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ABSTRACT 

An impedance model for the electrochemical dissolution of lithium in alkaline 

solutions is presented. The objective of the model, which is based on the Point Defect 

Model for the growth and breakdown of passive films, is the delineation of the effects of 

various electrolyte solutes on the properties of the passive film. The predictions of the 

model in the limit of zero frequency are consistent with the steady-state model described 

in Part II of this series. The high-frequency experimental impedance data are explained by 

the existence of a capacitance that is voltage and frequency dependent. The physical 

origin of this frequency dependence is discussed. It is concluded that electrolyte solutes 

influence the rate of water transport through the outer layer and the polarizability of the 

barrier layer/outer layer interface. A sensitivity analysis of the impedance function, in 

terms of the relevant parameters, is presented.
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INTRODUCTION

Thermodynamic and electrochemical kinetic studies on the lithium/water system 

demonstrate that the dissolution of the metal under open circuit conditions is regulated by 

a bilayer film composed of lithium hydride and lithium hydroxide.' A steady-state model 

consistent with this bilayer notion and based on the Point Defect Model (PDM) 2
-5 has been 

developed.6 The model extends the PDM by incorporating the porous LiOH outer layer 

and by recognizing the existence of a defective LiH barrier layer. The steady-state model 

successfully accounts for the rate of metal dissolution and hydrogen evolution in alkaline 

solutions as functions of the applied voltage. It proposes an outer layer porosity that is a 

decreasing function of the applied voltage, which causes the total current density to be 

also a decreasing function of voltage within certain voltage domain. The steady-state 

model explains the quasi-invariance in the open circuit potential (OCP) in diverse 

electrolytes and accounts for the variation of the coulombic efficiency with respect to 

electrolyte composition and voltage, in terms of the compensating effects of the porosity 

of the outer layer on the partial anodic (Li dissolution) and cathodic current densities.6 

A more stringent test of the model can be performed by measuring the interfacial 

impedance over a wide frequency domain and comparing the data with calculated 

impedances as various independent parameters are varied in a systematic manner. In the 

present paper, we have chosen voltage and electrolyte composition as the relevant 

parameters so as to be consistent with the steady-state electrochemical kinetic work that is 

reported in Part II of this series.6 The present work demonstrates that the modified PDM
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developed in earlier work6 can be extended to explain the impedance data measured in the 

present study.  

THEORY 

Figure 1 summarizes the bilayer model, as discussed in Part 11.6 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 

vacancies, V, from the metal/barrier layer interface (MBI) to the barrier layer/outer layer 

interface (B101) is responsible for the growth of the LiH film into the metal while the flux 

of metal vacancies, VL,, in the reverse direction describes dissolution of the metal. It is 

believed that cation vacancies, VL1 , are the main charge carriers in LiH crystals. 7'0 This 

issue is not completely resolved since other studies suggest that anion vacancies and 

interstitial species play also important roles in charge conduction." ',1 2 In our steady-state 

model, both species transport charge in the LiH film, but cation vacancies appear to be the 

main charge carriers. 6 Dissolution of the LiH at the BOI together with Li being ejected 

from the barrier layer cause local supersaturation and hence precipitation of the porous 

LiOH outer layer. The pores remain open in the steady-state because of the dependence 

of the chemical potential, and hence solubility of LiOH, on the pore radius.  

The faradaic impedance of the system is computed by determining first order 

perturbations in steady-state quantities, such as the total current, caused by a small 

perturbation in the applied voltage, as discussed elsewhere."3-5 The perturbation in the
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applied voltage is assumed harmonic (AC perturbation), and continuity equations set the 

frequency dependencies of first order variations in other parameters. By using simplifying 

assumptions it is possible to obtain analytical solutions that may be fitted to experimental 

data. It is expected that the physical properties thus derived provide additional 

information on the interfacial phenomena that cannot be determined based only on steady

state analyses. The steady-state model derived in Part 116 is used here as the zero 

frequency limit.  

Assuming that a sinusoidal potential perturbation is superimposed on the 

polarization state of the system, the total potential, V, applied to the system can be 

represented as 

V = V0 + AV=V°+AVe'•' [1V 

where V, is the polarization state and A Vo is the amplitude of the voltage perturbation.  

