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frequency range of 6 x 10~3 to 100 x 103 Hz. They revealed constant-phase-angle (CPA) behaviour with a
frequency exponent value of 0.96 for surfaces that were also characterised as atomically flat using atomic
force microscopy (AFM). As the frequency exponent value was only marginally less than unity, the CPA
behaviour yielded a realistic estimate for the capacitance of the ionic double layer. The retention of the

{;er{i‘g(;fj;)le layer CPA behaviour was attributed to specific adsorption of chloride ions which was detected as an adsorp-
Impedance tion conductance element in parallel with the CPA impedance element. Significant variations in the ionic
Surface topography double layer capacitance as well as the adsorption conductance were observed for electrolyte concentra-
AFM tions ranging from 33 pM to 100 mM, but neither of these variations correlated with concentration. This
EIS is consistent with the electrical properties of the interface deriving principally from the inner or Stern
CPE region of the double layer.

Crown Copyright © 2009 Published by Elsevier Ltd. All rights reserved.

1. Introduction 1.1. Electrode-electrolyte interface—the constant-phase-angle
(CPA) impedance element

Detailed structural analysis of organic layers adsorbed to or

self-assembled on metallic substrates such as gold have become
the subject of much interest as a consequence of their potential
application as biological, and other types of sensors, e.g. [1-5].
Invariably the analyses of the layers and their performance as
sensors are hampered by the interface that forms between the
ionic/biological environment and the substrate. This is because the
interfacial impedance is at best comparable in magnitude to the
impedance of the organic layers and disperses with frequency in
a complicated manner that is dependent on interfacial topography
and the adsorption of chloride ions which are ubiquitous in bio-
logical environments. The properties of the interface are modified
through the attachment of the organic layers and, subsequently, by
the binding of the targeted molecules to these layers. An under-
standing of the way in which surface topography, i.e. roughness,
chloride adsorption, the self-assembly of monolayers and the sens-
ing events modulate the interfacial impedance is crucial to the
design of practical biosensors. The fundamentals of this problem
has been under investigation for over a 100 years and in recent
times has been the subject of investigations that has shed new light
on this old problem (e.g. [6-20]).

* Corresponding author. Tel.: +61 408463761.
E-mail address: t.chilcott@usyd.edu.au (T.C. Chilcott).

The measured electrical impedance of a metal electrode of arbi-
trary roughness immersed in an electrolyte and in which no charge
passes between the electrode and electrolyte, has been commonly
described, for frequencies typically greater than 0.1 Hz (e.g. [21]),
by the function:

zr(®) = Ze + A(jw) ™" (1)

where Z, represents the area specific impedance of the electrolyte,
A(jw)™" the area specific impedance of the electrode-electrolyte
interface, w the angular frequency and j = v—1.

The identity j=e/("/2) transforms the function representing the
impedance of the electrode-electrolyte into a polar form, specifi-
cally:

Aljw)™ = Aw™ al(=n(m/2))

from which the magnitude and phase angle of the function are
readily deduced as

AGw) ™" =A™ and Z(A(w) ™) = —n%, respectively.

This transformation reveals that the phase angle of A(jw)™" is

constant in w, thus providing the common nomenclature for this
impedance as the constant-phase-angle (CPA) impedance element.

0013-4686/$ - see front matter. Crown Copyright © 2009 Published by Elsevier Ltd. All rights reserved.
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The CPA impedance element also can be expressed as follows:

1
Zepa =A(w) "= ——— 2
P () 8cpa +JWCcpa (2)
where ggq and cepq are frequency dependent conductance and
capacitance functions. Appropriate transformations of Eq. (2) yield
the following expressions for gcpa and cepq:

cepa(@w)=A"1w" 1 sin (n%) and  gepa(w)=A"lw" cos (ng) (3)

1.2. Additions to the CPA impedance element attributed to ionic
adsorption

For situations when charge passes between the electrode and
electrolyte, an impedance element Zugsorption that effectively shunts
the CPA impedance, has been introduced into Eq. (1) to describe
the measured electrical impedance of a metal electrode of arbi-
trary roughness immersed in an electrolyte, yielding the following
expression for the total impedance of the system (for frequencies
typically greater than 0.1 Hz, e.g. see [22]):

1
( 1 /Zadsorption ) + (1 /ZCIJH)

The simplest circuit representation of Zygsorprion is @ conductor
in series with a capacitor (e.g. see [23] and [24]) but, unlike the
conductive and capacitive components for Zgq (see Eq. (3)) are
constants in w. However, a ‘Warburg’ component with a frequency
dependency similar to that of Zy, (but with n=1/2) is introduced
in series with these components to account for adsorption when
driven by anionic diffusion (e.g. see [25-27]).

