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An impedance model for the electrochemical dissolution of lithium in alkaline solutions is presented. The construction technique

of the impedance function depends on calibration to steady-state properties, described in Part Il of this series. The model, which
is based on the point defect model for the growth and breakdown of passive films, is used to identify effects of various electrolyte
solutes on the properties of the lithium film. The high frequency experimental impedance data are explained by the existence of
a capacitance that is voltage and frequency dependent, a property that is theoretically rationalized. It is concluded that electrolyte
solutes influence the rate of water transport through the outer layer, rate constants, the polarization of the barrier layer/outer layer
interface, and the porosity of the outer layer. Based on the shape of predicted impedance signatures, it is suggested that the derived
impedance equation may be applicable to other systems.
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Thermodynamic and electrochemical kinetic studies on thedirection describes dissolution of the metal. It is believed that cation
lithium/water system demonstrate that the dissolution of the metalacancies,V/;, are the main charge carriers in LiH crystafs.
under open circuit conditions is regulated by a bilayer film com- Other studies suggest that anion vacancies and interstitial species
posed of lithium hydride and lithium hydroxideA steady-state  play important roles in charge conductin'® In the steady-state
model consistent with this bilayer notion and based on the pointmodel, both species transport charge in the LiH film, but cation
defect model(PDM)*® has been developéd. The model extends  vacancies appear to be the predominant charge cafiiissolution
the PDM by incorporating the porous LIOH outer layer and by rec- of the LiH at the BOI together with L'i being ejected from the
ognizing the existence of a defective LiH barrier layer. The steady-parrier layer cause local supersaturation, and hence, precipitation of
state model successfully accounts for the rate of metal dissolutionhe porous LiOH outer layer. The pores remain open in the steady-
and hydrogen evolution in alkaline solutions as functions of thegtate, because of the dependence of the chemical potential, and
applied voltage. It proposes an outer layer porosity that is a decreasience solubility of LiOH, on the pore radius.
ing function of the applied potential, which causes the total current | this paper, the faradaic impedance of the system is computed
density to be also a decreasing function of the voltage within apy determining the first order perturbation in the total current due to
certain voltage domain. The steady-state model explains the invariy" harmonic perturbation in the applied voltage, as discussed
ance of the open circuit potenti@DCP) in diverse electrolytes and  g|sewheré*1® By invoking steady-state constraints, an analytical
accounts for the variation of the coulombic efficiency with respect to expression for the impedance is computed. Fitting the impedance
electrolyte composition and voltage, in terms of the compensatingequation to experimental data permits the estimation of model pa-
effects of the porosity of the outer layer on the partial anddlic  rameters; thus yielding additional information on the interfacial phe-
dissolution and cathodic current den$lt|@§- . nomena that cannot be determined based only on steady-state analy-

A more stringent test of the model is performed by measuring theses. The steady-state model derived in Pdrislused as the zero

interfacial impedance over a wide frequency domain and comparingrequency limit. The derived equation for the system impedance is
the data with calculated impedances as various independent param-

eters are varied in a systematic manner. In the present paper, the
voltage and electrolyte composition are chosen as the relevant inde-
pendent variables, so as to be consistent with the steady-state elec-
trochemical kinetic work that is reported in Part Il of this sefies.
The present work demonstrates that the modified PDM developedf | 7; .y %, 1; yesp, @ Li,—2 Li* +7,,
earlier can be extended to explain impedance data.

Theory @ Vi + HO+2e—" > H, + OH"
Figure 1 summarizes the bilayer model discussed in P&t Il. § o Li—ts Li, +¥, +e LI > L1 sotun

Defective lithium hydride is proposed to exist next to the metal

surface and a highly porous lithium hydroxide film, between the LiH

layer and the electrolyte. The flux of hydrogen vacancdigs, from

the metal/barrier layer interfacéMBI) to the barrier layer/outer

) LiH + H,O—*— LiOH + H,

LiOH — Li* + OH"

layer interface(BOI) is responsible for the growth of the LiH film 6 H,0+e—2 5 0H +1H,
into the metal. The flux of metal vacancieg,;, in the reverse * Baier layer film SoTution

T T T
z=0 z=Ly z=LytLy

* Electrochemical Society Active Member. ) . . ) ) o
** Electrochemical Society Fellow. Figure 1. Interfacial reactions leading to generation and annihilation of

Z E-mail: opensado@swri.org point defects within the passive film on lithium.
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The parameter€,, C,, B, B,, B; are defined as functions of harmonic perturbation in the applied potential of low frequency.
various model parameters such as activities, rate constants, transféiccording to Eq. 4, the response of the total currént, to a per-
and diffusion coefficients, applied potential, and the specific differ- turbation in the applied potential is defined by the responses of the
ential capacitancey, is a constant, ana is the frequency. Defini-  concentration and flux of wategy,, and J,,, and the outer layer
tions of C5, C,, By, By, By for the lithium/water system are de- porosity,0, to that perturbation. These responses are derived below.
scribed later in this paper. Representation of the system impedance The harmonic perturbation to the polarization stAtg, is rep-
as Eq. 1 is appropriate because it includes a maximal set of fivaesented by
independent parameters that can be obtained via curve fitting to
experimental data. In order to derive values for various model pa-
rameters, information on the variation of the five parameters with . . . . )
respect to the applied potential, as well as steady-state parametey¢rereV is the total applied potential anlV, is the amplitude of
reported e|sewhe|%7, are used. A principa' goa' Of th|s paper con- the V0|tage perturbatllon. Itis underStOOd that Only the I’eal pal’t Of
cerns the derivation of Eq. 1 and determination of model parametersthe complex functiore* has physical significance.

The total current density derived from charge transfer reactions The activity of specieg a;, is approximated by; ~ ¢;/c, (c; is

V=V, + AV =V, + AV e [5]

in Fig. 1 i’ the molar concentration ang},, a standard state concentration cho-
MBI B0I__BOI sen as 1 M The constant, is used to define activities as dimen-
Cv:, Cw Cy: cBO sionless quantities. Thus, the water activiy, , is
IT%F k]_"’ sz 2k46T7 —Bkh
o Co CO CW

CMBl aW ~ C_o [6]

V'U BOI
=F|—k; + k, + 6 2 ) I .
( Co T 2t 0w [2] The first order response of the water concentration in the pore inte-

rior (outer layey, ¢y, to the harmonic voltage perturbation can be
whereF is Faraday’s constant (9.649 10* C mol %) andk,, k,, represented by
k4, k;, are the rate constants for Reactions 1, 2, 4, and 6 in Fig. 1.