The term e'"' is used to represent harmonic functions, but it is understood that only the 

real part of the complex functions has physical significance. Functions with an ss (steady

state) superscript are quantities evaluated at V, and functions without such superscript are 

evaluated at K 

For the sake of mathematical simplicity it is assumed that activities can be 

approximated as concentrations. Thus, for an arbitrary species j, aj ;, cj / c, (c, is a 

standard state concentration chosen as I M). The constant c, therefore defines activities 

as dimensionless quantities. The water activity, a;, is then
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a , *. CH [2] 
CO 

Let c-B°1 represent the concentration of water in the LiOH/H 20 system in the pore interior 

at the barrier layer/outer layer interface (BOI). Assuming that the voltage perturbation 

influences the water concentration in the pore interior (cw) and that the amplitude in the 

voltage perturbation is small enough yields 

c, = c; + Acw, = Cw+ Ac',ezff [3] 

where c' represents the time-invariant or steady-state water concentration and 

Ac,. = Ac,,e"' is the harmonic perturbation. Mass conservation dictates 

&Cw a DIcW [4] at a axDr.x 

In the general case, Dn is concentration dependent; i.e., 

D,,, = f (cg) [5] 

wheref is some unknown, smooth function. Therefore, 

D, - f(c') + f(cHw)Ac4 = Ds + f'(c)AcH [6] 

It is understood that f' is the derivative off and D•,, = f(c'). Substitution of 

Equations [3] and [6] into Equation [4] yields 

aAct D) - +f'(c")4 AC j [7]
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The terms Acw,, &Ac,/o1x, and a2Ac,./8x 2 are of the order of AV, (the amplitude of the 

voltage perturbation). Consequently, Ac,, aAcw,/I& is of the order of (A Vo) 2 and, for A V, 

small enough, 

jAcw ai jwH << a2«AC [8] 

Equation [7] can beapproximated as 

aAcW aD AC [9] 
at ~W ax2 

Substitution of Ac, = Ac•,e"' into Equation [9] yields 

iowAco = Dj3s Ac[j [10] 

The solution to Equation [10], under the assumption that water transport occurs through a 

semi-infinite outer layer, that Acw is linearly related to the small voltage amplitude A V, and 

satisfying the restriction that the concentration is bounded in the limit x-- +o, is 

cI = c' + Bwe K.IX•-L,)AV = + BweK. (x-4,)AVoelo[1 

where 

K+W [12] 

The origin of the coordinate system has been set at the MBI (see Figure 1). Bw is 

function of the voltage and frequency and is defined as
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BI(Vo,) 1 [13] Br (co a 10 

We have previously derived that6 

ko"c o [14] 

C;I 01 = oCA2 

The symbols k°', k2', k' are the standard rates of Reactions (1), (2) and (5) in Figure 1.  
k' is the rate constant for Reaction (3) evaluated at Vo, and c'a' is the concentration of 

lithium vacancies in the barrier layer at the MBI. See Part 116 for a thorough discussion of 

the voltage dependencies of the rate constants. According to Equation [14], in the limit of 

zero frequency, 

ss B1 o ss SS 

1 c(co.OX- ___o_ [15] 
Bff,(V"OA = - kO~O~fiks Y 

0 1 KI S CI" C0 

On the other hand, substitution of Equation [ 11] into Ficks' law yields 

AJK = -D's 20 = (1 + i)AV [16] 

Necessarily AJw, BI must be bounded in the limit of infinite frequency (a physical 

requirement); therefore, Bg must decrease with increasing frequency, at least as fast as 

0- 112 Thus, Bw may be defined as
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cLS BOI [17] 
B H, (VCyk ,ss a 37at -

B__(V_,__)_=______k___ok_ co 
k 0'kc c'to I+ A,(l+i)V(O 1+A,(I+i).-%.  

which provides consistent values in the limits of zero and infinite frequency. Let J,.. be 

the variation in the flux of water into the porous outer layer with respect to the variation in 

the applied potential in the limit when the frequency approaches infinity; i.e., 

dv• = lim a/W [18] 

then from Equations [16] and [17] 

j ix 2 rC 0
2 k[19] 

BAV kol~ko'clJ A1  2 

A is then defined as 

A, O yCxkg';c0k, co c' 3s [20] 
kA oC k'kc 1 J FR2 = r24 

In general Jv, could be defined as a complex number; however, in the present treatment 

J, is assumed to be real, which is equivalent to require that A V and AJwI B0o are in phase 

in the limit when the frequency approaches infinity (see Equation [16]). The total current 

density, as derived from the reactions in Figure 1 and in Part II, is6 

1 c7 C+, B OkB [21] 
IT k1 F kI + k2 -2k 40 2 Ok J ,c" Co Co co
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The symbols ki, k2, k4, kh, are the rate constants for Reactions (1), (2), (4) and (6) in 

Figure 1. The concentration of hydrogen vacancies in the LiH barrier layer at the BOI is 

symbolized as cB°O, F is Faraday's constant (9.649x 104 C mol'), andJ,°0 ' is the molar 

flux of water in the pore interior, at the BOI, equal to - 2k 4 C ;,' B Co! / 2 oi 

The term 0J40 1 represents the molar flux of water averaged over an area that includes 

both the solid matrix and the pores of the outer layer at the BOI.16, 7 

As discussed in Part 11,6 the rate constants k, and k2 depend on the potential drop 

at the MBI. This potential drop is computed by assuming that the rate of film formation is 

equal to the rate dissolution (quasi steady-state hypothesis); i.e., 

cwBO1 

k2  Ok' [22] 
Co 

In Part 116 of this series it is assumed that k, = k'k 2 /k4', which here yields the following 

approximation for the total current density 

IrT F + I ii 0ko + O -8' [23] 