zr(w) =Ze + (4)

1.3. Modelling the bulk electrolyte

The impedance of the bulk electrolyte is well characterised by
the Maxwell-Wagner model which is given by

Zo=— L (5)
8e +JwCe

where g, is the conductance per unit area and c, the capacitance

per unit area of the electrolyte. In contrast to the CPA impedance

element, the conductance and capacitance of the electrolyte are

defined by bulk electrical and geometrical properties that are con-

stants in w. Specifically, for a layer of electrolyte of thickness de,
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1.4. Physical origins of the constant-phase-angle (CPA) element

The physical origins of the capacitive and conductive com-
ponents of the CPA element and further embellishments have
proven more illusive. The possible exception is for the special
case when the frequency exponent n=1 whence Egs. (2) and (3)
yield gepa =0 and cpq =A-1. That is, the impedance of the CPA ele-
ment becomes that of a Maxwell-Wagner capacitor, the physical
properties of which have been purported to derive from dielec-
tric and geometrical properties of an ionic double layer of uniform
thickness on an ideally flat metal surface in which no charge
passes between the electrode and electrolyte (i.e. Zggsorption =00).
The manifestation of the dependence of the CPA capacitance on
frequency (Eq. (3)) for decreasing values of n has been generally
correlated with increasing roughness of the electrode surface (e.g.
[13]).

Several models that consider the electrical properties of the
electrolyte, the non-transference of charge at the interface and
surface topography have been devised to explain the commonly
observed CPA behavior of electrode-electrolyte interfaces of vary-
ing roughness. That proposed by de Levie [13] for a mechanically
polished electrode assumed that the surface contained V-shaped
groves, the impedance of which was represented by tapered
transmission lines. This model yielded a CPA element that was
restricted to using a frequency exponent of n=1/2. Wang and
Bates [28] generalised de Levie’s model to yield values for n
close to those observed experimentally (typically 0.7<n<0.9). Le
Mehaute and Crepy [29] proposed a surface topography based
on fractal branching. Although criticised by Keddam and Take-
nouti [30], Liu [31,32] showed that fractal branching yielded CPA
behaviour.

1.5. Predictions of fractal modelling for surfaces approaching
atomic roughness (effects of mono-atomic terraces)

Liu’s fractal model is shown in Fig. 1 and its derivation is outlined
in Appendix A. Dispersions of the total conductance and capaci-
tance with frequency for the fractal model are shown in Fig. 2 as
a function of the number of fractal branches N, which has been

Electrolyte

Fig. 1. Fractal (Cantor bar) model for the interface between an electrolyte and an electrode with a rough surface. The surface is modelled as groves with many stages of
branching. Only two groves with four stages of branching are shown. The variables denoting the dimensions and components of the equivalent circuit are also shown.
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Fig. 2. Theoretical conductance and capacitance spectra based on Liu’s Cantor bar
fractal model shown in Fig. 1 for atomically flat (N=0) and rough (N> 1) surfaces in
contact with a 100 wM electrolyte of conductance g, and capacitance c.. Parameters
for the flat surface are: c=20mFm~2; g.=2Sm~2 and ¢, = 0.9 wF m~2. Those for the
rough surfaces are c=20mFm~2; g,=2Sm~2 and ¢, =0.9 wWFm~2; a=10; H=38 nm
and W=20nm.

arbitrarily chosen as a parameter that generally correlates with
roughness.!

The dispersion for an atomically flat surface corresponds to N=0
revealing that the total capacitance plateaus to a value at low fre-
quencies which is approximately the capacitance c for the ionic
double layer of constant thickness on a flat surface, and a value at
high frequencies which is approximately the dielectric/geometrical
capacitance ce of the electrolyte. The conductance at low fre-
quencies increases with increasing frequency and plateaus at high
frequencies to a value which is approximately the geometrical con-
ductance g. of the electrolyte. Eq. (3) shows that the absence of
a dispersion of the capacitance with frequency at low frequen-
cies correlates with a CPA frequency exponent value of unity, i.e.
n=1

The presence of extensive numbers of mono-atomic terraces
over an otherwise atomically flat surface can also be modelled using
N=1. However, Fig. 2 reveals a CPA frequency exponent value of
unity for this situation as well2 and for more extensive terracing
corresponding to N=3 and 5.

1 Other fractal parameters, such as the width W, length L and height h high of the
groves at the surface and the fractal scaling factor a that determines the degree to
which groves diminish in size with each fractal branch also define surface roughness.