The concentrations of hydrogen vacancies and lithium ion vacancies

in the LiH barrier layer at the BO(MBI) are symbolized ass.o'
H

cw = Cy + Acy = ¢y + Ache' [7]

wherecyy is the water concentration evaluated\a (steady-state

, respectively. The water concentratigmolar water flux concentratiop and Acy, = Ac\‘}\,ei‘“‘ is the resulting harmonic per-
turbation. In general, in this paper, symbols with an(iseaning
steady-statesuperscript denote functions evaluatedvgt Param-
eters that are functions of the voltage and not including the ss su-
perscript are understood to be evaluate at

andc(\,/"B
Li
in the LIOH pore interior and at the BOI is represented by
CB0 (389", From the charge transfer reactions shown in Fig. 1, the
molar flux of water is equal to-2k,c3X'ct:'/c2 — kichP'c,. The
H

symbol 6 represents the porosity of the LiOH layer €06 < 1). Mass conservation dictates that

The term6J5' is interpreted as the molar flux of water averaged P ) P

over an area that includes both the solid matrix and the pores of the W _ Zp,—N [8]
; 718 at ad ad

LiOH layer at the BOE" X X

In deriving the faradaic impedance of the system, besides deter-
mining the first order response Ip due to a small harmonic per- Dw is the water diffusion coefficient within the pores in the outer
turbation in the applied voltage, steady-state constraints are invoketfyer. Substitution of Eq. 7 into Eqg. 8 yields
to construct an impedance expression that is consistent with the zero

2
frequency limit. For example, requiring that the rate of film forma- dAcw ~ D\Sﬁa ASW [9]
tion is equal to the rate of film dissolution yiefds at Ix
K ~ cw Ko 3 It can be demonstrated that Eq. 9 is a generally valid first order
2 Co bks 3] approximation for the case whebg,, is concentration dependeﬁ’t.

Correcting terms to Eq. 9 to account for any concentration depen-
k¢ symbolizes the standard rate constant of inner layer dissolutiorflence oDy, are of th9e order.ofz.ﬁvo)z, which areonegllglble in the
(Reaction 5 in Fig. 1 Equation 3 is valid at steady-state, and as- linear approximatiort? Substitution ofAc,, = Acje"! into Eq. 9
sumed to be approximately valid under non-steady-state conditionsyields
Substitution of Eq. 3 into Eg. 2, and assuming that

2 0
ky = k§'k, /K3’ (in consistency with Part 9), yields imAcy, = D\S,\faaizcw [10]
oKk BOI
¢
l; ~F ( E— + 1) w okS + eJ\E,‘VO'} [4] The solution to Eq. 10 under the assumption that water transport
CoK2 Co occurs through a semi-infinite outer layer, thet,y is linearly re-

o o ) ~_ lated to the small voltage amplitudeV, and satisfying the restric-
ki" andk;" are standard rate constants for Reactions 1 and 2 in Figtjon that the concentration is bounded in the limit> +c, is

1. Note that Eq. 2 is valid in general, independent of steady-state _
constraints. On the other hand, Eq. 4 is expected to be only valid at ¢y = ¢§$ + Bye"wX LAV = ¢ + By erwX LAV glot
conditions “close” to steady state, such as those induced by a small [11]
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where

w .
Kw = — D_ss(1+|)

W

[12]

The origin of coordinates for the position variable,is set at the
MBI (see Fig. 1 B,y is a function of the voltage and frequency and
is defined as

1 dcy

Bw(Vo,w) = PPV [13]

BOI
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In general J,.. may be defined as a complex number. However in
the present treatmenty,., is assumed to be real, which is equivalent
to requiring thatAV andA Jy|ge, are in phase in the limit of infinite
frequency(see Eq. 18 The response of the concentration and flux
of water to the voltage perturbation is determined by Eq. 11, 16, 17,
and 20. To complete the derivation of the response of the total cur-
rent, |1, to the voltage perturbation, the response of the pordity,
must be established.

6 is computed by requiring equilibrium in the pore interior be-
tween the ionic species, Liand OH’, and the LiOH matrix. The
concentration of Li in the interior of the pore is voltage dependent,
implying that# is also a function of the voltage perturbation. Else-

Steady-state constraints discussed in Part Il are invoked for a morl@'here it has been derived tfat

explicit definition of By . It has been previously derived that

kOI 2
s _ 270 s [14]
Cwlgol = KO KOGMBT <3

LSSy

5°is the rate constant for Reaction 3 evaluatetf at According to
Eqg. 14, in the limit of zero frequencf.e., under steady-state con-
ditions)

Bu(Vo0) 1 dcy agyaky' c, Cwlgol
wlVol) = 7% = MBI K3 = QzyQ
Co AV BOI k(l)'kgcvl,_i Co

[15]

On the other hand, substitution of Eq. 11 into Ficks’ law yields

JAcC D{iw
Adwlgo = —Dy W= CoBw \/%(1 + i)AV
IX g0y

[16]

NecessarilyAJy|gor Must be bounded in the limit of infinite fre-
guency(a physical requiremepttherefore,B,y must decrease with
increasing frequency, at least as fastas’? Defining By, as

By(Vy o) agyaky'c k3®
) =
Wi Fo KO'Kyr 1+ Ayl + i)V
Li
Cwleol
agzyo

Co
1+ AL+ D)V [27]

provides consistent values in the limits of zero and infinite fre-

quency.
In order to assign a physical interpretationAg, let Jy., sym-

bolize the variation in the flux of water into the porous outer layer
with respect to the variation in the applied potential in the limit of

infinite frequencyj.e.

adw
w— v BOI
From Eq. 16 and 17
AJ agzyakdc2 kS /DS
3.~ lim A A2\ g
—®© AV ‘BOI kl kSCV’ Al 2

Li
From Eq. 19, it is concluded that

Cwlsol

2 YT

agyaky'co K3’

1= Co oo VBl 7
k3 kscvl,_i Jvee

D&
2 20

Prr2 0o

T (& * 2azyaV)2 (& T 2azyaV)?

0 [21]

whereP is the number of pores per unit of outer layer surface, and
roande, (=Pwr§) are a reference length and porosity, respectively.
The parameters, and§, are related to the chemical potential of the
lithium hydroxide in the pore wafi. The constantvg is the transfer
coefficient for Reaction &Fig. 1), « is the BOI polarizability and

v equalsF/RT (R is the ideal gas constant aidd= 298 K). If it is
assumed that Eqg. 21 is valid in general, not only at steady state, the
perturbation in the porosityA, is

dogyadss
& + 2azyaV,

a0 =2 v
-5 -

o

AV [22]

Equation 21 is valid in general if equilibrium exists between the ions
in solution, Li* and OH", and the LiOH matrix. It is possible that at
high frequencies of the perturbation in the potential, Eq. 21 may not
hold because of kinetic limitations.

Determination of the response of the total current to the pertur-
bation in the potential is straightforward from results derived above.
By differentiation of Eq. 4

CMBI o SSl
v 1 C
Al; ~F (L—o + 1) BuwOSKAV + L”O'Aekg)
Cok3 Co
cwleol
Y WCO (2K + K + 052 I [23]
Substitution of Eq. 16 and 22 into Eq. 23 yields
MBI o/
Cvﬁi kl kis
ss| B c. kY + Lo
Aly Cwlsor oK2 Ks
— ~ Fagya 0%
AV Co & + 2azyaV,
MBI os
v, k? c, [Dyo
—+ =\ =@+
Cokg ks 2
[24]