The porosity, 0, is computed by requiring equilibrium in the pore interior between the 

ionic species, Li' and OH, and the LiOH matrix. The concentration of LF in the interior 

of the pore is voltage dependent which implies that 0 is also function of the voltage 

perturbation. The porosity is given by6
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Prtr°2  ° 00 [24] 

(42 + 2c 3ya V)2 (r2 +t- 2a 3 Y V)2 

where P is the number of pores per unit of outer layer surface and r, (reference length) 

and .2 have been defined in Part HI.6 These quantities are related to the chemical potential 

of the lithium hydroxide in the pore wall. The constant (X3 is the Tafel coefficient for 

Reaction 3 (Figure 1), a is the BOI polarizability,6 and y equals FIRT (R is the ideal gas 

constant, and T = 298 K). Clearly, 0, = P 7r r 2. Under the assumption of quasi 

equilibrium in the pore interior between the ionic species, Li+ and OH-, and the LiOH 

matrix, the perturbation in the porosity, AO, can be computed as 

AO =.-ý4ax 3 ya0ss 
A - AV-= 4AV [25] 

4PV ý2 +±2CC3YaVo 

The perturbation in the total current is computed by differentiation of Equation [23]; i.e., 

[A T c;:k, 1+1) B"( OSCkWV+ cIOk A O (2ko +ks)+OSSAJBPol 

[26] 

Substitution of Equations [16] and [25] into [26] yields 

+r 17, 4j 1 cvl ' 

-_--_ ,_ + oS + s (1 +i) "'lo , ~ 2ckok k°F 
Fi Fo ' 0'o0-- ko + 2 

AV -x -cO i2+ 2X O3ssko 12 + a+ A, (I + i)ck-

[27] 

Equation [27] can be written in short form as
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T _ D± + D2 (1 + i)V-•

AV

D, = Fca3ya BCO' OOk 
Co

W[BOI s o 

D, = F ix3yci -0 ks 
Co

4 (1- + __ 

cok4' k°) 
( 2 + 2S 3_O +

41 + 0A• eCo' kL 

•2 + 2a(yXVo

Let C represent the film capacitance. The admittance of the system. Y. is the sum 

of the admittance ( io)C ) and the faradaic admittance of the film:

Y =ico +D, + D, (I+ i).,r,- CA] i(l+ i)(o 1'2 + ico C+ D2(1 +i)q-ý(o+ D, 
Y= ioC + A,(0 + i)- 1+ A, (1+ i),r

If the solution resistance, Rs, is considered the system impedance is computed as

[31]

where B1, B 2 and I

z =i( + i CO112(I + i),f(-o + B, 
+ B, iCo + B2(1 + i)4-ý±B + B+R 

3 are 

1 */2-J•0• 
B 1 -, = - = c. D• •- D

where

[28]

and

cýl kO' i-li, 1 

c 2 f'

[29]

[30]

CD 
+~ 2

[32]

[331
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4 1- __, A, [34] 

D _ f.2•FJ Ossko c- k2" k' D 
B, 2 ______ ______ ______ 

-- A1  co , • 2 +2a 3ya3 V k+ 0 

4 1 - • , i k [ 3 5 ] 

D, _ V2FJ Ork 0 o Ck + ko) c.__k°' 
B3  Voz -7s_ + 2 AD2 +2CI 3 YaV cok' 

This parametrization of the impedance function, on the basis of of Bi, B2. and B3.  

facilitates the fitting of the model to the experimental data.  

The capacitance is usually defined as a function of the voltage but not of the 

frequency. However, the capacitance could be also frequency dependent as discussed 

below. Let Q represent the charge stored by a capacitor of specific capacitance 

(capacitance per unit of surface) C = C (P). Then by definition 

Q= ACV [36] 

where A represents the total surface area. The perturbation in the charge caused by the 

voltage perturbation is determined by 

AO - CoAV +V0 AC [37] 
A
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In Equation [37], C0 = C(V, ). Let ZF be the specific faradaic impedance (Q M 2 ) of any 

arbitrary system. The perturbation in the current density for the system, due to the voltage 

perturbation AV, is 

AV 1 dAQ AV dAV dAC [38] 
AI + A =-+Co-y;

ZF A dt ZF 0 di d 

Under a harmonic voltage perturbation of fiequency o Equation [38] becomes 

A1ho CAV VA 4AV o 1 A. [39] 
ZF ZF 

Equivalently, 

( 1 
Y = A -io = C +(o C. + A + - [40] 

Equation [40] is identical to Equation [31 ] if C is identified as C, + V, AC/A V. That is to 

say, Equation [36] is valid provided that C is defined as 

C AC [41] 

C is a differential capacitance as is demonstrated below. The differential capacitance, Cd, 

is defined as18 

dcy [42] 
wha T dV 

where a is the surface charge density. Therefore,
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1 dQ d(CV) = dC [43] 

A dV dV dV 

By comparing Equation [43] to Equation [41] it is clear that C = Cd(v,); i.e., the effective 

capacitance, C, is the differential capacitance.  