2 Note that the modeling greatly overestimates the height h of the terracing (see
caption to Fig. 2) yet a CPA exponent of unity prevails in the dispersions of the
capacitance with frequency.

1.6. Predictions of CPA behaviour for rough surfaces

For the fractal model of a non-flat surface, the commonly
observed CPA capacitance-frequency and conductance-frequency
characteristics described by Eq. (3) are revealed in the low-
frequency regime atrelatively large values of N (e.g. Fig. 2 for N > 20).
The slopes of the characteristics yield values for the CPA frequency
exponent n that are typical of rough surfaces, i.e. 0.7 <n<0.9. How-
ever, the slopes (i.e. n) can be seen to be insensitive to variations
in N for values ranging from 20 to 80, that is, for fractal surfaces
covering a broad range of roughness. A consequence of this is that
n will be similarly insensitive to other fractal parameters, defined
in Fig. 2. This is consistent with studies of Bates et al. [21] and later
Pajkossy [33] who showed experimentally that a unique relation-
ship between the fractal dimension of fractal models and the CPA
exponent n could not be established for metal-electrolyte systems.

Geometrical models of this type could be applicable to surfaces
characterised as very rough [34] and whose CPA characteristics
exhibit dependencies on geometrical parameters at measurable fre-
quencies (e.g. >10~3 Hz).

1.7. CPA behaviour of atomically flat gold-electrolyte surfaces

Significant progress has been made by Pajkossy etal. [19]in char-
acterising the electrochemistry of the gold-electrolyte interface.
They report a value for the CPA exponent n of 0.99 for single-
crystal electrodes in the absence of specific ionic adsorption. Such
behaviour is consistent with both CPA characteristics described by
Eq. (3), which predicts ideal capacitive behaviour for n~ 1 and Liu’s
fractal model which also predicts n=1 for N=0 (see Fig. 2).

However, Pajkossy et al. report the persistence of CPA-behaviour
and a decrease in n in the presence of specific ionic adsorption. The
capacitance and conductance dispersions for fractal model shown
in Fig. 2 do not predict this behaviour even for surfaces with mono-
atomic terraces (i.e. for 5>N>0).

1.8. Scope of present study

Electrical impedance characterisations are presented here on
gold-electrolyte interfaces whose surface topologies were char-
acterized using atomic force microscopy (AFM). One of the
topographies was characterised as atomically flat and provided
an opportunity to study the electrochemical properties of the
gold-electrolyte interface as a function of electrolyte concentra-
tion unencumbered by the complication of surface topography but
over a frequency range extending down close to 10-3 Hz.

2. Materials and methods
2.1. Materials

Gold wire with 1mm diameter (99.999% purity) and silver
wire with 1mm diameter (99.99% purity) were purchased from
Aldrich Chemicals (Sydney, NSW, Australia). Reagent grade potas-
sium chloride was purchased from Aldrich Chemicals (Sydney,
NSW, Australia). Absolute ethanol was purchased from Ajax (Syd-
ney, Australia). All the chemicals were used as received without
further purification. Milli-Q (18 M2 cm) was used for the rinsing
and preparation of solutions.

2.2. Preparation of flat gold surface

Evaporated gold on a mica template was obtained from School of
Chemistry, Physics and Earth Science, Flinders University (Adelaide,
SA, Australia) where the gold evaporation was performed using
the procedure described previously [35]. The mica-supported gold
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was glued to a microscope glass slide using Torr Seal® (Varian Vac-
uum Products, Lexington, MA, USA) to produce a mica-gold-glass
support sandwich type of assembly. After 24 h the Torr Seal had
attached firmly to the mica-gold pieces. The sandwich was placed
in liquid nitrogen to cryogenically cleave away the mica and expose
the atomically flat gold surface. The atmospheric water condensate
on the flat gold substrate was removed by blowing a stream of dry
nitrogen onto the substrate.

2.3. AC impedance spectroscopy

ACimpedance measurements were performed using an InPhaze
Spectrometer [36] and characterisation chamber [37] (InPhaze Pty.
Ltd., Sydney, Australia). The spectrometer provided a magnitude
resolution of 0.002% and phase angle resolution of 0.001° over a
frequency range of 6 mHz to 100 kHz.