1+ AL+ i)o
It is convenient to express the faradaic admittance of the system as

Aly Dy + Dyl + o -
AV 1+ A1+ i)o

where
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MBIk s theory in the limit of infinite frequency. This issue is discussed later
4( 1 - Vi n k_h) in this paper. Parametrization of the impedance as a functi@ pf
CWIBOI g o cokd’ kS B,, and B, facilitates fitting the model to the experimental data.
Dy = Fagya c 0°%s £, + 2azyaV Derivation of Eq. 1 from Eq. 29 necessitates a more detailed de-
° ° scription of the film capacitanc,.
C is the differential capacitance of the fiflh which is defined
MB|kor 3.520
Cv; ] .
t o [26] v do d(Cv) BV 4+ V dC
o2 o T T = N7 = o 0 q\/
dv v-v, dv v-v, dv v-v,
and [33]
MBI, or
CV’. kl KSS ) ; . ~
al1 - & + A where o is the surface charge density of the film a@gV,), the
Cwlgol 8.0 coky’ kS ! specific geometric capacitan¢geometric capacitance per unit of
D2 = Fagya Co 0°%s £, + 2azyaV, surfac?evaluated aV,. Note that, if the specific geometric capaci-
tance,C, is independent of the applied potential, the differential
capacitance and specific geometric capacitance are equivalent.
c, /D% , Equation 33 establishes that perturbation€tinduced by pertur-
+ p— —_—
V72 [27)
. o ) 100 —
Additional steps are needed for the derivation of the system im- Polarization
pedancdEg. 1. If Cis the film capacitance, the admittance of the 90 + state (SHE)
system,Y, is the sum of the faradaic admittance aadC; i.e. 256V
80 + 0 .
Dy + Dy(1 + i) o 236V
Y = jwc + 22702 e 70 + a 198V
1+ A1+ Vo “t 604 o -1.56V (
CA(1 + 0¥+ ioC + Dyl + i)Vo + D, 28] a 5 x -1.16V /
1+ A1+ i)o )
E 40+
Furthermore, if the solution resistand®y, is included, the system ' 30 1
impedance is
(1+ i)Jo + B 20T
Z = - - - - + Rs
i(1+ i)Cw3¥ + ByiCo + By(1 + i)Jo + By 10 1
[29] 0
whereB,, B,, andB; are 0 20 40 60 80 100
1 \/EJVOC
Bi= A~ ss s [30] 200
1 agyacylgoiVDyy
Polarization
MBI, or -+
( oy, ke 180 state (SHE)
41— —5— + /A 4
B, — D, V2FJy.0°%¢ Cok3' ko)™ 160 o 256V
2TAL o DS £, + 2agy0V, 140 + o 236V
« a -1.96V
5 120'_ o -1.56V
< S 100 4 x 116V
Co DW N
t V5 [31] =
ks 2 E 80:
C\,\;lfslkcl)’ ss 60 +
a1- S+
5 _ D V2FJy..05%2 Cokd k2 40 -
AL coVDyy & + 2a3yaV, 20 A
04
CMBIkg, 0 150 200
V"
+ [32] Re(Z), @ cm®
Cokz

. . o Figure 2. Nyquist plots of electrochemical impedance ddg.Lithium in
Because of the steady-state constraints used in deriving Eq. 29, thigy \ koH, (b) lithium in 12 M KOH + 0.58 M sucrose. Impedance
equation is not valid at sufficiently high frequencies. For that reasonoints at three frequenci€s0 kHz, 100 Hz, 1 Hzhave been indicated for
Rs should be interpreted as a constant correcting limitations of theeach data set. Data for five bias voltages with respect to SHE are included.
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Table I. Parameter values and confidence intervals minimizing the error function, Eq. 1, applied to the 12 M KOH electrolyte system. The
percentages represent cumulative distribution function percentgi.e., percent quantiles and the standard deviation(sd) of the bootstrap data?®
The statistics for D, and D, were obtained from the bootstrap data forB,, B,, and B;.

VsHe C3/(10°% s Q' cm? C,/(107* s*2 07t cm™?)
Ve 1% 50% 99% mean sd 1% 50% 99%  mean sd
—2.56 -0.82 7.62 25.60 9.63 6.14 7.4 16.49 2751 16.94 4.77
-2.36 0.03 8.62 20.10 9.57 4.35 21x 10®% 1013 21.28 1055 4.72
-1.96 1.76 6.90 20.03 7.78 4.06 0.4 4.26 7.47 438 2.04
—-1.56 0.38 5.58 13.20 5.42 225 87x 104 2.39 7.58 245 150
—-1.16 1.20 4.91 10.95 471 1.80 0.012 1.40 4.61 1.60 1.06
B,/(s7%? B,/(102 Q7 cm™?
Vshe 1% 50% 99% mean sd 1% 50% 99% mean sd
—-2.56 2.37 6.60 12.52 7.11 1.81 6.37 859 1055 8.63  0.89
—2.36 2.02 13.83 26.38 13.63 4.44 3.05 6.10 8.95 6.16  1.08
-1.96 2.76 16.80 43.80 19.10 8.47 3.65 4.37 6.53 446  0.63
-1.56 3.02 19.69 49.20 20.15 6.74 2.44 3.53 5.68 359 0.35
-1.16 3.24 23.21 40.00 24.25 7.88 2.77 2.85 3.56 3.01 0.25
By/(s¥2 Q7! em?) Rs/(Q cnf)
Vshe 1% 50% 99% mean sd 1% 50% 99% mean sd
—-256  -22x 1072 34x 1074 52x 1072 47x 1073 1.2x 1072 2.52 3.20 5.88 345 0.72
—2.36 —1.5% 102 —2x 10°Y —-9.1x 1071 —-7.6x%x 1074 2.6x 1073 3.08 4,58 9.66 5.08 1.52
-196 -46x10°% -38x10*? -13x10'® -32x10* 96x10* 3.38 592 1382 6.76 245
-156 -61x 102 —-39x 1073 -5 x 10718 ~1.0x 1072 1.4% 1072 3.28 714 16.04 750 210
-116  -84x10°% -74x10'® -58x 10" —27% 1074 1.3x 1072 6.91 10.24 2323 1143 3.69
D, /(7Y cmY D,/(1072 s*2 071 cm™?)
Vghe 1% 50% 99% mean sd 1% 50% 99% mean sd
—2.56 -3.3x10°° 3.7x 10°° 1.3% 1072 8.2x 1074 2.4x 1073 7.20 12,53 40.38 13.02 4.83
—2.36 —77X10% —-19x10® —84x10% —4.8x% 10°° 1.6X 1074 2.92 460 29.69 5.18 3.68
-196 -18x10% —-17x108¥ —31x 10 -1.6x 10°° 43x% 10° 1.49 2.35 16.03 3.04 285
—-1.56 —-35%x10°% —-18x 10* -2.6x 10°1° -6 x 1074 8.4x 1074 1.05 1.76  11.05 2.09 143
-1.16 -33x10*% -55x10Y -24x 108 -1.1x 10°° 53x 10° 0.80 1.25 8.63 149 1.19

confidence intervals.

See main text for a detailed definition of bootstrap data. Bootstrap data were derived by applying the parametric bootstrap’t¢ohdéfine

Table Il. Parameter values and confidence intervals minimizing the error function, Eq. 1, applied to the 12 M KOH and 0.58 M sucrose
electrolyte system. The percentages represent cumulative distribution function percentse., percent quantile9 and the standard deviation(sd)

of the bootstrap data. The statistics forD; and D, were obtained from the bootstrap data forB,, B,, and B;.

