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We analyze the influence of a surface dielectric layer on the transient phenomena
related to the ionic redistribution in an electrolytic cell submitted to a step-like
external voltage. The adsorption-desorption phenomenon is taken into account in
the famework of the Gouy-Chapman approximation, where the ions are assumed
dimensionless. In the limit of small amplitude of the applied voltage, where the
equations of the problem can be linearized, we obtain an analytical solution for
the surface densities of ions, for the electrical potential and for the relaxation time
for the transient phenomena. In the general case, when the linearized analysis is
no longer valid, the solution of the problem is obtained numerically. The role of
the thickness of the dielectric layer on the relaxation time is also discussed.

I. INTRODUCTION

To extract information about the physical parameters from measure-
ments on electrolytic cells submitted to an external electric field, the
theoretical models used for the interpretation of the experimental data
have to take into account correctly the occurring transient effects [1,2].
Several studies have been indeed devoted to analyse the response of
poorly conducting electrolytic cells to a step like potential [3-5], in
the Gouy-Chapman approximation [6], in which the ions are assumed
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dimensionless. Such approximation is definitely valid for nematic
liquid crystals, i.e., insulating materials for which the electrical con-
duction is mainly of ionic origin [7]. The aim of this contribution is
to extend previous analyses by taking into account the adsorption
phenomenon at the limiting surfaces, and also the presence of a
surface dielectric layer deposited on the electrodes.

In order to simplify as much as possible the problem, we suppose
that in the absence of an external field the liquid is locally and globally
neutral. In this case, in the absence of an applied difference of poten-
tial, the electric potential in the cell is position independent, and the
electric field zero. This hypothesis implies that the adsorption energy
of the positive and negative ions with the limiting surfaces are the
same. Since the adsorption energy can be identified with the electro-
static interaction energy of a given ion with its image in the substrate,
the ions are supposed to have the same electrical charge, q, and geo-
metrical dimension, ¢ [8,9]. As in [3] we assume furthermore that:
1) the ions are dispersed in an insulating isotropic liquid whose dielec-
tric constant is ¢; 2) the external voltage is a step of amplitude V)
applied at ¢ = 0; 3) the electrodes are perfectly blocking, but they
can adsorb ions; 4) the ionic mobilities of the positive and negative ions
are identical, u, as well as the diffusion coefficients, D; 5) the relation
of Einstein u/D = q/(KgT), where Kg is the Boltzmann constant and T’
the absolute temperature is assumed valid; 5) the density of ions, in
thermodynamical equilibrium, in the absence of limiting surfaces
and external electric field, N, is supposed very small with respect to
the density of the liquid. In this framework the recombination of the
ions can be neglected.

Our analysis is mainly focused on the role of a surface dielectric
layer on the ionic redistribution when the cell is submitted to an exter-
nal electric field. In particular, the importance of this surface layer on
the relaxation time will be investigated. The considered problem is of
some importance in the display technology, where the surface insulat-
ing layer is deposited in order to avoid charge injection from the
electrodes into the liquid crystal.

Il. THEORETICAL BACKGROUND

Let us consider an electrolytic cell of thickness d (with dielectric con-
stant ¢) bounded by two identical dielectric layers of thickness A (and
dielectric constant ¢;). We indicate by n, and n,, the bulk densities of
the positive and negative ions (p stands for plus and m for —), and by
o,(£d/2) and 0,,(+d/2) the surface densities of positive and negative
ions at the surfaces at z = +d/2.



Downloaded by [University of California, San Diego] at 14:19 09 August 2012

The Role of an Insulating Surface Layer on the Relaxation Time 95

In the absence of the external field and of the adsorbing surfaces
np, =n, =N. When the surfaces are present and the external field
is absent, due to the symmetries of the problem, we still have
N, = N, = Neg, When the equilibrium has been reached. The bulk den-
Sity neq is different from N since a part of the ions have been absorbed
by the surfaces. In this condition, the surface densities of adsorbed
ions are indicated by o, = 0,,, = Geq.

When the external field is applied, at ¢ = 0, there is a migration of
ions toward the electrodes. In this case, at equilibrium, n,(z,¢) —
Npeq(2),Mm(2,t) = N eq(2),0p(£d/2,t) — 0p oq(£d/2), and 6, (£d/2,t) —
Omeq(£d/2). The phenomenon is governed by the equations of conti-
nuity for the two types of ions and by the equation of Poisson giving
the actual electric potential profile when the ions are present.

The current density of ions is

. on, . qn, OV
jr = —D( o KBT&), (1)

where r = p, m and the sign is + for r = p and — for r = m. The equa-
tion of continuity is

on, 0 (On, q ov
ot _Dé(az iKﬂ”’&)' @)
The equation of Poisson is [10]
o?V q
@——;(np—nm)- (3)

We assume for the kinetic equation at the adsorbing surfaces that
proposed by Langmuir [11,12]:

do, 1
— —knr—;or, (4)

where & is the adsorption coefficient, and t a parameter, having the
dimension of time, connected with the desorption phenomenon.