Fig. 3(a) is a schematic of the characterisation chamber which
features a circular compressible gasket of rectilinear cross-section
that provided an accurate estimate of the active area of mea-
surement (i.e. 1.81 x 10> m?2). The rectilinear gasket also avoided
spatial distortions of the alternating current I used for impedance
measurements that would have occurred using an o-ring gasket.
Such distortions in themselves have been shown to manifest CPA-
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Fig. 3. (a) Schematic of the experimental chamber used for characterising the gold
surfaces. The rough gold sample was placed directly on top of the working elec-
trode as shown. As the flat gold surface was supported on an insulating microscope
slide, it was necessary to attach a silver wire (not shown) to the non-active area
of the gold surface with conducting glue. In this instance, the silver wire served as
the working electrode. (b) Capacitance measurements (®) obtained for an octade-
cane monolayer attached to a highly doped atomically flat silicon wafer placed in the
chamber shown in (a)—adapted from [2]. The two-element Maxwell-Wagner model
that was fitted to the measurements is also shown. One element represented the
electrolyte of conductance 224 Sm~2 and the other element the monolayer of con-
ductance 858 S m~2 and capacitance 19.7 mFm~2. The constancy of the measured
capacitance over five decades of frequency below 102 Hz (originating principally
from the capacitive properties of the monolayer) is consistent with that expected
foran atomically flat surface, i.e. a value for the constant-phase-angle (CPA) exponent
n of unity.

like characteristics (see appendix of [2]). Also featured is a very
low-leak reference electrode (type LF-2 from Innovative Instru-
ments Inc. 8533 Queen Brooks Ct.Tampa, FL 33637, USA) located
in an electrolyte filled recess. This was used to measure the
electrical potential response V of the electrolyte-gold interfaces3
to the current stimulus I. The chamber also featured a mecha-
nism involving three identical springs of low-spring constant (not
shown) for applying a uniform pressure to seal the gasket over
the active area while minimising deformation of the gold sur-
faces.

The current I was injected into the system via an attenuating
circuit of high impedance (typically 1 M€2) and a know impedance
standard of similarly high impedance. No bias signals were applied
to the system such as would be the case with a potentiostat that
utilises high-gain feedback circuitry to regulate the amplitudes of
both the alternating and biasing signals. The alternating voltage
responses of the system and the impedance standard were typically
less than 40 mV in amplitude. A least-squares fitting of sinusoidal
functions to the measured responses together with the known val-
ues for the standard provided accurate estimates of the impedance
magnitude and phase of the system as well as the bias current. The
average bias current during the acquisition of some 10 spectra over
aperiod of some 12 h was typically zero indicating that the electrical
potential of the interface was that for zero charge.

The suitability of the chamber for impedance characterisation of
surface roughnessis illustrated in Fig. 3(b) which shows the absence
of CPA behaviour of an organic layer on atomically flat silicon(1 0 0)
in the low-frequency range where such behaviour has been com-
monly reported for metal-electrolyte interfaces [2]. Impedance
measurements at very high frequencies (typically >1 kHz) yielded
frequency independent estimates of the area specific conduc-
tance of the electrolyte, i.e. ge, and estimates of the area specific
capacitance,? i.e. c. (see Eq. (5)). Assuming that the dielectric con-
stant for the electrolyte was approximately 79 then Eq. (6) yielded
estimates of the thickness of electrolyte involve in the measurement
that were consistent with the known height of the recess above the
interface. Conductivity estimates for the electrolytes based on Eq.
(6) were also consistent with published values for the conductiv-
ity of potassium chloride electrolytes (CRC Handbook of Chemistry
and Physics [38]).

Impedance spectra are presented as capacitance (i.e.
cr=Im[1/zr]/w) and conductance (i.e.gr=Re[1/zr]) dispersions
with frequency. Variations of the imaginary capacitance (i.e. gr/w)
as a function of the real capacitance (i.e. cr) are also presented.

2.4. Statistical analysis of models

Aleast-squares-error method was employed to fit models to the
averaged impedance spectra. Specifically the method minimised:

N 2

where x? = Z (7m" —f(a)n)) (7)

On

Reduced-x? = NN
-

n=1

3 The high-input impedance of the amplifier (10'? ) used to measure the elec-
trical potential at the tip of the reference electrode in the InPhaze chamber ensured
that the amplifier drew negligibly small current from the electrolyte-gold interfaces.
Thus from Ohms law the tip of the reference electrode was effectively at the same
electric potential as that at the entry to the recess, i.e. V in Fig. 3(a). The aperture of
the entry was very small so as to minimise the spatial distortion of the alternating
current I in the plane that extends parallel to the interface from the entry into the
electrolyte (dotted line in Fig. 3(a)). Thus the reference electrode measured the elec-
trical potential response of the interfaces (V) to the current stimulus I independently
of the position or the orientation of the reference electrode within the recess.