Vene Cs/(10° s Q' cm?) C,4/(107° s¥2 7t cm?)
Ve 1% 50% 99% mean sd 1% 50% 99% mean sd
—2.56 0.10 10.31 23.00 10.54 541 23x 107 53.07 127.37 56.77 33.00
-2.36 1.69 10.88 20.96 10.05 402 96x 10715 0.89 44.68 3.91 8.90
-1.96 1.54 4.20 8.47 4.39 139 26x 10 0.07 3.26 0.32 0.62
-1.56 1.06 2.36 5.46 2.67 1.05 29x 10% 10712 0.39 0.02 0.08
-1.16 0.64 1.74 3.50 1.78 054 26x 10 0.06 2.58 0.38 0.60
B,/(s7%? B,/(102 7t cm™?
Vsue 1% 50% 99% mean sd 1% 50% 99% mean sd
—2.56 2.75 18.34 43.38 18.02 7.45 12.96 13.96 22.80 14.90 2.18
—-2.36 2.48 16.13 35.08 16.06 6.92 10.08 11.11 12.62 11.16 0.57
-1.96 1.11 6.91 19.20 7.24 4.14 3.42 3.86 4.62 3.88 0.26
-1.56 0.98 6.79 15.86 6.55 3.00 1.58 1.69 1.91 1.70 0.09
-1.16 0.81 4.71 12.01 5.22 2.28 1.16 1.23 1.37 1.24 0.05
B3/(102 s¥2 01 cm?) Rs/(Q2 cn)
Vshe 1% 50% 99% mean sd 1% 50% 99% mean sd
—2.56 —38.93 —23.70 —3.00 —24.16 8.10 3.47 4.28 5.87 4.35 0.46
—-2.36 —52.36 —29.88 -3.84 —28.52 8.80 4.15 5.29 6.72 5.36 0.46
-1.96 —22.89 -12.72 -1.72 —13.57 4.32 5.49 6.65 9.80 6.93 1.02
—-1.56 -8.14 —5.30 —0.64 —5.34 1.54 8.03 9.84 14.48 10.47 1.98
-1.16 -5.32 -3.21 —0.46 -3.23 1.06 5.65 9.69 20.68 10.65 3.06
D,/(102 Q' cm™) D,/(10°% 2 0t cm™?)
Vghe 1% 50% 99% mean sd 1% 50% 99% mean sd
—2.56 —2.50 —1.48 -0.21 —1.43 0.44 3.57 8.46 47.07 9.95 6.48
—-2.36 -2.81 -1.81 -1.22 —1.89 0.38 3.60 6.93 40.68 8.69 5.74
-1.96 —4.75 -2.01 -1.19 -2.26 0.98 2.41 5.50 32.00 7.55 5.29
—-1.56 —2.04 —-0.81 —-0.51 -0.91 0.37 1.20 2.51 16.30 3.49 2.93
-1.16 —1.44 —0.64 —0.44 —0.66 0.20 1.12 2.54 14.36 2.95 1.98
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Table Ill. Steady-state parameters from Ref. 6 and 7. A 4oz
= —_ + e —
Lol (1= a)ay & + 2agzyaV,
1 ap 0.08
2 agza 0.012 azn AV
3 €2 3.86 T L4 AL i)Yo o [38]
4 kYl kS ¢, 18.2 1
° oo (BpHaor-0Gor erlkQ! /K 22x 1070 consequently
v dc v aé‘ v aCl ALy
bations in the applied potential have an effect on the differential °dvl, — "°av|, %Ly, AV
capacitance and on the system impedaise® Eq. 22 In general, ° ° °
erturbations inC may be frequency dependent as argued in the Cy(V,
p y quency dep 9 vy + 2(Vo) [39]

following.
For a parallel plate capacitor, the geometric capacitance is in-
versely proportional to the distance separating the plates. Thus, it is

ABy + (1 + i)Vl

reasonable to assume thatis a function of the barrier layethy-
dride film) thicknessLy,, and the applied potentiale.

C = C(V,Ly) [34]

C, andC, are two unknown functions of the applied voltage. Note

that Eq. 39 is valid in general & = C(V,c5?"). From Eq. 33 and
39, it is concluded that the differential capacitanCeis of the form

Ca(Vo)

= Vv T
€= ColVol By + (1 +i)Vo

[40]

Steady-state and PDM indictate that the potential drop at the MBI,

g+ is computed ds

dve = (1 — a)(V + dr) — BpHeor — dgoy — elp [35]

br is a reference potentiaf and b3y, are constants with units of
voltage, pHo, is the pH at the BOI, and is the average electric
field in the LiH layer. The rate constark;, depends omb g as

k, = kg’euzvd)mm [36]
Equations 3, 35, and 36 yield
1-a B 1. 1-—«a
Ly = \ ;pHBOI - g¢80| T ——%r
1 (k)1 g0
- Inl —;| — In 6 — In
ayye k3 aryye ayye Co
[37]

In the present approaclt; and C, are treated as unknown func-
tions of the applied voltage, to be determined via a curve fitting
technique.

Equation 1 is readily derived from Eq. 29 and 40. Excellent
agreement between experimental data and the impedance function in
Eqg. 1 has been found, as discussed later in this paper.

Experimental

Experimental impedance data were gathered as part of a program
to develop lithium/water batteri€s:?>The electrochemical cell used
for acquiring the impedance data included lithi@9% purity) as
the working electrode, a saturated calomel electri@eB/Luggin
probe, and a nickel gauza mesh woven from 0.114 mm diam wire
counter electrode as described in PaftILithium was mounted in a
Teflon sample holder of cylindrical shape, which defined the area of
the lithium surface(0.95 cnf) that was exposed to the electrolyte.
The tip of the reference electrodkuggin probe was placed near
the surface of the working electrode to minimize the potential drop
due to the electrolyte resistance. The nickel gauze counter electrode
was placed 5 cm apart from the working electrode. In order to re-
duce interference from external sources, the electrochemical cell
was located within a Faraday cage. Impedance data were gathered in

The response of the barrier layer thickness to the voltage perturbat2 M KOH electrolytes with and without sucro§@.58 M). Experi-

tion is obtained by differentiation of Eq. 3Ve.

ments at lower concentrations are not feasible because of the high

Table IV. Parameter ranges and derivation method.

Ranges
Term 12 M KOH+0.58 M
no. Term 12 M KOH sucrose Derivation Method
1 kg/euay(BpHHO|+(bgO|+u¢R)90 1.5x 10720 27%x 10°¢ Fitting the right side of Eq. 43 to 1 and 99 percent
1.7%x 1077 6.4x 1076 quantile data foD, (Tables | and I} times the factor in Eq.
mol/(cn? s) mol/(cn? s) 42, as a function of the applied potential.
2 c, [D% 25.9, 2.3,781%2 From Eg. 27, data in Table IlI, bootstrap data B, and the
A 7.8X 10°s12 bound values for term 1, bootstrap data for term 2 were
s calculated. The uppédiower) value of term 1 was used to
determine the lowefuppe) bound for term 2, by computing
the maximum(minimum) of bootstrap data for term 2.
3 Iy 5.4 0.5,21V? From Eqg. 20 and the bootstrap data for term 2, two sets of
KO’ e (BPHaor 630, HadR) 2.3x 104Vt bootstrap data for term 3 were calculated. The lo(ugpe)
3 bound is the minimunimaximum of these bootstrap data.
4 & 474 mA/cnt 200 mA/cnt Reported in Ref. 6 and 7 or extrapolated from data therein.
5 (az + ap)(BpHgo + o + adR) -0.86,—0.086 V 0.007, 0.029 V Derived from Eg. 46 and bound values for term 1.
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Table V. Ranges for physical quantities derived from data in Tables Il and IV by assuming thata = 0.5.

