PHYSICAL REVIEW B 80, 184301 (2009)

Electrode polarization and charge transport at solid interfaces
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A quantitative description is suggested for electrode polarization, an ubiquitous phenomenon which takes
place at the interface between a metallic and an ionic conductor and results in an increase by many orders of
magnitude in the net dielectric response of the sample cell. Based on the fact that due to coulombic interac-
tions, the mobility of charge carriers is drastically slowed down at the metal/ionic conductor interface, this
approach quantitatively reproduces the observed scaling laws and opens perspectives in the physics of charge

transport at interfaces.
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I. INTRODUCTION

Electrode polarization is an ubiquitous phenomenon tak-
ing place at the interface between a metallic and an ionic
conductor. It shows a characteristic signature in the net di-
electric response of the sample cell in dependence on fre-
quency of the applied electric field, temperature, concentra-
tion of the charge carriers, and the sample length.'-?
Furthermore, it is well known that electrode polarization is
strongly affected by the material of the electrodes, a finding
which lacks—until now—a microscopic understanding.

In this paper a quantitative description of the electrode
polarization is suggested by taking into consideration the
mechanism of charge transport at interfaces. This approach
reproduces unambiguously the observed scaling laws’ and
opens perspectives in the physics of charge transport at solid
interfaces.

II. MATERIALS AND METHODS

Several ionic liquids (purchased from Solvent Innovation
GmbH and Iolitec GmbH) are investigated in the current
work: 1-Hexyl-3-methylimidazolium chloride, 1-Hexyl-3-
methylimidazolium hexafluorophosphate (HMIM-PFy), 1,3-
dimethylimidazolium dimethylphosphate (MMIM-Me,PO,),
trioctylmethylammonium bis(trifluoromethylsulfonyl)imide.
Sodium chloride solutions of different concentrations (in
millipore water) are examined, as well. The dielectric mea-
surements are carried out using a high resolution alpha ana-
lyzer (Novocontrol GmbH) and a HP impedance analyzer,
both assisted by Quatro temperature controllers. The samples
are measured in a parallel-plate geometry, using circular me-
tallic plates of 20 mm diameter as electrodes and small flat
Teflon pieces as spacers (having a well-controlled thickness
on the submillimeter length scale). The applied voltages
(always chosen in the linear regime) are on the order of
0.1-0.2 V.

III. ELECTRODE POLARIZATION:
EXPERIMENTAL FEATURES

The typical signature in the frequency and temperature
dependence of the complex permittivity e*=¢’—ig” and con-
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ductivity o*=0¢"+id” of ionic liquids is shown in Fig. 1. At
high frequencies (and low temperatures) the dielectric re-
sponse is dominated by charge transport processes in the
bulk. This contribution is reflecting well-defined molecular
physical quantities (as, for instance, the hopping time and the
effective number density of the charge carriers) and is de-
scribed by recent models of charge transport in disordered
systems.?!?2 At lower frequencies (and high temperatures)
changes by many orders of magnitude in the measured val-
ues of " or ¢* are detected due to electrode polarization
effects. It is important to notice that these values (as for
instance &’ = 10°) do not have any longer a direct molecular
interpretation (as for the bulk) but reflect the net impedance
of the measured cell, where the contribution of the interfaces
must be added to that of the bulk. Given the fact that in the
majority of the studies investigating the mechanisms of
charge transport the experimental data are represented in
terms of &” or ¢, we adopt in this paper the same represen-
tation to discuss our model.

The most prominent features of electrode polarization, as
manifested in measurements of ¢ or ¢”, are emphasized by
arrows in Fig. 1 (for a particular temperature of 240 K).
These effects are coming into play at a certain frequency f,,
(“onset of the electrode polarization”), where a steep in-
crease in &’ (corresponding to a minimum in ¢”) is detected
first. At lower frequencies (f = f.x “full development of the
electrode polarization”), a plateau in &' starts to develop,
corresponding to a peak in ¢”. At the same frequency f
= fiax the real part of the conductivity o’ begins to decrease
while a peak in &” shows up. Despite these peculiar fre-
quency dependencies, a perfect scaling is observed in both
o’ and ¢” (or, correspondingly, in &’ and &”) upon varying
the temperature: all measured experimental curves collapse
onto a single chart when normalized. This finding can be
expressed more comprehensible by plotting together f ...
fon» @and o (the dc conductivity) as a function of inverse
temperature. Parallel Vogel-Fulcher-Tamann-type tempera-
ture dependences are obtained,”® implying—in a frequency
range covering many orders of magnitude—the simple
relation

fmax~fon~0-0' (1)