The boundary conditions for the ions density, in the presence of the
adsorption phenomenon, are

. do,
r = :I:iy
J i (5)
where the sign —is for z = —d /2, and + for z =d/2.
The boundary conditions for the potential have to take into account
the presence of the dielectric layers. The difference of potential
between the electrodes should be equal to the applied potential V,
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and the electric field has to satisfy the continuity equations at the
electrolyte-dielectric layer interface:

d/2
Vo= —2hE;(¢) + E(z,t)dz,
~d/2 (6)

eE(—d/2,t) = enEy(t) + qo,

where ¢ = g, — 0, and E,(¢) is the electric field inside the dielectric
layer. Since free charges are not present within the dielectric layers,
the electric field E;, is position independent. It follows that

Vi(t) =V(=d/2,t) = =Vo/2 — hE,(t)

Vo hy
= ——v+qa—

/2
dz/ 7
T ey, /d/z d/2 @)

where n = n, — n,, and y = de, /(dep, + 2he).
The initial conditions (¢ = 0) are

1 1
oo = N T @Ry -
_ y_d/(2k7)
s =N L d/(2ke)’

for the surface and the bulk densities of ions, in the absence of the
external electric field.

lll. LINEAR ANALYSIS
A. Linearized Equations

We assume that the presence of a weak external electric field produces
only a small perturbation on the distribution of ions (see Ref. [13]
where the limit of such assumption is discussed). By defining
nAz,t) = neq+0on,z,t), and o) = geq+ 60,(t), where n(z,t) <neq,
it follows that Eqs. (2) and (3) can be linearized as

d(on,) 0 (0(on,) q ov
ot _D$< 9z KpT "oz ) ©)
PV_ _a (01 — Oim) (10)
522 g\t T Oftm):
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The boundary conditions are

oa(on,) q ovy 1.
D( 0z imneqaz> = kén,«(t) tbar, (11)

D (8(5nr) L 9 ov

1
Oz mneq E) = kénr(t) — ;50’,', (12)

for z = — d/2 and for z = d/2, respectively.

To find the solution, we separate the unknowns of our analysis
in transient and equilibrium (for ¢ — oco) components as on,(z,t) =
onl(z,t)+ns(2),V(z,t) =Vi(z,t)+V*(2), and do,(+d /2,t) =6 (£d /2, t)+
00(+=d/2). We consider here only the solutions for the transient
components. For the equilibrium components the results are reported
elsewhere [4].

B. Relaxation of the Transient Components

We look for the solutions of the bulk Egs. (9,10) for the transient
components of the form:

om(z,t) = (2)e” ™, V'(z,t) = d(z)e ™, (13)

where a > 0, since the solutions have to vanish for ¢ — co. By taking
into account Eq. (13), from the kinetic equation at the interface
dool(¢)
dt

= kon'(t) — léai(z‘)7 for z = +d/2, (14)
T
we obtain

dat(t) = Moe /" 4 (+d /2)e ™, (15)

where M. are integration constants to be determined by the boundary
conditions. By substituting Eqgs. (13) and (15) into Eqgs. (11,12) written
for the transient components, we obtain

14 QMg _k_at a1 —t/z
(% L RK,T ¢ ) ~ Dl-ar Ve Dere ’

q eq at é at —at i —t/t
(w ¢) R et Mo

(16)

for z = —d/2 and z = d/2, respectively. From Egs. (16), which have to
be valid for all ¢, it follows that M, =M _ = 0.
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From Egs. (9,10), by taking into account the symmetry of the
problem, we get

V,(2) = £B; sinh(v12) + Bs sinh(v3z2), (17)

o(z) = A1z — 2y B; sinh(v;2), (18)
1

where

v1 = (1/leq)\/1 - (a/D)i%,, and wvs=i\/a/D. (19)
The boundary condition for the potential is
d(—d/2,t)e” ™ —Ve(=d/2) = V,(¢). (20)
Substituting Eq. (18) into Eq. (20) we obtain

2B1 | 2q 2qkt hy 2qhy (2X; dYy
201 _ Ay Yy 24d | %id
d [ ev? 171 “are, at de, 2 ’

Vl V1
where X; = —sinh(d/(2/4)) and Yy = cosh(d/(2/eq)).
By imposing the boundary conditions (16), we obtain Bz = 0 and

kat 9.0 d hye (dkt?
(o i (a2
_ d 9,0  2hye\ d
= coth (—ul §> (—1 + Videq T e )0157 (21)

which is the eigenvalues equation of the present problem.

It follows that the solution of the problem is given by the superpo-
sition of functions of the form of Eqgs. (13) with the acceptable values
of v, given by the eigen-values Eq. (21). The first solution is easily
found to be v; = 0, which means a = /'tzq/D. However, this solution is
not interesting because it corresponds to a case in which there is not
separation of charges. More important are the other solutions, which
can be found numerically. Note that also solutions with ¢; smaller
than 7, which is the typical time scale of the adsorption events, are
not interesting. In fact, the transient phenomenon in the bulk cannot
be faster than the adsorption phenomenon at the limiting surfaces.