Note that under the requirement ACi/AV= 0, the differential and geometric 

capacitances are equivalent, and the usual definition for the capacitor admittance is 

recovered: i o CG. Equation [41] has important implications such as the possibility for C 

to be frequency dependent. An example will be developed to clarify this issue.  

The potential drop at the MBI, +)ABI, is6 

ý .~ = (I - or) (V + kO) - P3 PHso •Boi -CB01-64 [44] 

+R is a reference potential, P3 and +' are constants with units of voltage, pHIoi is the pH 

at the BOI, Lb, is the barrier layer (LiH) thickness, and c is the average electric field in the 

LiH layer. The rate constant k2 depends on +MB& as6 

k, = k °'e eayp,,, 
2 [45] 

Equations [22], [44] and [45] yield 

I- cc c-c I -'O I - i 
-l V - pH BOI C01 + R a - ) Y 1 cI 0 

- a•y8 ( 2yS Co 

[46] 

For this example, the perturbation in the barrier layer thickness is obtained by 

differentiation of Equation [46]; i.e.,

15



Ali 0 [ iac '2 4+t3 CC + +X3i a AV [47] 
S1-c +42±+2ac3 ycVo -+]AA(+i) V-_.  

The assumption C = C (V, Lbl) (an example is the parallel plate capacitor, Cý = Ec O/Lbl) 

yields 

V =V - +V al C(V")+ C,(Vo) [48] 
1AV + A, (I + i)ab

C, and C2 are two unknown functions of the applied voltage. V, AC/AV has the same 

frequency dependence as AL,,I/AV. Since Lbl = Lbl( C'8), ALb1A V inherits the 

frequency dependence of Ac,' B°/AV (which is a term inversely proportional to 

1A,(1 +i)%[-o-). In summary, if (C =C(ý(V, cB 1) then 

k C C,(Vo) [49] AV - c3(o.+A A, (B, + (1+ i),/-W

Consequently the differential capacitance, C, is in general expected to be of the form 

C = C' (Vo) + CC, (V0 ) [50] 
B, + (1 + i)[50 

In the present approach, C3 and C4 are treated as unknown functions of the applied 

voltage to be determined via a least squares fitting technique.  

The final general expression for the system impedance is 

Z (I + i)()i-j- + B, +BRf[51] 
•C~q- C4 )[i (I + i)(03,/2 +B Bi(O]+ B(1iq--+B 
C3 B + (I + i)4,,•2 )'(+B
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Excellent agreement between experimental data and the impedance function calculated 

using Equation [51 ] has been found. The results are discussed in the next section.  

EXPERIMENTAL 

Experimental impedance data were gathered as part of a program to develop 

lithium/water batteries.19,2 The electrochemical cell used for acquiring the impedance 

data included lithium (99% purity) as the working electrode, a saturated calomel electrode 

(SCE)/Luggin probe, and a nickel gauze (a mesh woven from 0.114 mm diameter wire) 

counter electrode as described in Part 11.6 Lithium was mounted in a Teflon sample-holder 

of cylindrical shape, which defined the area of the lithium surface (0.95 cm2) that was 

exposed to the electrolyte. The tip of the reference electrode (Luggin 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 reduce interference from external sources, the 

electrochemical cell was placed within a Faraday cage. Impedance data were gathered in a 

12 M KOH electrolyte. Experiments at lower concentrations are not feasible because of 

the high reactivity of the system. Data were collected as a function of the frequency, over 

a frequency-range of 0.05 Hz to 20 kHz. The amplitude of the potential perturbation 

applied to the system was 8 mV. Impedance data were measured at different lithium 

polarization potentials: -1.16, -1.56, -1.96, -2.36 and -2.56 VSHE. The polarization 

potential was applied for 5 minutes prior to the data collection. This pretreatment was 

intended to increase the stability of the system.
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RESULTS AND DISCUSSION

Figure 2 shows Nyquist plots [Imaginary(-Z) versus Real(Z), Z = impedance] of 

the electrochemical impedance data. Figure 2 (a) displays the impedance data collected in 

12 M KOH for different polarization states (versus SHE), whereas Figure 2 (b) shows the 

data for lithium in 12 M KOH + 0.58 M sucrose, again at several polarization states. The 

high frequency data plotted in Figure 2 exhibit interesting features. The impedance of any 

charge transfer process coupled to a constant (i.e., independent of frequency) differential 

capacitance (e.g., a parallel plate) yields a perfect semicircle in the Nyquist plane.2' 

Therefore, the high frequency region in Figure 2 (b) is more consistent with a constant 

differential capacitance than is the high frequency region in Figure 2 (a), with the form of 

the latter being classically accounted for by distributed relaxation time constants or the 

presence of constant phase elements in the electrical analog.  