Ranges
Term 12 M KOH + 0.58 M
no. Term 12 M KOH sucrose Interpretation
1 k3 0, 23%x 10% 1.34%x 10> 2.3x 105 6.2x 10°® Higher porosity or faster injection of lithium cations into the solution
mol/(cn? s) mol/(cn? s) for the 12 M KOH + 0.58 M sucrose electrolyte system.
2 c, [DF 2509, 7.8X% 1055712 2.3,78.1%? Higher rate of water transport through the pores in the LiOH outer layer
N2 in the 12 M KOH electrolyte system.
S

3 NP 5.4, 2.3x 10"v1 0.52,2.4 V1 Faster injection of lithium cations into the solution for the 12 M KOH

e + 0.58 M sucrose electrolyte systeisee term 1and/or faster rate

s of water consumption for the 12 M KOH electrolyte system.

4 Kp' 51X 1071 1.2x 104 1.7x 1078 59x 107  Faster rate of LiH dissolution rate for 12 M KOH electrolyte system

I or faster rate of water reduction for the 12 M KOH0.58 M

s sucrose electrolyte system.

reactivity of the system. Data were collected by varying the fre- of the latter being classically accounted for by distributed relaxation
quency over a range of 0.05 Hz to 20 kHz. The amplitude of thetime constants or the presence of constant phase elements in an
perturbation to the applied potential was 8 mV. Impedance data werelectrical analog.

measured at different lithium polarization potentiaist.16, —1.56, The angles of the low frequency impedance loci in Fig. 2a are
—1.96,—2.36, and—2.56 Vg The polarization potential was ap- ~m/4 and suggest a diffusion impedance of the Warburg

plied for 5 min prior to the data collection. This pretreatment was might be expected for a semi-infinite diffusion procéssated to

intended to increase the stability of the system. the water transport through the outer Igyéthe low frequency loci
in Fig. 2b points to a negative intersection on the real axis in the
Results and Discussion limit of zero frequency. Equivalent circuits can reproduce this be-

havior with the presence of a negative resistance, whose existence is
not justified in linear system circuit theory. However, this negative
resistance is readily explained electrochemically. The slope of the
total current densitys.voltage,d157dV, in Fig. 4a and 5a in part§l

is negative for potentials above2.5 Vgue The derivatived 157dV

is the steady-state differential faradaic admittance. In the limit of
zero frequencyi.e., at steady stajethe total admittance is equal to
the faradaic admittance, thus explaining the low frequency trends in
Fig. 2b. The impedance loci in Fig. 2a could also exhibit negative
| intersections on the real axis at zero frequency. This is not readily
observed, as the steady-state differential faradaic admittance,

Figure 2 shows Nyquist plotgimaginary (—2) vs. real (2),
Z = impedancg of electrochemical impedance data. Figures 2a
and b display impedance data for 12 M KOH
12 M KOH + 0.58 M sucrose electrolytes, respectively, for differ-
ent polarization stateéss. standard hydrogen electrode, SHEhe
high frequency data plotted in Fig. 2 exhibit interesting features. The
impedance of any charge transfer process coupled to a cofistgant
independent of frequengydifferential capacitance yields a perfect
semicircle in the Nyquist plan@. Therefore, the high frequency
region in Fig. 2b is more consistent with a constant differentia
capacitance than is the high frequency loci in Fig. 2a, with the form

30 - — 60 80
(s = 1.45%10% 5 (€ om)
25 4+ [Ci=2.36x10" 5" (@ em?)" 50 + & 60
1B, =237 52 o
204 [B:=0.0957(Q enr’)” ~_40 + 40
5 1B, = 0.0318 (€ cr? 57" 5 _
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Figure 3. Nyquist and Bode plots of impedance data for lithium polarized at Figure 4. Nyquist and Bode plots of impedance data for lithium polarized at
—2.56 Vg in @ 12 M KOH electrolyte. Experimental data are represented —2.36 Ve in @ 12 M KOH electrolyte. Experimental data are represented
by circles. Points at three frequencies are highlighted in the Nyquist plot. Theby circles. Points at three frequencies are highlighted in the Nyquist plot. The
best fit parameters, used in the computation of the solid lines, are indicated ibest fit parameters, used in the computation of the solid lines, are indicated in
the framed box. the framed box.
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Figure 5. Nyquist and Bode plots of impedance data for lithium polarized at Figure 7. Nyquist and Bode plots of impedance data for lithium polarized at
—1.96 Ve in @ 12 M KOH electrolyte. Experimental data are represented —1.16 Ve in @ 12 M KOH electrolyte. Experimental data are represented
by circles. Points at three frequencies are highlighted in the Nyquist plot. Theby circles. Points at three frequencies are highlighted in the Nyquist plot. The
best fit parameters, used in the computation of the solid lines, are indicated iest fit parameters, used in the computation of the solid lines, are indicated in
the framed box. the framed box.

dI3¥dV, is close to zero and because of the difficulty in probing the function, Eq. 41, was preferred over a standard squared expression
system at sufficiently low frequencies. because minimization of this latter function produced in general
The impedance parameters in Eq. 1 were determined by minifoor fits to the high frequency impedance. On the other hand, mini-
mizing an error function defined as mization of the objective function in Eq. 41 usually yielded more
balanced results, with adequate fits to both the low and high fre-
quency data.
The error function, Eqg. 41, was minimized as a functiorCaf
C., By, By, B3, andRg, by a steepest descent algoriti nu-
whereZ is the impedance computed with Eq. 1 afid the experi- ~ Merical Newton algorithm readily available in Mathematica)4.0
mental impedance. The sum in Eq. 41 includes all of the experimenConfidence intervals for the parameters were estimated by a variant

error= >, (|Re(Z) — Re(Zo)| + |Im(Z) — Im(Zo)]) [41]

tally accessible frequenciégom 0.1 Hz to 20 kHx The objective

of the technique known as parametric bootstfaim this technique,
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Figure 6. Nyquist and Bode plots of impedance data for lithium polarized at Figure 8. Nyquist and Bode plots of impedance data for lithium polarized at
—1.56 V5 in @ 12 M KOH electrolyte. Experimental data are represented —2.56 Vg in @ 12 M KOH + 0.58 M sucrose electrolyte. Experimental

by circles. Points at three frequencies are highlighted in the Nyquist plot. Thedata are represented by circles. Points at three frequencies are highlighted in
best fit parameters, used in the computation of the solid lines, are indicated ithe Nyquist plot. The best fit parameters, used in the computation of the solid
the framed box. lines, are indicated in the framed box.
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Figure 9. Nyquist and Bode plots of impedance data for lithium polarized at Figure 11. Nyquist and Bode plots of impedance data for lithium polarized
—2.36 Vg in @ 12 M KOH + 0.58 M sucrose electrolyte. Experimental at —1.56Vgygin @ 12 M KOH + 0.58 M sucrose electrolyte. Experimen-
data are represented by circles. Points at three frequencies are highlighted tal data are represented by circles. Points at three frequencies are highlighted
the Nyquist plot. The best fit parameters, used in the computation of the solidn the Nyquist plot. The best fit parameters, used in the computation of the
lines, are indicated in the framed box. solid lines, are indicated in the framed box.