4 For concentrations typically less than 10 mM.
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and where flw) is the model function containing Ny adjustable
parameters and m, and o, are the mean and standard deviation,
respectively, of the nth of N measurements.

2.5. Atomic force microscopy (AFM)

All AFM measurements were acquired in tapping mode in
air with a Dimension 3000 (Digital Instruments) using commer-
cially modified Si3N4 cantilevers. Several images were taken such
that the parameters of force, tip frequency, scan size, and scan-
ning speed could be optimally adjusted for best imaging. All
measurements were performed at room temperature and the
laser used for detecting the cantilever deflection had a minimal
effect on the temperature of the sample under the cantilever.
The height distribution was determined by cross-section analysis
using the default Digital Instruments (Version 4.31, Rev B.) soft-
ware.

3. Results
3.1. Atomic force microscopy (AFM) images

A representative high-resolution AFM height image (tapping
mode in air) and its corresponding cross-section profile for the
atomically flat gold surfaces formed on mica templates are shown
in Fig. 4. The height image and profile showed uniform topogra-
phy with small circular structures displaying a wave-like feature
across the surface with amplitude of 0.2nm and a diameter of
up to ~40nm. The flat gold surfaces were found to produce
regions of up to 40,000 nm? with root mean square roughness of
0.002 nm.

The flatness of the surface was confirmed through a rough-
ness analysis which yielded average roughness values of Ry of
0.11 +£0.02 nm, R, of 0.084 4 0.02 nm and Rpyax of .10+ 0.1 nm for a

0 100 200
nm

Fig. 4. AFM image of flat gold.
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Fig. 5. AFM image of rough gold.

200 nm x 200 nm area. These observations are in accordance with
previous AFM studies on flat gold surfaces; e.g. [39-43].

The representative AFM topographical image of the rough gold
surface and its height profile are shown in Fig. 5.

In contrast to the atomically flat gold sample, the height
image of the rough gold substrate shows features akin to a
nanoscale moonscape. The maximum height difference (Rmax ) over
a 1Tpmx 1 wm area for this sample was 34+ 1nm. The average
roughness values for this surface were Ryys of 4.7 +£0.2 nm and R,
of 3.7+0.3 nm, of order 40 times rougher than the flat gold sam-
ples.

3.2. Impedance measurements

Fig. 6 compares the measured dispersions of the conductance
and capacitance with frequency of a 33.3 wM KCl electrolyte in con-
tact with surfaces whose AFM images are shown in Figs. 4 and 5.
At high frequencies the conductance and capacitance plateaux to
yield the approximate bulk conductance and capacitance values
for the electrolyte, i.e. ge~2Sm~2 and c.~ 0.8 WFm~2, whereas
at low frequencies, the capacitance plateaus to yield approximate
bulk conductance and capacitance values similar in magnitude to
those obtained for interfaces of polycrystalline and single crystal
gold surfaces under similar biasing conditions [20].

Fig. 6 shows that the capacitance measurements disperse with
frequency in the manner described by Eq. (3) which characterises
CPA behaviour. The capacitance loci of these measurements are
shown in Fig. 7 and are similar in form to those obtained previously
for polycrystalline gold [44]. The measurements yield estimates
of the CPA frequency exponent n of approximately 1 and 0.8 for
topographies characterised as flat (OJ) and rough (), respectively.
These values are broadly consistent with the respective AFM char-
acterised topographies shown in Figs. 4 and 5 and for topographies
of metal-electrolyte interfaces reported in the literature (e.g. [21])
including gold interfaces approaching atomic flatness (e.g. [45] and
[19]).
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3.3. Modelling the impedance measurements

The theoretical curves fitted to the conductance and capaci-
tance measurements shown in Figs. 6 and 7 were generated by Eq.
(4) which can be readily derived from the model circuit shown in
Fig. 7(c). The model circuit includes a conductance element g,y in
parallel with the obligatory CPA impedance element, connected in
series with the Maxwell-Wagner impedance element representing
the electrolyte.

A closer inspection of the capacitance dispersion with frequency
for the atomically flat surface (O, Fig. 6(c)) reveals the persistence
of CPA characteristics with an exponent value of 0.96, that is, close
to unity. Exponent values approaching unity are consistent with
interfacial studies of atomically flat electrodes in contact with elec-
trolytes free of ions, such as chloride ions, that adsorb to gold [27].
The theoretical curves representing such an ideal, chemically inert
flat metallic surface, are shown in Figs. 6 and 7 as dashed curves
and correspond to an interface represented by a simple capacitor
(i.e. 8qd =8cpa =0 and c¢pq = constant). However, whilst the CPA ele-
ment was sufficient to explain the dispersions of capacitance it was
necessary to include an adsorption conductance element g,4 in the
model (see Fig. 7(c)) to explain the dispersion of the conductance
for both flat (O) and rough (M) surfaces.