The angles of the low frequency impedance loci in Figure 2 (a) are --n/4 and 

suggest a diffusion impedance of the Warburg kind,2" as might be expected for a semi

infinite diffusion process. The back loop in the low frequency loci in Figure 2 (b) points to 

a negative intersection of the locus on the real axis in the limit of zero frequency.  

Equivalent circuits can reproduce this behavior 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 as follows. The slope of the total current 

density versus voltage curves in Figures 4 (a) and 5 (a) in Part 116 is negative for potentials 

that are more positive than -2.5 VSHE. Therefore, the differential faradaic admittance
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under steady-state conditions, defined as dIX/dV, is negative for these conditions. Since 

Equation [31] defines the admittance of the system, Y, as ioC + AIT/AV, which equals 

AIT/AV in the limit when the frequency, co, approaches zero. In this zero-frequency limit 

all of the electrochemical processes are at steady-state, and therefore 

Y(o -- 0) = AiT A V ,tdIý /dV < 0. Hence Z(o)-+O) must also intersect the real axis at 

negative values. According to the theory developed in this work and the steady-state 

polarization data published earlier,6 the impedance loci in Figure 2 (a) must also exhibit 

negative intersections on the real axis for zero frequency. This behavior is not evident 

from the data shown in Figure 2 (b), but that is an artifact of not being able to probe the 

system at sufficiently low frequencies.  

Let Z be the impedance data computed from Equation [51] and Z, be the 

experimental impedance. An error function may be defined as 

error = Z ( Re(Z) - Re(Ze) + ± Im(Z) - Im(Ze)) [52] 
P,) 

where the sum in Equation [52] is evaluated over all of the experimentally accessible 

frequencies (from 0.1 Hz to 20 kHz). Equation [52] was minimized as function of C3, C4, 

B1, B2, B3 and R,, by a steepest descent algorithm. The values so found were "refined" 

through a second optimization process to make B1, B2, and B3 consistent with Equations 

[29], [30], [33]-[35]. That is to say, B1, B2, and B3 are described as functions of the 

voltage by formulas derived in this paper. The "refined" values of B1, B2, and B3 are not 

optimal, but they do provide physical information on the system. The results of this 

analysis are summarized in Tables I and II. These parameter values were then used to 
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calculate a number of derived properties of the film, which are given in Table Il. These 

properties were derived as follows. Equation [14] defines cl', at the BOI as function of 

the voltage. The rates k' and k's are defined as6 

k-S = kOlea3pY(PHBo;+60o1+aR )erx a 37 [531 
3 [3 

and 

k;s = k' e-ahvy(PpHBo, B +aaR )e-y1h , [54] 

From the data in Tables I and II, A 1, D1, and D2 were computed as functions of the applied 

voltage (see Equations [33], [34], and [35]). Let us call these data as fitting-A,, fitting-DI, 

and fitting-D2 . All of the physical properties in Equation [29], which defines D, as 

function of VKo, have been estimated from the steady-state analysis with the exception of 

only k°'e"! -(PpHBO, +0, +CLOR)0) .6 These steady-state properties are listed in Table IIi. The 

function D1 (Vo) (Equation [29]) was fitted, via a least squares technique, to the fitting-D, 
data, thus determining k°'e3 Y ( .HBOpI +0ýo, +G R0, .- AI n 

d). Using this value and the fitting-A1 and 

fitting-D2 data, and Equation [30], coj5D, /k. was computed as a function of the 

applied voltage for the five voltages considered. Finally J1.. /ko ea .,(PoPo+11 o,(O +,Rl1 was 

computed for each of the five voltages using Equation [20]. Table III shows voltage 

averages of this latter function.  

The constant ý, is defined as6 

ý = F0 0 'e` -,Y( PHB- +010, +,OR [551
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A value of 1=474 mA cm- is estimated for a 12 M KOH electrolyte,6 while ý1=200 mA 

cm 2 is calculated for a 12 M KOH + 0.58 M sucrose electrolyte. From 1,• and 

ko'eaý _((PP'I•Ro)°'+*•°'*O ,,, (a3 + +Cc+ 4) + c4)R) can easily be computed. This 

constant, for the two electrolytes, is shown in Table III.  

We have argued 6 that variation of ýj suffices to explain the steady-state current 

density and hydrogen evolution rate as functions of the electrolyte concentration. Thus, 

changes in • reflect variations in the pore density per unit of area, P, which is consistent 

with previous work that has established the dependence of the porosity on the electrolyte 

concentration.22'23 However, it is also likely for the electrolyte concentration to have some 

influence on the BOI polarizability via the term 3 pH,,, + 0'01 + aC 4 R. The property 

values listed in Table III hint that indeed this is the case; however, it is not possible to 

ascertain the dependencies of pHBol and 0'7o, on the electrolyte concentration.  