an impedance sdtlefined as a collection of impedance data at a also referred to as bootstrap data. The number one hundred was
given polarization potential and electrolyte compositisras trans-  Selected to make the problem computationally tractable and also
formed into one hundred sets by random selection, without repetifecause statistics from one hundred samples were not significantly
tion, of impedance points in the original set. For each of these ondlifferent from those derived with two hundred sets, for a few testing
hundred sets, paramete®s, C,, B, B,, B3, andRwere derived  cases. Tables | and Il also contain statistics for the parambters

via minimization of Eq. 41, yielding one hundred values for each of andD,, determined from bootstrap data 5, B,, andB3, since

the parameters, and allowing for the computation of statistics andd; = B;/B;, andD, = B,/B; (see Eg. 30-32 The method of
definition of confidence intervals reported in Tables | and Il. In this derivation of physical parameters as functions of the statistics in
paper, data generated for each of the parameters via the bootstrafables | and 1l and bootstrap data is discussed as follows.
technique is referred to as bootstrap data. Data derived from ma- Based on the data in Table l(steady-state results from Ref. 6

nipulation (i.e,, multiplication, division, et9. of bootstrap data is and 7
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Figure 10. Nyquist and Bode plots of impedance data for lithium polarized Figure 12. Nyquist and Bode plots of impedance data for lithium polarized

at —1.16Vgyein @ 12 M KOH + 0.58 M sucrose electrolyte. Experimen-

tal data are represented by circles. Points at three frequencies are highlightdel data are represented by circles. Points at three frequencies are highlighted
in the Nyquist plot. The best fit parameters, used in the computation of thein the Nyquist plot. The best fit parameters, used in the computation of the

at —1.96Vgyein @ 12 M KOH + 0.58 M sucrose electrolyte. Experimen-

solid lines, are indicated in the framed box.

solid lines, are indicated in the framed box.
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4. Figure 14. Nyquist plots for two different frequency ranges of the imped-
ance functionC, is varied in the range 1§ to 1 §2 Q! cm 2. Values

f the remaining parameters are indicated in the box. Impedance data at four
requencieg0.01 Hz, 1 Hz, 100 Hz, and 10 khare indicated for each case,
but only few of these points have been labeled.

Figure 13. Nyquist plots for two different frequency ranges of the impe
ance functionCj is varied in the range 10 to 102 s Q™! cm™2. Values
of the remaining parameters are indicated in the box. Impedance data at fo
frequencieg0.01 Hz, 1 Hz, 100 Hz, and 10 khare indicated for each case,
but only few of these points have been labeled.

that are not contained in Table Il were obtained by fitting Eq. 43 to

k(l”cv, mol the numerical data as a function of the potential, by a method out-
- L = 404X 1074 = [42] lined below.
k' CoazayF UL The ratesk3® and k;® are defined as functions of the applied po-
tential a§”’
Multiplication of Eq. 26 by the left side of Eq. 42 yields o
k:S;S — kg/ea3~/(BpHBO|+d)BO|+o<¢R)eo<3yaVO [44]
CMFlkO’ ss
Vii ! I(h
k‘{’CMBI 4l 1 — " + o CMBIkg, and
|,_i Co 2 S V|:i
- D, = 5%(5 SS _ 1,07 a—apy(BpH, +2 +adr) a—apyaVy
k3 coosayF 1= 0% & + 2azyaV, Cok3' kp = k' e “mEPTBort eortaoR)emny [45]
[43]

By substitution of Eq. 44, 45, and 21 into Eq. 43, and with compari-

L . - son to the steady-state parameters in Table Ill, it is evident
In deriving Eq. 43, the steady-state relationship in Eq. 14 was usedthat one degreg of Ff)reedom by the co’mbined term
Data in Tables | and Il and the numerical factor in Eq. 42 were used v (BPhaoy + 620 b . o i o
in determining numerical values for the left side of Eq. 43. Table 1] K3 €"3Y'PPE0IT?s0I"*®R1 , is available to describe the variation of

contains the majority of the terms in the right side of Eq. 43. Thosek‘l”c\“;'?'D1/(kg’c0a3ay F) as a function of the applied potential.
Li
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Figure 16. Nyquist plots for two different frequency ranges of the imped-

Figure 15. Nyquist plots for two different frequency ranges of the imped- ance functionB, is varied in the range 18 to 1G (Q cnv)™*. Values of
ance function.B; is varied in the range I8 to 1¢®s Y2 Values of the the remaining parameters are indicated in the box. Impedance data at four

remaining parameters are indicated in the box. Impedance data at four fref’equencieg0.01 Hz, 1 Hz, 100 Hz, and 10 khiare indicated for each case,
quencies(0.01 Hz, 1 Hz, 100 Hz, and 10 kiiare indicated for each case, Put only few of these points have been labeled.
but only few of these points have been labeled.

bootstrap data fody..e ®3(BPlsort¢eortedr) k9" | were calculated.
Two values ok’ e®s¥(BPsort¢eotadrlg were derived via curve  The lower (upped boundary for Jy..e*sY(BPHaort 30t abr)
fitting as a function of the potential to 1 and 99 percent quantile data(term no. 3 in Table IYwas selected as the minimumaximumn) of
for k°’cMB'Dl/(k2’c0a3ayF), which were computed from 1 and these bootstrap sets. The paramétein Table IV is defined &%

L,
99 percent quantile data f@, in Tables | and Il and Eq. 42. These _ 07 Ay (BpHao+ 62 +adR)
two  derived  values  define  range  limits  for €1 = FOoky e nviPPreormPeortedr [46]

kY e*s¥(BPheortégort«¢r)g  and are included in Table IV, term no. .
13 From Eq. 27. data ig Table Ill, bootstrap data By, and the Values for§, , term no. 4 in Table IV, were reportédi2 M KOH) or

. c? f P | P f ! estimated12 M KOH + 0.58 M sucrosgfrom data in Ref. 6. From
extreme values for term no. 1 in Table IV, two sets of bootstrap datathese data and the range limits for term no. 1, boundary values for
for c,\/0.5D3y/ kS were calculated for each electrolyte system. The (s + H o deri ’d d included i

. 3+ ap)(BpHgo + ¢go + adgr) were derived and included in

upper (lower) boundary of term no. 1 in Table IV was used to Table IV term no. 5
establish the lowefuppe) boundary forc,\0.5Dy/kg by comput- To facilitate interpretation of the results, it was assumed that
ing the maximum(minimum) of its bootstrap data. These extreme a = 0.5(a reasonable selection; see for example, Ref. RBysical
values forc,y/0.5Dy/kg are listed in Table 1V, term no. 2. From Eq. interpretation of the results are presented in Table V. Terms 2, 3, and
20 and the two sets of bootstrap data dgr/0.5Djy/ks, two sets of 4 in Table V suggest faster water transport through the porous LiOH
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Figure 17. Nyquist plots for two different frequency ranges of the imped- rjqre 18, Nyquist plots for two different frequency ranges of the imped-
ance functionB; is varied in the range 10 to 10 Q! cm 2 s72 Values ance functionB, is varied in the range-10 to —104 Q1 cm2 s 2

of the remaining parameters are indicated in the box. Impedance data at fouf|es of the remaining parameters are indicated in the box. Impedance data
frequencieg0.01 Hz, 1 H;, 100 Hz, and 10 khlare indicated for each case, at four frequencie€0.01 Hz, 1 Hz, 100 Hz, and 10 kiare indicated for

but only few of these points have been labeled. each case, but only few of these points have been labeled.