3.4. Dependencies of ccpq and gqq on electrolyte concentration
Experiments and analyses were performed on the atomically

flat surface in contact with potassium chloride electrolytes of con-
centrations ranging from 33 wM to 100 mM. The general features
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Fig. 6. Conductance (a) and capacitance (b and c) spectra for flat (O) and rough
(m) gold surfaces in contact with a 33.3 wM electrolyte (average standard devia-
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electrolyte-metal interfaces. The dashed curve is that for an ideally flat surface in
which interfacial properties derive from capacitive properties of the ionic double
layer that are independent of angular frequency w.
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cal curves assuming that the interfacial properties derive from capacitive properties
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(dashed curve) of angular frequency w.

of the conductance and capacitance dispersions with frequency
attributable to these ionic interfaces were similar to those disper-
sions shown in Figs. 6 and 7 for the flat surface () in contact with
an electrolyte of 33 wM concentration. This was also reflected in
the detailed analyses of these dispersions which yielded CPA expo-
nent and conductance values that were similar in magnitude to
those values obtained for the 33 wM concentration, i.e. n=0.96 and
Zepa=41x 0¥ mSm2,

The detailed analyses further revealed variations in the val-
ues obtained for the CPA capacitance cpq and the adsorbent
conductance g,4, which are plotted as a function of electrolyte con-
centration in Fig. 8. Whilst the variations in the values obtained
for ccpa and g,y are substantial, linear regression analyses (dotted
curves in Fig. 8) revealed poor correlations of these variations with
concentration. The average values for c¢pq and g,q were found to be
66 x 0 %94 mFm~2 and 1.3 mS m~2, respectively.

4. Discussion

The electrical impedance spectroscopy (EIS) and atomic force
microscopy (AFM) characterisations of rough and flat gold surfaces
presented here yield results consistent with similar studies on poly-
crystalline and single crystal gold surfaces reported in the literature.

Whilst the measurements for the atomically flat surface (O,
Fig. 6(c)) approached those for a chemically inert flat surface at
high frequencies (dashed curve) they diverge increasingly with
decreasing frequency. This divergence from ideal constant capaci-
tive behaviour could not be attributed to surface topography as AFM
images (Fig. 4) characterised the topography as close to atomically
flat for which the fractal model predicts ideal capacitive character-
istic (e.g. see theoretical curves in Fig. 2 for N=0). It is also unlikely
to be attributed to mono-atomic terracing [46] for which the fractal
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Fig. 8. (a) Dependence of the constant-phase-angle (CPA) capacitance c, on elec-
trolyte concentration. The Gouy-Chapmann capacitance is given by Eq. (8) and is
proportional to the square root of the concentration. (b) Dependence of the adsor-
bent conductance g,q on electrolyte concentration.

model also predicts ideal capacitive characteristics (e.g. see Fig. 2
for 5>N>0).

It would thus appear likely that the retention of capacitance
(CPA) dispersions on atomically flat surfaces should be attributed
to anionic adsorption occurring in the interface, which is consis-
tent with earlier findings of Pajkossy et al. [27] and their conclusion
that it is due to “surface disorder (i.e. heterogeneities on the atomic
scale) rather than roughness (i.e. geometric irregularities much
larger than those on the atomic scale)” [47] and “specific adsorption
and/or adsorption-related processes” [27].

The EIS studies on rough surfaces reveal CPA characteristics sim-
ilar to those predicted by the geometrical fractal model [31] (cf.
Fig. 2, Fig. 5 and W, Fig. 6). This would suggest that such “geometric
models might be applicable for interpreting impedance spectra of
high-surface area (porous) electrodes” [20].

The value of 0.96 obtained for the CPA exponent n in the present
study for the mica templated gold in contact with electrolytes con-
taining adsorbent chloride ions is only marginally less than the
exponent value of 0.99 obtained for single crystal surfaces in contact
with electrolytes containing non-adsorbent ions [27]. It would thus
appear that the electrolyte interface of atomically flat surfaces, i.e.
the ionic double layer, “behaves as an ideal capacitor in the absence
of specific adsorption” [27].