The data in Table III suggest that D=i /k.' is reduced by a factor of -33 by the 

presence of sucrose. Assuming, for example, a 3 = ah =0.5, the ratio 1f /k.' for the 12 

M KOH electrolyte is four times larger than the same ratio for the 12 M KOH + 0.58 M 

sucrose electrolyte. If k3" is the same for both electrolytes, J,.. must be reduced by the 

presence of sucrose. This observation is consistent with a lower rate of film dissolution in 

the presence of sucrose.  

Figures 3 to 12 compare the calculated impedance data to experimental data, with 

the calculated values (solid lines) being estimated from the fitting parameter values given
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in Tables I to III. Several representations (Nyquist and Bode plots) of impedance data 

have been included to show that the calculated data reproduce reasonably well the 

frequency dependencies of the impedance data. Simulated Nyquist plots intersect the real 

axis at relatively large values in the limit of infinite frequency. The intersection points are 

not drawn in the figures, but the intersection values are listed in Tables I and II under R,.  

This must not be interpreted as the solution resistance, Rs, being large (of the order of I 

10 Q cm2), since experimental data point to a much smaller real axis intersection, close to 

zero. This difference is better visualized in Bode plots for the phase, in the high frequency 

domain. Therefore, the theory fails in the limit of infinite frequency, and R, must be 

regarded as a constant correcting limitations of the theory.  

The capacitance, C3 , is comparable for both systems, and it may be argued that 

this is due to the similar geometric properties (e.g., film thickness) of the film in the two 

systems. C4 is larger for 12 M KOH than for 12 M KOH + 0.58 M sucrose electrolytes; 

i.e., the frequency dependence of the differential capacitance is more important in the 

former. This can be rationalized by noticing that sucrose depresses the activity of the 

solution. Therefore, the sucrose-free system is likely to respond faster to voltage 

perturbations, causing a more noticeable dependence of the geometric properties of the 

film on the voltage perturbation. The frequency dependence of the differential capacitance 

is thus readily observed for this electrolyte.  

The model has been successful in accounting for differences in the impedance 

signatures in terms of differences in the physical properties of the interfacial passive film.  

It has been argued that these variations are due to the dependence of the water diffusion 
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coefficient, the BOI polarizability and J1, on the KOH and sucrose concentration. It has 

also been found from the fitting parameters that the BOI polarizability is function of the 

electrolyte concentration and that it plays an important role in controlling the rate of 

lithium dissolution and hydrogen evolution (via the constant j).  

It is of interest to determine the shape of impedance signatures as function of the 

parameters, B1, B2, B3, C3, C4, so that Equation [511 may be applied in describing other 

systems. Figures 13 to 18 present calculated Nyquist plots of the dependencies of the 

impedance function, Equation [51], on various parameters. For the sake of clarity, the 

impedance loci are drawn twice for two different frequency ranges, in order to allow for a 

complete visualization of the high and low frequency region. The parameter values have 

been taken to be positive, with the exception of B3, which has been defined as being 

positive or negative. Some systems that have impedance signatures similar to those 

presented in Figures 13 to 18 include a beryllium system,24 the ferri-ferrocyanide system in 

KCI,25 iron in H2SO 4,26,27 iron in HNO 3 ,28 and the aluminum-lithium electrode, 29 just to 

give a few examples.  

Figures 13 and 14 show the dependencies of the impedance function on C3 and C4.  

If C4 -< C3 , the high frequency region resembles a semicircle. Increasing the value of C4 

relative to that of C3 causes the high frequency curve to decrease its curvature, and when 

C4 >> C3 the high frequency and low frequency curves "melt" into a single curve (case 

C4=1 S 2 g2- cm 2 , in Figure 14).
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According to Equation [51], the impedance in the limit of zero frequency is B1/B3.  

Thus, Figure 15 shows that the impedance increases as B, increases. Similarly, the 

impedance increases as B3 decreases (Figure 17). In Figure 18, the low frequency 

impedance loci are observed to intersect the negative real axis because the ratio Bj/B 3 is 

negative. In the limit of small B3, the plot resembles the electrochemical impedance of a 

process limited by diffusion (Warburg process), as shown by the case B3 

10-3 '-1cm-2s-U"2 , Figure 17, and by the case B 3 = -104 Q_- cm-2 s-1,2, Figure 18.  

In principle, it is possible for C3 and C4 to be negative, opening new possibilities 

for the form of the impedance locus that can be modeled by Equation [511. We have only 

discussed Equation [51] in a parameter neighborhood that it is known a priori to have 

physical significance (i.e., reproduced the known impedance).  