Further parameters influencing the dielectric measurements
in the low-frequency region are systematically examined in

©2009 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.80.184301

SERGHEI et al.

log,q(€)

O 208K < 272K
224K » 288K
240K O 304K gy,
256K * 320K

Dg\

— o R, -
5 2 g
= 3
A 763
2 )

-10

log,(f) [Hz]

log,(f) [Hz]

FIG. 1. Complex dielectric permittivity e*=¢’—ig” and conduc-
tivity =0 +i0” of HMIM-PFg versus frequency at different tem-
peratures, as indicated. The arrows mark, for a particular tempera-
ture of 240 K, the frequencies f,, (onset of electrode polarization)
and f,. (full development of electrode polarization). In the insets,
o' [Fig. 1(c)] and o” [Fig. 1(d)] are presented normalized with
respect to the peak position. All logarithms are in the decimal base.

Fig. 2. A concentration dependence is analyzed by measuring
different NaCl solutions [Figs. 2(a) and 2(b)]. The position of
fon and f., is shifted to higher frequencies when the con-
centration increases. Similarly to the temperature depen-
dence, the dielectric and conductivity measurements scale
with respect to variation in the concentration, i.e., collapsing
normalized curves are obtained [inset Fig. 2(a)]. By replot-
ting f.x and f,, as a function of oy, a scaling law identical
to that given by Eq. (1) is found.?

Changing the length L of the sample cell causes pro-
nounced alterations of the dielectric response in the low-
frequency region. A systematic dependence is discussed in
Figs. 2(c) and 2(d). Decreasing the sample length shifts the
position of f,, and f,,.« to higher frequencies. In contrast to
the temperature or concentration dependence, no scaling
with respect to variation of sample length is found [inset Fig.
2(c)]. This implies different scaling laws for f,, and fy,. as a
function of L. Indeed, fou~ /L' while f,,
~1/L%3=%1 is determined from the experimental data.??

Another important parameter influencing the phenomenon
of electrode polarization represents the material of the elec-
trodes. This is exemplified in Figs. 2(e) and 2(f) showing
dielectric measurements carried out using various materials
for the electrodes (while keeping constant the other param-
eters characterizing the sample cell, i.e., length, area, rough-
ness, applied voltage, etc...). Pronounced changes in the di-
electric spectra are found, which, similarly to the situation
when the length dependence was investigated, do not exhibit
scaling.

IV. ELECTRODE POLARIZATION:
THEORETICAL MODEL

The experimental findings described in Figs. 1 and 2 can
be fully understood by analyzing the hopping process of the
charge carriers in the (nanometric) vicinity of the metal/ionic
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FIG. 2. ¢’ and ¢” versus frequency showing the dependence of
electrode polarization effects on: [(a) and (b)] concentration of the
charge carriers (for NaCl solutions); [(c) and (d)] length of the
sample cell (for HMIM-PFg); and [(e) and (f)] material of the elec-
trodes (for MMIM-Me,PO,). In the insets, the curves of ¢” versus
frequency are presented normalized with respect to the peak posi-
tion. All logarithms are in the decimal base.

conductor interface. Basic considerations of electro-
chemistry?* evidence the fact that due to the strong coulom-
bic forces between the ions and the charged metallic elec-
trodes upon applying a voltage across the sample cell, inter-
action energies AE, larger than the thermal energy kg7 are
reached (AE.>kgT). Being well known?? that the hopping
time of the charge carriers 7, depends exponentially on the
activation energy E

E

T, =Ty eXP(ﬁ), (2)
B

where 7, is a constant, the Coulombic interactions mani-
fested at the metallic interfaces will lead to a tremendous
increase in the hopping time

7,(interface) ( AE,
= exp

7.(bulk) Q) =1 ®)

This will result in a correspondingly large decrease in the
values of dc conductivity oy at the interface

oy(bulk)

o 4
oy(interface) “
since oy~ T%, relation (known as the Barton-Nakajima-
Namikawa relation) which can be directly derived by consid-
ering the Einstein and Einstein-Smolochowski equations.?
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*

The measured complex permittivity & ., can be calcu-
lated by taking into account the dielectric function of the
ionic liquid in the bulk e;=g[—ie; and that of the ionic
liquid at the interface & =&/ —ie!

i

L 2d L2d
;eas 8:‘

: (5)

*
€ g,

where L is the length of the sample cell and d; the thickness
of the interfacial regions. For the bulk, analytical functions
derived in a recently developed microscopic model of the
charge transport in disordered systems are employed®?