The adsorption conductance element g,; was a necessary
inclusion in the model (Fig. 7(c)) for obtaining statistically justi-
fiable fits to the conductance dispersions at low frequencies (i.e.
reduced-x2~ 1) for both flat () and rough (M) surfaces. How-
ever, the reduced-y2 values could not justify the inclusion of
an adsorption capacitor. Nonetheless, the inclusion of g 4 and a
CPA exponent less than the value of 0.99 obtained for atomically
flat surface in the absence of specific adsorption, were sufficient

indicators that chloride adsorption was occurring at these sur-
faces.

The deduced values for g,; were 0.8 mS m~2 for the flat surface
(O, Fig. 7(b)) and 2.1 mSm~2 for the rough surface (M, Fig. 7(b))
indicated that adsorption was largest for the rougher surface. This is
consistent with the rougher topography providing the larger surface
area for chloride adsorption.

The EIS studies presented here further reveal that the adsorption
conductance for the atomically flat surface, which can be attributed
to Faradic transferences of chloride ions between the electrolyte
and the gold, was independent of concentration (see Fig. 8(b)).
An initial expectation is that this Faradaic conductance might be
strongly correlated to concentration as it would be attributable to
a diffusion driven adsorption covering a 300-fold range in concen-
tration. A consequence of this expectation is that the capacitance
of the double layer might be correlated to concentration. However,
Fig. 8(a) reveals a poor correlation with even less scatter than then
results for the Faradaic conductance.

These observations have implications regarding the origin of the
ideal capacitive behaviour of the ionic double layer when char-
acterised on atomically flat gold at the electric potential of zero
charge.

4.1. The physical structure of the ionic double layer on atomically
flat gold

The physical structure of the double layer has been commonly
divided into two regions; the inner or Stern layer [8] whose prop-
erties are presumed to be determined by a layer of solvent and
solute molecules next to the metal surface, and an outer or diffuse
‘Gouy-Chapmann’ layer ([7,48]) in which the solvent is regarded
as a uniform dielectric medium of permittivity equal to that of
the bulk electrolyte, &y, [49]. Solutions of the Boltzmann-Poisson
equations yield an expression for capacitance of the outer ‘Gouy-
Chapmann’ diffuse layer of

Ebulk kTe puik
CGouy-Chapmann = *>oh where )LDebye = W (8)
ebye A i%ivi

where k is the Boltzmann constant, T the temperature, q the mag-
nitude of the electronic charge, Ny Avogadro’s number and C; the
concentration (in units of Mm~3 or mM) of the ith ionic species of
valence z; comprising the electrolyte.

The theoretical ‘Gouy-Chapmann’ capacitance as a function of
the potassium chloride concentration is plotted in Fig. 8(a). This
capacitance clearly exhibits a strong dependence on concentration
that is not reflected in the measured capacitance values obtained
in this study for the double layer for atomically flat gold.

The region immediately adjacent to the gold surface is often
referred to as the inner or “Stern” layer. This is a region where the
intense electric fields (calculated to by of the order of 107-108 Vm~!
by Verwey and Overbeek [50]) are expected to give rise to dielec-
tric saturation of water (Stern [8] and Grahame [51]). This leads to
a much reduced value for the dielectric constant of water in this
region (Hasted et al. [52]). Born energies for the ions in this region
with a lowered dielectric constant, give rise to ion partitioning [14]
and this moderates the adsorption of ions due to attractive image
forces between the ions and the metal electrode.

Theoretical estimates of the dielectric permittivity of the Stern
layer is approximately 1/16th that of the bulk electrolyte [52]. Thus
the dielectric geometrical capacitance per unit area of the inner
Stern layer is given by
_ (1/16)epuir

Cstern =

(9)

dStern

where dg, is the thickness.
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A Stern layer of thickness dsserm =6.7 A accounts for the mean
value of 0.066 Fm~2 obtained for the average capacitance of the
double layer over a substantially wide range of concentrations. This
thickness is approximately twice the diameter of a potassium or
chloride ion and consistent with the proposed molecular dimen-
sions of the Stern layer. Further, our finding that the adsorption
conductance was also independent of concentration of the bulk
electrolyte is consistent with ions being present in the double layer
at a “saturation” concentration even at the lowest electrolyte con-
centration of 33 WM.

5. Conclusions

Electrical impedance spectroscopy (EIS) studies of the interfa-
cial properties of potassium chloride electrolytes in contact with
rough gold surfaces and atomically flat gold surfaces formed on
mica templates exhibit constant-phase-angle (CPA) dispersions of
conductance and capacitance with frequency extending to very low
frequencies of 6 mHz. The CPA exponent value of 0.96 obtained for
the atomically flat surfaces was sufficiently close to the value of
unity that renders the CPA impedance element as an “ideal capaci-
tor” and provided realistic estimates of the capacitance of the ionic
double layer at the electric potential of zero charge.