CONCLUSION 

A model for the electrochemical impedance of lithium in alkaline (KOH) 

electrolytes has been developed. The model is highly consistent with the steady-state 

model.6 In the present work, the model is used to analyze the effect of an additive (e.g., 

sucrose) and KOH concentration on the film properties. It is argued that sucrose: 1) 

decreases the water diffusion coefficient through the outer layer, 2) decreases J1, , and 3) 

increases the BOI polarization (via the term P3pHOI + ý'RO, + a 4OR ). It is argued that the 

steady-state rates for lithium dissolution and hydrogen evolution as functions of the 

electrolyte concentration can be accounted for in terms of ý1.6 Since the experimental
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evidence indicates that the outer layer porosity is concentration dependent, it has been 

argued that changes in ý1 can be rationalized as indicating variations in the outer layer 

pore density, P, with respect to the electrolyte concentration.6 However, we have 

determined that the term [PpHBo1 +°o + R also depends on the electrolyte 

concentration, and has a significant influence on 1. Finally, we argue that the differential 

interfacial capacitance is frequency dependent, a property that has been rationalized 

theoretically.  
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SYMBOLS 

aj Activity of j species. dimensionless 
A Surface area. m 
A1  See Equation [20], s"2 
B, See Equation [33], S-/2 

B 2  See Equation [34], f2-' mn 
B 3  See Equation [35], Q'" m"2 s"1'2 

Bf See Equation [13], V
CO Reference concentration, equal to I M.  
Ci Concentration of j species 
C Effective specific film capacitance or differential capacitance, s Q'& m-2 

C Specific film capacitance, s Q-' m2 

C0  Specific film capacitance at So, s M- m2 

C3  See Equation [50], s Q' m 2 

C4  See Equation [50], s"12 K2- m-2 
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DA See Equations [29]. Q'• m2 

D2  See Equation [30], Q- m 2 s12 

Dw Diffusion coefficient of water through the outer layer, m2 s' 
DI Average diffusion coefficient, mn2 s-i 
F Faraday's constant, F=96485 C/mol 
i Imaginary number, V--/l 
Im Imaginary part function 
17 Total current density, A/m 2 

Jj Flux ofj-species, mol m2 S1 

J,, See Equation [18]. mol m2 S" V

J- Average J,. mol m2 s- V

k, Rate constant of reaction J, mol m2 s

k7" Standard rate constant of reaction j, mol m-2 s-1 

ko= kOme-c 761 Mol m2 S-1 

LbI Barrier layer thickness, m 
P Pore density per unit of outer layer cross section, m2 

pHBO, pH at the barrier layer/outer layer interface 
r. Reference length, m 
R Ideal gas constant, R = 8.314 J mol' K
Re Real part function 
R, Solution resistance. 02 m2 

I Time variable, s 
T Temperature Kelvin, T = 298 K 
V Time dependent applied potential, V 
PVo Time independent applied potential, V 
Vb I Potential drop, V 
Y Admittance, (Q m2)-1 

Z Impedance, Q2 m1 
ZF Faradaic impedance, Q M2 

(X Polarizability of the barrier layer/outer layer interface, dimensionless 
at, Transfer coefficient of reactionj, dimensionless 
J3 Proportionality constant, V 
7= F/RT V"1 

AX Perturbation in the X-quantity 
AVAVo e•t Periodic potential perturbation, V 
A V, Amplitude of the periodic potential perturbation, V 
6 Electric field strength in the barrier layer, V m-' 
Sf Dielectric constant of the film, s Q-' m' 
0 Outer layer porosity, dimensionless 
Oo = P 7r r,2 Dimensionless 
KMy See Equation [12], m7
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P Chemical potential, J mol1 
See Reference 6, A m2 

,,2 Constant, dimensionless 
a Surface charge density, C m2 

Potential difference, V 
SR Reference potential, V 

801 Constant, V 
Co Angular frequency, s

Subscript and Superscript 

BOI Quantity defined at the barrier layer/outer layer interface 
LiOH Lithium hydroxide 
LF Lithium cation 
MBI Quantity defined at the metal/barrier layer interface 
OH- Hydroxide anion 
Vý Hydrogen anion vacancy 

VL, Lithium cation vacancy 
W, w Water 
1, 2, 3, 4, s, h Quantity mainly referred to Reactions (1), (2), (3), (4), (5), and (6) in 

Figure 1.  
ss Steady-state 
o Reference constant or time-invariant quantity.  
' Prime symbol, associated with kinetic parameters in Figure 1
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Tables and Figures

Table I: Parameter values that minimize the error function, Equation [52]. 12 M KOH system.

Bias, Vs5 E C3 x 105  C4 x 103  B, B2 x 102  BxlX 104  R, 
V s (C2 cm2)"l s"U2 (n cm2)" s-" 2  (n cm2)" (w Cr2 sI/2)-J t2 cm 

-2.56 0.27 2.7 1.00 7.52 -0.49 1.68 
-2.36 1.0 1.7 1.87 5.59 -0.91 3.14 
-1.96 1.0 0.83 2.31 3.81 -1.12 4.60 
-1.56 1.3 0.45 2.97 3.33 -1.45 7.50 
-1.16 1.1 0.27 3.16 2.77 -1.54 9.31 

Table II: Parameter values that minimize the error function, Equation [52]. 12 M KOH 
sucrose system.  