iwT, ] ()

In(l +iwT,)

(w) = 0'0[

together with "= l;ﬁ

For the interfacial regions (having thicknesses on the
length scale defined by the screening length of the Coulom-
bic interactions, i.e., ~1 nanometer), a formula similar to Eq.
(6) is used, but, in accord to Egs. (3) and (4), the following

condition is imposed:

(o O(bulk)

oy (interface) ’

7,(interface)
7,(bulk)

(7)

It is important to mention at this point that while relation (7)
has a solid physical justification (2,3,4), Eq. (6) was devel-
oped to express the conductivity of ion conductive materials
in the bulk. Its applicability to describe the interfacial charge
hopping mechanism is limited but justified by the fact that no
explicit theoretical developments aiming to deliver conduc-
tivity (or permittivity) functions at the interfaces exist at
present in the literature. Additionally, it can be easily shown
that other approaches used to describe the conductivity in the
bulk (as for instance the universal model of Jonscher?®) can
be alternatively employed with similar conclusions on the
electrode polarization effects, as long as condition (7) is
imposed.

Given the fact that the current density j= o*E is constant
across the length of the sample cell, changes in the conduc-
tivity function at the interface will automatically imply redis-
tributions of the local-field strengths. In our particular case,
the conductivity decreases leading to an increase in the
strength of the local electric field E of the interfacial regions.

The calculations of the complex permittivity and conduc-
tivity according to Eq. (5), are shown in Fig. 3 (interfacial
regions of 1 nm thickness are assumed). In a wide frequency
range covering about 10 orders of magnitude, the spectral
dependence of the electrode polarization effects (leading to
changes by about 6 orders of magnitude in the intensity of
the measured dielectric responses) is quantitatively repro-
duced. This approach, successful to describe in detail the
frequency dependence of the experimentally determined &*
and o®, can be approximated to a simpler form, suitable to
treat analytically two important aspects related to the elec-
trode polarization effects: (a) the scaling laws in respect to
the variation in temperature, concentration, length of the
sample cell, and material of the electrodes,’ (b) the influence
of intermediate “transition” regions (between the interface

PHYSICAL REVIEW B 80, 184301 (2009)

7(bulk)=3x10°s
a,(bulk)=2.4x10°S/cm &
interface (1 nm):

log,,(€)
O=_NWMNOTO
(.3)"Bo

_ {(©) 4
& 8
% o2
= a
e 6 —
E 2
5’ &changein w measured| ; 3

: : slope O model
40123456789 10123456789
log,,(f) [Hz] log,,(f) [Hz]

FIG. 3. Measured and calculated (Egs. (5)—(7)) complex dielec-
tric permittivity &*=g’—ie” and conductivity o*=0’+io” of
HMIM-PF; versus frequency at 264 K. In addition to the bulk con-
tribution, interfacial regions of 1 nm thickness were assumed in the

. . 7,(interfa op(bulk
calculations with iigni;e)zao(ﬁfte;aie)z 1.3X 108, In the panel 3a
only the positive ions are shown, for simplicity. All logarithms are

in the decimal base.

and the bulk), where the local dielectric properties are sup-
posed to gradually vary from the interfacial to the bulk re-
gion.

Sj 7(interface)
mee —huy

that ﬂgmte;ﬂz < 1. This relation can be approximated by set-
ting &”(interface) = 0. The results are shown in Fig. 4. Except
small deviations detectable in the low-frequency side of the
spectra (f<f,,.), the onset as well as the full development
of electrode polarization effects are correctly recovered. It
can be easily demonstrated that &”(interface) —0 would im-
ply a measured phase angle (between the applied voltage and
the resulting current) approaching a value of —90° in the
low-frequency limit, which is indeed close to the experimen-
tal observation (—86°).

In addition to the interfacial regions [where
" (interface) — 0 is supposed for mathematical simplicity],
transition regions where the local physical quantities gradu-
ally vary from the interface to the bulk can be taken into
account. Instead of Eq. (5) one has to use

oy (bulk)
oy (interface)

>1, it follows immediately

(8)