Ay =

IV. RESULTS AND DISCUSSION

We consider here an electrolytic cell of thickness d = 25 um bounded by
two dielectric layers of thickness i (varied in the numerical calcula-
tions). We assume monovalent ions, with density N = 4.2 x 102°m 3
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in thermodynamical equlibrium, and diffusion coefficient D = 8.2 x
10 *?*m?/s. The temperature is T = 300K. The cell has dielectric
constant ¢, = 6.7¢y, and the one of the surface layer is ¢, = 2.1¢y. The
parameters correspond to a commercial liquid crystal [14]. We assume
that the adsorption occurs at the surfaces separating the cell from the
dielectric layer, with 2 =10 "°m/s and t = 0.01s, unless otherwise
specified. Furthermore, the potential Vj is chosen in the range from
0.1mV to 25mV.

The analytical solutions are found using the linearized analysis
reported in the previous Section. Since linearization is valid only
when the applied potential is small, we have also performed numerical
simulations to study the dynamics of the system. Details about the
numerical solution can be found elsewhere [15,16].

The response of the system to a step-like potential consists in a tran-
sient component which decays exponentially towards an equilibrium
state. We plot the time evolution of n,((,t) in { = —d/2+1/2, where
[ = 0.05um is the space step used in the simulation in Figure 1. The
applied potential causes the accumulation of ions close to the surface,
which is responsible for the generation of an electric field opposite to
the applied one. As a consequence, the electrical potential in the bulk
diminishes with increasing time, as shown in Figure 2. The increase
of & corresponds to a larger accumulation of adsorbed ions. As a result
the density of ions in the bulk is diminished and the potential decays

4.205 T T T

4.2045-

4204 S 1
4.2035- /4 1

& 4203 f 1

E
. 4.2025¢

4.2021

42015} —_h=0pm 1
: ; ~—-h = 0.002 pm

4.201F == h =0.02 um p

4.2005 b

4'20 0.5 1 1.5 2

t(s)

FIGURE 1 Density of positive ions close to the surface, atz = —d/2+1/2, vs.
time for three values of . The applied potential is Vo = 0.1mV.
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A ~x10
] e ]
251 x 4
—~ -3 i
N
> 35} .
—h=0pum
4 ----h = 0.002 um .
........ h=0.02 um
45 .
=0 0.5 1 15 2
t(s)

FIGURE 2 Electrical potential close to the surface, atz = —d/2+1/2 vs. time
for three values h. The applied potential is Vo = 0.1mV.

0 T T T T

S

—k =0 (m/s) ]
==k =103 (m/s)
- = 107 (ms)

FIGURE 3 Electrical potential close to the surface, at z = —d/2+1/2, vs.
time for three values of adsorption parameters k, and A = 0. The figure
corresponds to Vo = 0.1mV and t = 10 Zs.
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FIGURE 4 Decay time as a function of A for different values of the adsorption
parameters. Comparison between analytical (solid-line) and numerical (dot-
line) solutions. For the case £ = 0 the analytic and numerical curves coincide
perfectly for small values of i. The figure corresponds to t = 10~ Zs.

faster. This is confirmed form the results reported in Figure 3, where
the potential as a function of time is considered for different values of
the adsorption parameter &, and A = 0. Increasing % corresponds to a
stronger role of adsorption, with results similar to that obtained when
increasing A, both for what concerns the larger decay of the potential in
the bulk and for the diminished concentration of ions. On the contrary,
the decay time, which was decreasing with increasing A, now is increas-
ing for increasing k. Finally, in Figure 4, the decay time is reported as a
function of A for Vy = 0.1mV and different values of the adsorption
parameters (as reported in the plot). The decay time is sensitive to
the adsorption parameters only for low values of the dielectric layer
thickness. Increasing A, the adsorption phenomenon becomes less
and less important for the determination of the transient solution.
Also, the agreement between the numerical and the analytical solu-
tions becomes poorer with increasing A and/or with increasing the
adsorption parameters.

V. CONCLUSION

We have investigated the ionic redistribution occurring in an electro-
lytic cell submitted to an external electric field. In our analysis we
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have considered the influence of the adsorption at the interfaces as
well as the role of a surface insulating layer deposited on the electro-
des on the transient phenomena. Our analysis has been performed
in the framework of the Gouy-Chapman approximation, where the
ions are assumed dimensionless. For the set of physical parameters
considered, in the limit of small applied voltage, we are far from the
problems connected with the unphysical increasing of the surface den-
sity of the ions close to the electrodes, requiring the introduction of the
layer of Stern, related to the finit dimension of the ions. Hence, our
analytical predictions are expected to work well for applied voltages
smaller than (or of the order of) the thermal electrical voltage
V= KgT/q ~ 25mV for monovalent ions.
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