Bias, VsH C3 X 10' C4  B, B2 x 102 B3 x 10' R, 
V S cm

2
)"1 S112 (g2 cm

2
)"1 S1/2 w cm

2 )"'w cmn2 
S1/2).1 •) cm 2 

-2.56 1.89 1.15 x 10-ý 2.70 12.96 -31.65 4.40 
-2.36 2.09 2.3 x 10-5  2.56 10.28 -34.68 5.49 
-1.96 0.85 3.1 x 10-5 1.26 3.55 -12.42 6.58 
-1.56 0.55 2.6 x 10"s 1.02 1.60 -6.26 9.33 
-1.16 0.37 8.5 x 10-6 0.99 1.19 -3.56 10.63

and 0.58 M

Table 111: Compound parameter values derived 
Reference 6.

from Tables I and 11, and parameters reported in

30

12 M KOH 12 M KOH and 0.58 M sucrose 

kO e•x3 PpH), ,+o",+,,,+a O)o 4x10-8 mol/cm2 s k+ Uo )Oo 3x10-' mol/crm2 s 

D--1.8x103s 2 o -55 sec" 

k 2 ko 2 45.2 V-' j 0.9 V1 

k-' e (X •y(P pHB0; +0"0o• +'x *, k,°' e fxl ( pPHBo,+ýý"+o, , ), 

•, (See Equation [3.51] 0.474 A/cm 2, (Estimated) 0.2 A/cm 2 

and Figure 2.8) 
((x +a a)(jPpH1 0 +0;), +a4o) -0.12 V (ca +ah)(03pH•oI +04oI +cao,) 9.4x10-3 V 

Steady-state constants reported in reference 6 
ah a 8x 10-2  k1 Cý-'kaI 18.2 

a3C 1.2x10"2  eahY(OPHBOI+G01+a kh 0/k0 2.2x 10-3 

___3.86



Z=O z= Lbl+Lol
z

Figure 1: Interfacial reactions leading to generation and annihilation of point defects within the passive film on lithium.  
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Figure 2: Nyquist plots of electrochemical impedance data. (a) Lithium in 12 M KOH, (b) lithium in 12 

M KOH + 0.58 M sucrose. Impedance points at three frequencies (10 kHz, 100 Hz, 1 Hz) have been 

indicated for each data set. The plot labels represent the lithium bias voltage with respect to SHE.
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Figure 3: Nyquist and Bode plots of impedance data for lithium polarized at -2.56 V (versus SHE) in a 12 
M KOH electrolyte. The squares represent experimental data and the solid line, the simulated data. The 
solid squares represent experimental data at 10 kHz, 100 Hz, and 1 Hz.
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Figure 4: Nyquist and Bode plots of impedance data for lithium polarized at -2.36 V (versus SHE) in a 12 
M KOH electrolyte. The squares represent experimental data and the solid line, the simulated data. The 
solid squares represent experimental data at 10 kHz, 100 Hz, and 1 Hz.
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Figure 5: Nyquist and Bode plots of impedance data for lithium polarized at -1.96 V (versus SHE) in a 12 
M KOH electrolyte. The squares represent experimental data and the solid line, the simulated data. The 
solid squares represent experimental data at 10 kHz, 100 Hz, and 1 Hz.
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Figure 6: Nyquist and Bode plots of impedance data for lithium polarized at -1.56 V (versus SHE) in a 12 
M KOH electrolyte. The squares represent experimental data and the solid line, the simulated data. The 
solid squares represent experimental data at 10 kHz, 100 Hz, and 1 Hz.
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Figure 9: Nyquist and Bode plots of impedance data for lithium polarized at -2.36 V (versus SHE) in a 12 
M KOH + 0.58 M sucrose electrolyte. The squares represent experimental data and the solid line, the 
simulated data. The solid squares represent experimental data at 10 kHz, 100 Hz, and 1 Hz.
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Figure 10: Nyquist and Bode plots of impedance data for lithium polarized at -1.96 V (versus SHE) in a 12 
M KOH + 0.58 M sucrose electrolyte. The squares represent experimental data and the solid line, the 
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Figure 11: Nyquist and Bode plots of impedance data for lithium polarized at -1.56 V (versus SHE) in a 12 
M KOH + 0.58 M sucrose electrolyte. The squares represent experimental data and the solid line, the 
simulated data. The solid squares represent experimental data at 10 kHz, 100 Hz, and 1 Hz.
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Figurel3: Nyquist plots for two different frequency ranges of the impedance function, Equation [51]. C3 is 
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