dissolution at the BOI for the 12 M KOH electrolyte system. Inter- pigher for the 12 M KOH electrolyte than for the 12 M KOH
estingly, terms 1 and 4 in table V suggest higher porosity, faster, " 5g \ sucrose electrolytég., the frequency dependence of the
standard rates of water reduction, and injection of lithium Cationsdifferential capacitance is moré important in the 12 M KOH elec-
into the solution for the 12 M KOHt 0.58 M sucrose electrolyte  tolyte system. This can be rationalized by noting that sucrose de-
system. Furthermore, term no. 5 in Table IV indicates that the PO-presses the activity of the solutidine., lowers the rate of water
larization of the BOI is also affected by the presence of sucrose. It ansport through the outer layer and the rates of water consumption
must be noted that confidence intervals are not available for theyhqg |iH dissolution at the BQI Therefore, the sucrose-free system
steady-state parameters in Table IIl, and thus the ranges in Table Y5 |ikely to respond faster to voltage perturbations, causing more
(partially derived from data in Table lishould be treated with nqticeable dependencies of the geometric properties of the film on
caution. Note also that the wide confidence intervals for the 12 Mo voltage perturbation.
KOH electrolyte system are the result of the small values of the | the derivation of the impedance function, Eqg. 1, steady-state
steady-state faradaic admittandé;7dV, resulting in the small val-  constraints were invoked multiple times, as outlined throughout the
ues for|Bs| in Table I, and propagated throughout the computations.paper. The impedance function was constructed by calibration to the
The capacitance&; s, is comparable for both systems, and it may zero frequency limit. Thus, it is expected that the low frequency
be argued that this is due to the similar geometric propeft&es impedance data would be well described by Eqg. 1. At high frequen-
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cies, the steady-state assumptions may break down. The functionalf water consumption and LiH dissolution at the BOI. Sucrose
form for the differential capacitance, Eq. 40, was also derived on theseems to increase the porosity or enhance the standard rate of
basis of steady-state constraints. However, the frequency range dithium-ion injection at the BOI, and also to change the BOI polar-
validity of Eq. 1 and 40 cannot be decidadpriori, and should be ization. These results extend those discussed in Ref. 6, where it was
settled by comparison with experimental data. Note that in the highargued that steady-state rates for lithium dissolution and hydrogen
frequency range, from Eq. 29, — (ioC) ! + Rs. Thus, the dif-  evolution, as functions of the electrolyte concentration, could be
ferential capacitance; (see Eq. 4)) is the relevant component used accounted for in terms of; (see Eq. 4B without distinguishing
to model the high frequency impedance loci, and the condRants effects on porosity, rate constants, or the BOI polarization. Shapes of
a term correcting limitations of the theory at high frequencies. several impedance signatures consistent with Eq. 1 are presented,

Equation 1 is compared to experimental data in Fig. 3-12. Best-and it is suggested that Eq. 1 may have wider applicability, and may
fit parameters for the computation of the solid lines are displayed inbe not just restricted to the lithium/water system.
boxes within the figures. Several impedance representatidps
quist and Bode plojswere included for better appreciation of the
goodness of fit. In the Bode plots for the phase, it is evident that the
experimental and simulated impedance diverge at high frequencies, The authors gratefully acknowledge the financial support of this
for some of the polarization potentiale.g, Fig. 4, 5, 6, 7, 11, 12 work by the U.S. Government. The help by JdeFlores in gen-
Extrapolation of the experimental impedance to higher frequenciesrating the experimental data is appreciated.
yields, in general, a solution resistance that is close to zero, a result
that is consistent with the closeness of the Luggin probe to the
lithium anode. Note the appreciable goodness of fit over most of the List of Symbols
frequency range for some of the cadesy, Figures 3, 8, 9, 10
Equation 1 is valid for a wide frequency range and seems to break & activity of j species, dimensionless
down only at frequencies above 3 kHz, for several cases. AA surface area, fn

. . . . - , see Eq.20,%

Itis of interest to present a collection of impedance signatures to g e gq 30, 52
identify other systems where Eq. 1 may be valid. Figures 13- 18 B, see Eq. 310 !m2
display the variation of the Nyquist representation of the impedance B; see Eq. 320 ' m 2512
as a function of the five paramete®; ,B,,B;,C5,C,4, in Eq. 1. Bw seeEq.13V:
The impedance loci are drawn twice for two different frequency — ¢° Lifsézﬂf;fg:‘;‘?'}tgl%?g; M
ranges to facilitate visualization of the high and low frequency re- ¢ effective specific film capacitance or differential capacitanc@,$ m=2
gions. Some systems that have impedance signatures similar to those ¢  specific film capacitance, @ * m~2
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presented in Fig. 13-18 include berylliuah ferri-ferrocyanide in C, specific film capacitance at,, s @t m=2

KCI,2" iron in H,S0,,?¢%%iron in HNO;,%° and aluminum-lithiun®? Cy seeEq.40, € tm?

to give just a few examples. Equation 1 was tested with impedance g“ o Eg' ‘Z‘gh]éiﬂm,zm

data in Ref. 32(Ni-Cr alloys in sulfate solutionswith reasonable D; see Eq. 270 m 2 g2

fits being achieved at high and low frequencies. Dy diffusion coefficient of water through the outer layer’ s1*
Figures 13 and 14 show the dependencies of the impedance func- F Faraday's constanf = 96485 C/mol

tion onCg andC,. If C, < Cs, the high frequency loci resembles I imaginary number = y-1

m imaginary part function

a semicircle. Increasing the value ©j relative to that ofC; causes I7 total current density, A/fn
the high frequency loci to decrease its curvature. Wegrs C;, J; flux of j species, mol m? s™*
the high frequency and low frequency “bumps” become undistin-  Jv- see Eq. 18, mol/#s*v= .
guishable(caseC, = 1 s/20tcm2in Fig. 14. From Eq. 1, the ky rate constant of reaction j, mol T4 s )
. . . . " standard rate constant of reaction j, mof s
value of the impedance in the limit of zero frequencyBis/B;. K = Ko %3oi, mol m2 st
Thus, the impedance increasesBasincreasegFig. 15 or B; de- Ly barrier layer thickness, m
creasegFig. 17. Figure 16 indicates the obvious fact, from Eq. 1, P pore density per unit of outer layer cross section2m

that the magnitude of the impedance increase®alsincreases. In pHBS' F;e?;:;i :ﬁgg ';Ve"o“‘er layer interface
. ) b ; ) ,
Flg. 18, the low frequency mpedancg loci mters_ec_t the negative real 8 jeal gas constang = 8.314 J ol K1
axis, because the rat®, /B3 is negative. In the limit of smalB;, Re real part function
the plot resembles the electrochemical impedance of a process lim- Rs constantQ m®
ited by diffusion (Warburg process as shown by the case where ~ sd standard deviation
-~ 1020 tem2s ¥ in Fig. 17 d by th h t time variable, s
B; =10 cm °s in Fig. 17, and by (he case where T temperature, kelvinT = 298 K
B; = —107*Q *cm ?s2in Fig. 18. In principle, it is possible V  time dependent applied potential, V
for C5 and C, to be negative, providing more possibilities for the Vo time independent applied potential, V

shape of the impedance locus that can be modeled by Eq. 1. The V$ potential drop, V.