Geometrical ‘fractal’ models that account for surface topogra-
phies of gold-electrolyte interfaces do not predict CPA characteris-
tics for either atomically flat surface or surfaces with mono-atomic
terraces. The retention of CPA characteristics with exponents
marginally less than unity is principally attributable to specific
adsorption of chloride ions which was modelled as an adsorption
conductance element in parallel with the CPA element.

The ‘chloride’ adsorption conductance values deduced for the
atomically flat gold interface were independent of concentration,
consistent with ion adsorption in the interface reaching saturation
even at the very low electrolyte concentration of 33 WM.

The double layer capacitance values were similarly independent
of the electrolyte concentration, contrary to dependencies expected
for the outer diffuse ‘Gouy-Chapman’ region of the double layer, but
consistent with electrochemical and geometrical properties pro-
posed for the inner ‘Stern’ region of the interface.
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Appendix A
Cantor-bar fractal model

Fig. 1 depicts the fractal model that Liu et al. ([31,32])
used to predict the ac response of a rough electrode
in contact with an electrolyte. The electrode surface
is modelled as groves W wide, L long and h high. Each grove
branches into two smaller groves also of length L and height h but
of a reduced width. These smaller groves branch further into two
even smaller groves and so on. The overall height H of the grove is
Nh where N is the number of stages of branching. The width of the
grove at the nth stage of branching is given by

w

Wn= a7

(A1)

where a is the scaling factor. The inner width of the grove is given
by

wp =W, — 2Wn+‘1 =W (1 — %) (AZ)

which is greater than zero only when
a>?2 (A3)

Contributions to the impedance of the interface arise from the
capacitance per unit area of the double layer, i.e. ¢, the conduc-
tive (0¢) and dielectric (&.) properties of the electrolyte as well
as the geometry of the grove shown in Fig. 3. These contributions
are represented by circuit component in the equivalent circuit also
shown in Fig. 2. Expressions for the capacitive components of the
nth branch are

Cl = c{2h(L + Wp)} (A4)
Gy =c{2Llwy} for n<N (A5)
Y =c{lwy} for n=N (A6)

The impedance of the electrolyte in the nth branch is

h

n:m for n<N (A7)

where w is the angular frequency of the applied ac signal (note that
w=2mfwhere fis the frequency in units of cycles per second).
The total capacitive contribution of the nth branch is

Ch=Ch'4+C¥ for n<N (A8)
and that for the Nth (last) branch is
Cn=Ch+C for n=N (A9)

Analysis of the equivalent circuit in Fig. 2 yields a fractal function
of

1
2(n,Z2) = Zn + -

jwCn +(2/22) (A10)

linking the contributions of the branches to the total impedance of
the grove. The impedance of one of the groves shown in Fig. 3 with
four branches is given by

Zg=27(1,2Z(2,Z(3,Z(4, x)))) (A11)
or with N branches
Zg=Z(1,Z(---Z(i, Z(---Z(N — 1, Z(N, 0)))))) (A12)

The interfacial impedance includes that of the grove (Eq. (A12))
which covers a surface area LW in parallel with that of a flat surface
of equivalent area with capacitance of

Cw = LW (A13)

The interfacial impedance of area L(2W) is therefore

70— 1
7 joCw +(1/Z)
Measurements of the impedance between the electrolyte and
the electrode utilise a reference electrode immersed in the elec-
trolyte as shown in Fig. 1 and located a distance d from the rough
surface. The impedance of the electrolyte is
_ 1
T 2LW(ge + joce)

(A14)

Ze where ge = % and c. = % (A15)
Therefore the total impedance for the area L(2W) is Zg + Z, or the

total admittance per unit area is

1

2IW(Zr + Ze) (A16)

yr = gr(w) +jocr(w) =

where gr(w) and cr(w) are the equivalent parallel conductance and
capacitance components, respectively, of the admittance.
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In the limit of h approaching zero Egs. (A4), (A5), (A6), (A7) and
(A12) yield that

1
G0, GV =0, G > cllW}, Zn— 0, and Z — ——en

whence Eq. (A14) simplifies to

1
Zr(h — 0) — Twc2LW) (A17)
and Eq. (A16) simplifies to
. 1
y1 = gr(w) +jocr(w) (A18)

7 (A/jwc) + (1/(ge +jooce))

which is, as expected, the admittance of a flat electrode in series
with the electrolyte.
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