55°C. Solid symbols are experimental data and lines are fitted equations. ues obtained from the Warburg method are presented for comparison.
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the frequencies in the region associated with the diffusion process iburg impedance technique over the entire diffusion region, where
a porous passivation film at 0% SOC are shown in Fig. 12. Theslopes other thar 1 exist, produces erroneous values of thedif-
slopes recorded in the frequency region between 1.58 to 30 Hz wefasion coefficient.

determined to be 0.49 0.38 with a phase angle of approximately The modified impedance approach presented here for determin-
22°. Takami et al? suggested that this part of the curve is associat-ing the Li" diffusion coefficient in spherical carbon particles is
ed with diffusing of lithium ions through a porous passivating film. based on determining only the slopeZgf vs. Zzc in the transition

The porous structure of the passivating film was also confirmed byegion. The slope in the transition diffusion region is only a function
Liu and Wu?>As shown in Fig. 12, the frequencies used in this studyof s, which according to Eq. 6e, is defined solely in terme,dD,

for determining the Li diffusion coefficient fell between 0.005 and andR. Thus, with known values af andR, the Li" diffusion coef-

0.02 Hz resulting in slopes ef1.5 to—2.5, indicating that by using  ficient in spherical carbon particles can be obtained from the slope
this complex model one estimates only the diffusion coefficient inin the transition diffusion region with much higher accuracy com-
bare graphite. pared to the PITT or conventional Warburg impedance approaches.

Comparison of the different methods used to estimate theifk.i Conclusions
fusion coefficients-According to this study, the diffusion coefficients An impedance model for a spherical particle was used to deter-

obtained using the PITT and Warburg impedance techniques were Waino the | i diffusion coefficient in graphite from EIS data as a
orders of magnitude smaller than those obtained using the modifiegl, , +ion of SOC and temperature. The Wiffusion coefficient val-

EIS approach, and their dependence on the SOC was much less in theq \vere found to depend only weakly on the SOC of the electrode.

latter technique. The observed differences in the values obtained fGFhe Li* diffusion coefficients obtained for 0 and 30% SOC ar25
the Li™ diffusion coefficients were due to inaccuracies of the PITT were 1.12x 1010 and 6.51x 10 1 cn?/s, respectively, which is

an_d_Warburg_ tec_hniques. Th? accuracy of t_he PITT method for dete{h agreement with results reported in the literatdr€. Slightly
mining the Li" diffusion coefficient in graphite depends on accurate higher Li* diffusion coefficients were found at %5 At 0% SOC
estimations o2°, Cg, andA. Similarly, the precision of the Warburg e \aues of the Li diffusion coefficients at 25 and 55 were
impedance approach depends on accurate estimation,of 1 455 19-10 ang 1.35x 10710 cm?/s respectively. The corre-
(dEoJ/dx), andA. Graphitized carbon typically shows several voltage g, qing activation energy was estimated to be 5.1 kJ/mol, also in
plateaus in the(ggen-cwcun voltage,., vs. X’ profile due to a stag- agreement with that reported in the literatifre.
g\g ph?”ome“ (as dshc()\:/gn In d C':: 'g'l 2)6(\1/\_/hlchb|mpedes hacculrate The conventional electrochemical methods, i.e., the PITT and War-
]Eei/ern;matlogs OdethX),d ,an P n ah' .'t;i%m ecaulset ?va Y€ burg impedance approaches were evaluated for determining*the Li
of Vi,, depends upon the degree of graphitizatraihe molar volume = i qion coefficient in graphite. The tidiffusion coefficients esti-

of lithiated material must be determined from the stoichiometry of themated using the PITT and Warburg impedance methods were two
Li intercalation reaction into various carbons. Estimatiodotising 5 yers of magnitude lower than those obtained using the modified EIS

Onlﬁqufh;ln't'al statel ﬁf theh cke]lrbon d_?es n?t yield very agcurate Valannroach and the dependence on the SOC was much less in the latter
ues: oreover, although the specilic surface area can be measured . nique The observed differences in the diiffusion coefficients

using the BET single-point method, the electrochemically active sUrieq it from uncertainties in the estimations of the parameters that

face area is always smaller than the physical surface area. Thus, Proare required i ;

i - - quired in the PITT and Warburg impedance approaches, such as
lems assoc_:la_ted with Ot.’ta'ﬂ'”g accurate valuedifAdx), Cc_) or Cg, (dE,Jdx), C° andCg, V,y,, andA. In contrast, only» andR are required
A, andV, limit the application of the PITT and Warburg impedance j, the modified EIS method, which gave rise to less uncertainty com-

approaches for determining Ltliffusion coefficients in carbon parti- 56t the PITT and conventional Warburg impedance approaches in
cles. Also, the V\_/arburg 'mP?d?‘r_‘CG ‘.eChF"que applies only to syste timating the L diffusion coefficient in carbon materials.
that are exactly in the semi-infinite diffusion-controlled region, where

the slope o, vs. Zg.is equal to 1. In fact, application of the War- Acknowledgments
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diffusion coefficient of Li in the particle, crfis
open-circuit potential, V

frequency in the transition region, Hz

Faraday’s constant, 96,487 C/equiv

current due to the electrochemical reaction, A
imaginary number/—1

specific current per unit mass of active material, A/g
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amount of active material, g

charge per unit mass of active material, C/g

radial coordinate, cm

radius of spherical particle, cm
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time, s
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Figure 12.Nyquist plots for graphite at 0% SOC af65
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z impedance(}

Zim imaginary impedance)

Zge  real impedance()

Greek

€ porosity of the electrode

o modified Warburg prefactor defined in Eq.(8s!/2
d Warburg prefactor defined in Eq. @/s'2

v charge number of lithium remaining after its intercalation
® angular frequency, rad/s

mn overpotential, V

R overpotential at the particle surface< R), V

] defined by Eq. 6e

dngl/dl charge-transfer resistande,

1.
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