admittance(Q) m?)~!

parameters used in generating Fig. 13-18 are knapriori to have Z impedanceQ m?
physical significance, since they are comparable to the parameters in z; faradaic impedance) m?
Tables | and II.
Greek
Conclusion

« polarizability of the barrier layer/outer layer interface, dimensionless

A model for the electrochemical impedance of lithium in alkaline «; transfer coefficient of reaction j, dimensionless
(KOH) electrolytes has been developed. A technique for construct- P pf"p:‘/’g';’_”f‘/"ﬁ’ constant, V
ing an impedance function is presented that relies on calibration toA;(’ p;nurbat’ion in thex quantity
steady-state properties. High frequency impedance data are eXay = av.g“!, harmonic potential perturbation, V
plained on the basis of a differential capacitance that is voltage and\v, amplitude of the harmonic potential perturbation, V
frequency dependent, a property that has been rationalized theoreti- ¢ electric field strength in the barrier layer, Vh
cally. The impedance function is used to analyze the effect of an ° oj“epr 'ai’erdporos'.ty’ Id'mens'on'ess
additive (e.g, sucrosgand KOH concentration on the properties of  ° %r°i2'"r%?ns'°” ess
the lithium film. It is argued that sucrose decreases the rate of water |, chemical potential, J mot
transport through the outer LiOH layer, and also decreases the rates:; see Ref. 6, A m?



b
bR

$go constant, V
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constant, dimensionless
surface charge density, CTh

potential difference, V 12.
reference potential, V 13.
14.

o angular frequency, s

Subscript and Superscripts 15.
BOI quantity defined at the barrier layer/outer layer interface 16.
LiOH lithium hydroxide 17.
Li* lithium cation
MBI quantity defined at the metal/barrier layer interface 18.
OH™ hydroxide anion
V4 hydrogen anion vacancy 19.
V(i lithium cation vacancy
W, w water 20.

1, 2, 3, 4, s, h quantity referred to Reactions 1-6 in Fig. 1

1.
2
3.

4.

. C. Y. Chao, L. F. Lin, and D. D. Macdonald, Electrochem. Soc128 1187

. T. A. Dellin, G. J. Dienes, C. R. Fischer, R. D. Hatcher, and W. D. Wil&ys.

ss steady state
O reference constant or time-invariant quantity.
" prime symbol, associated with kinetic parameters in Fig. 1

References

0. Pensado-Rodjuez, M. Urquidi-Macdonald, and D. D. Macdonall,Electro-
chem. Soc.146, 1318(1999.

. D. D. Macdonald,J). Electrochem. Soc139, 3435(1992.

C. Y. Chao, L. F. Lin, and D. D. Macdonald, Electrochem. Soc129 1874
(1982.
L. F. Lin, C. Y. Chao, and D. D. Macdonald, Electrochem. Soc128 1194
(1981).

(1981,

J. Electrochem. Socl46, 1326(1999.

. 0. Pensado-Rodjuez, M. Urquidi-Macdonald, J. R. Flores, and D. D. Macdonald,
in Passivity and Its Breakdowi®. M. Natishan, H. S. Isaacs, M. Janik-Czachor, V. 29.

A. Macagno, P. Marcus, and M. Seo, Editors, PV 97-26, p. 870, The Electrochemi-
cal Society Proceedings Series, Pennington(1998.

. F. E. Pretzel, G. N. Rupert, C. L. Mader, E. K. Storms, G. V. Gritton, and C. C. 31.

Rushing,J. Phys. Chem. Solid46, 10 (1960.

Rev.,1, 1745(1970.

10.
11.

21.
22.

23.
24,
25.

26.
27.

. 0. Pensado-Rodyuez, J. R. Flores, M. Urquidi-Macdonald, and D. D. Macdonald, 28.

32.

B399

P. A. Varotsos and S. Mouriki®hys. Rev. B10, 5220(1974.

M. lkeya,J. Phys. Soc. Jpn42, 168(1977.

R. Pandey and A. M. Stonehath,Phys. C.18, 5289(1985.

E. Haque and A. K. M. A. Islam]. Phys. Chem. Solid§3, 377(1992.

D. D. Macdonald and M. C. H. McKubre, impedance Spectroscopy-Emphasizing
Solid Materials and System3. R. Macdonald, Editor, Chap. 4, Wiley Interscience,
New York (1987.

M. E. Orazem, P. Agarwal, A. N. Jansen, P. T. Wojcik, and L. H. @aRubio,
Electrochim. Acta38, 1903(1993.

R. D. Armstrong and K. Edmondsdalectrochim. Actal8, 937(1973.

J. S. NewmarElectrochemical Systemg. 39, 107-108, Prentice-Hall, Inc., Engle-
wood Cliffs, NJ(1991).

D. A. Frank-KamenetskiiDiffusion and Heat Transfer in Chemical Kinetigs.

107, Plenum Press, New York969.

O. Pensado-Rogjuez, Ph.D. Thesis, Department of Engineering Science and Me-
chanics, The Pennsylvania State University, University Park(19Q8.

A. J. Bard and L. R. FaulkneElectrochemical Methods. 500, John Wiley &
Sons, New York(1980.

J. R. Flores, Masters Thesis, Department of Engineering Science and Mechanics,
The Pennsylvania State University, University Park, (2899.

D. VanVoorhis, Ph.D. Thesis, Department of Engineering Science and Mechanics,
The Pennsylvania State University, University Park, (2899.

C. Gabrielli,Identification of Electrochemical Processes by Frequency Response
Analysis Solartron Instrumentation Group Monograph, The Solartron Electronic
Groups Limited, Farnborough, Engla#980.

A. C. Cullen and H. C. Freyrobabilistic Techniques in Exposure Assessment: A
Handbook for Dealing with Variability and Uncertainty in Models and Inputs
104, Plenum Press, New York999.

D. D. Macdonald and M. Urquidi-Macdonald, Electrochem. Soc137, 2395
(1990.

M. A. Hill, D. P. Butt, and R. S. Lillard). Electrochem. Soc145, 2799(1998.

C. Deslouis and B. TribolleElectrochim. Acta23, 935(1978.

I. Epelboin, C. Gabrielli, M. Keddam, and H. Takeno@gmprehensive Treatise
on Electrochemistry\Vol. 4, J. O’'M. Bockris, B. E. Conway, and E. B. Yeager,
Editors, p. 151, Plenum Press, New Yqd981).

I. Epelboin, C. Gabrielli, M. Keddam, and H. Takeno@i,R. Seances Acad. Sci.
Ser. 3,276, 145(1973.

30. C. Gabrielli, M. Keddam, and H. Takenoui,Electroanal. Chem§g1, 367(1975.

I. Epelboin, M. Garreau, J. Thevenin, and D. Wadn Electrochem. Soc127,
2100(1980.

M. Bojinov, G. Fabricius, P. Kinnunen, T. Laitinen, K.'k#3a, T. Saario, and G.
Sundholm,Electrochim. Acta45, 2791(2000.