*
meas

L2 d f L2 g

€ g Jui &k’
where for £*(x) an exponential decrease with a decay factor
of k=1/dp, (dp being the effective thickness of the transition
regions) is assumed between x=L/2 and x=d;. The condition
&"(interface) — 0 simplifies to a large extent the analytical
calculations necessary to impose the Kramers-Kronig rela-
tion between &'(x) and &”(x), both exponentially decreasing
at the interface. It is found that including a transition region
exhibiting a gradual variation in &*(x) does not lead to
changes as compared to the situation when only the interfa-
cial layers characterized by & are considered. On the other

hand, taking into account only the exponential decay of &*(x)
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FIG. 4. (Color online) Calculated complex conductivity o*
=0’ +i0” (according to Eq. (5)) assuming: (M) 1 nm thick interfa-
cial regions with T”(;;fgge) Un{(rl(ﬁ:;urlfie) =10® and o*(interface) given
by Eq. (6); (O) 1 nm interfacial regions with &”(interface)=0; (A)
I nm interfacial regions with &”(interface)=0 and transition regions
where ¢’ and &” are exponentially varying between the interfacial
and bulk values with a decay coefficient of k=1 nm™'; () only
transition regions where ¢’ and &” are exponentially varying be-
tween the interfacial and bulk values with a decay coefficient of
k=1 nm~!. Panels: (4a) gradients in the local dielectric properties
are schematically illustrated; (4b) the physical significance of f,,
and f., expressed in terms of bulk and interfacial impedances. All
logarithms are in the decimal base.

at the interface without the interfacial layers does not lead to
curves reproducing the spectral features of the electrode po-
larization effects. These considerations clearly show that the
low-frequency side of the dielectric curves (in the region
where f<<f,,..) is dominated by the charge transport mecha-
nisms in the interfacial regions.

The approximation &”(interface) — 0 allows one to exam-
ine the scaling laws of the electrode polarization by finding
the analytical solutions of the equation: d—w meag) 0 and
analyzing the resulting formula for f,, and f,,,, in depen-
dence on oy, L, and d;. Thus

0'0 1

2d 0'0 1 2d1
— and fmax P (9)
g0 2msie] ¥ L g9 2me] L

where €, and €/ are the dielectric permittivities of the mate-
rial in the bulk and at the interface.

It is immediately obvious that (i) finax ~ fon ~ T0» Which is
identical to the scaling laws observed experimentally upon
varying the temperature or the concentration of the charge
carriers. (ii) fon~ 7, While fru~ l, in quantitative agree-
ment with the measured values and with the experimental
observation that the dielectric response does not scale with
respect to the variation in the sample length. (iii) f,,~ \d
while f,,.« ~ d; which delivers a qualitative explanation of the
dependence on the material of the electrodes since varying

fon_
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FIG. 5. (a) Measured and calculated (o= 2778085 ) dc

conductivities for a variety of ionic liquids; (b) dc conductlvmes
calculated from the measurements shown in Figs. 2(e) and 2(f)
for various electrode materials. Despite strongly different values of
Sfmax and f,, the calculated dc conductivities are in full agreement
with the direct measurements. All logarithms are in the decimal
base.

the material of the electrodes is expected to change the thick-
ness of the interfacial layers. In addition, possible effects
arising due to differently thick oxide layers should be con-
sidered as well. Furthermore, the experimental observation
that the dielectric response does not scale with respect with
the variation in the electrode material is recovered, as well.
(iv) f =foa IS a solution for both ( ol .. =0 and
L )=0 which explains the experrmental finding that the

do \Emeas
l
peaks detected in o], and smeas appear at the same fre-

quency position. (v) oy=2megeg ., which is proven in Fig.
5 to deliver the correct dc conductlvrtres for a variety of ionic
liquids using only parameters extracted from the electrode
polarization effects (except &g which is the static permittivity
of the material in the bulk measured at /> f,,). Moreover,
this formula holds even in the case when f,, and f, .«
strongly depend on the material of the electrodes [Figs. 2(e),
2(f), and 5(b)], which indicates that the current theoretical
approach renders the correct explanation for the dependence
on the material of the electrodes.

Under the assumption &”(interface) —0 [which in terms
of impedances leads to Z'(interface) — 0] it can be readily
shown that the onset of the electrode polarization, as given
by Eq. (9), represents the frequency position at which
7" (interface) = Z"(bulk) while the full development corre-
sponds to |Z*(interface)| =|Z*(bulk)| [inset Fig. 4(b)].

V. CONCLUSIONS

In conclusion, the charge transport mechanism at the ion-
metal interfaces is analyzed in detail in relation to the dielec-
tric signature of the electrode polarization. The proposed the-
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oretical approach, proven to reproduce the well-known scal-
ing laws,> opens perspectives in the physics of charge trans-
port at solid interfaces as it allows one to determine, using

PHYSICAL REVIEW B 80, 184301 (2009)

the phenomenon of the electrode polarization, the permittiv-
ity function—and, thus, the conduction mechanisms—in the
interfacial regions.”?
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