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Abstract | Surface of a solid electrode ubiquitously possesses

morphological

and energetic disorders,

and therefore it greatly

influences their thermodynamics, kinetics and transport properties.
Also, the anomalies in an electrochemical response are governed by
the synergistic effect of the morphological and phenomenological
lengths. For theoretical understanding of disordered systems, it becomes
mandatory to characterize these length scales, and their dependence
on electrochemical and morphological characteristics. In this review, we
mainly focus on two aspects: (1) statistical characterization of electrode
surface using FE-SEM micrographs and electrochemical microscopic
area, and (2) the physical significance of various length scales arising in
theoretical models and electrode surface topography. Finally, a common
scale is generated to show the synergistic effects of morphological and
phenomenological length scales in disordered electrochemical system.
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1 Introduction
Surface disorder plays a significant role in
determining the chemical, physical and
electrochemical behavior of the interface (in many
diffusion limited physico-chemical processes).
Microstructured and nanostructured materials
are currently of great interest for devices such
as electrochemical sensors,'” supercapacitors,*
photovoltaics and fuel cells’ because of their
large surface area, novel size effects,® significantly
enhanced kinetics, and so on. Solid planar
electrodes are not smooth at all length scales as
they exhibit complex surface morphology with
varying degree of irregularity ranging from sub-
nanometer to micrometer length scales.” The
electrochemical properties of an electrode are
affected by its composition, crystallographic
features as well as morphology. This dependence
causes emergence of anomalous electrochemical
responses as they tend to deviate from the classical
electrochemical behavior.®

In order to decipher the anomalies in the
electrochemical responses, several theoretical
frameworks have been presented. The fractional

electrode topography, capacitance, transient response, phenomenological length scales,

diffusion  equation  approach,*®
approach,'™ equivalent circuit modeling
and perturbation approach''® are some of the
widely used approaches. The fractional diffusion
approach can be used for diffusion towards an
interface for porous media with fractal structure,
and in diffusion of free carriers in multiple
trapping. However, difficulty in obtaining
the analytical solution of the problem and
complicated mathematical operator structure
limits its applicability. On the other hand, scaling
approach can effectively interpret large quantity
of data, but is unable to include a complete set of
realistic fractal morphological parameters. Hence,
it does not capture subtle aspects of experimental
data and their crossover behaviors. The equivalent
circuit approach requires rigorous presumptions
of the fitting parameters, hence is often unable
to capture the complexity and dynamics of the
electrochemical systems. Our boundary shape
and profile perturbation approach uses detailed
geometry of the surface to model anomalous
diffusion at the rough electrode surface. Kant and
coworkers have established a series of relationships

scaling
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Power spectrum: It performs
a decomposition of the
surface profile into its spatial
wavelengths and expresses
the roughness power per
unit spatial frequency

or wavenumber over the
sampling length.

Correlation function:

A function describing the
statistical link between the
random surface profiles
distributed in spatial
coordinates.

Coupling length:

The characteristic
phenomenological length scale
emerging due to coupling of
two or more phenomena in an
electrochemical system.
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between the observables like current, admittance,
absorbance and charge transients with the
morphology of the electrodes via power spectrum
of rough interface.'”~* This method has advantages
over the others since the solutions take the form
of relatively simple explicit analytical expressions
that can be evaluated much more easily.

The following sections will attempt to describe
various underlying concepts in electrode structure
characterization and their correlation to the
electrochemical processes with brief outlines
of their length and time scales. Firstly, the study
of electrode surface morphology through its
stochastic modeling, finite fractal characterization
and a method to extract various morphological
quantities are discussed. In the next section, various
phenomenological length scales are discussed
based on the active electrochemical phenomena.
Finally, the coupling of morphological and
phenomenological length scales is established
to unravel the causes of morphology induced
anomalies in the electrochemical processes.

2 Quantitative Electrode Roughness:
Through FE-SEM Micrographs

Surface characterization is an imperative step for
addressing relation between surface structures
and surface electrochemical properties. Surface
roughness (in sub-nm to 100 nm) can cause
modification in work function and solvation
of the electrode, therefore, transforms its
thermodynamics and kinetics. Roughness also
introduces random topographic confinements
of diffusing particles near the surface and their
influence persists till diffusion layer thickness
exceeds the width of roughness. Hence, mass
transport in multi-scale confined environment
causes anomalous electrochemical responses.
So, it becomes mandatory to characterize
the surface structures over an electrode.
Several techniques are available to analyze the
morphology and roughness of the electrode
surfaces. Quantitative surface characterization
is done with the high resolution techniques
such as FE-SEM (field emission scanning
electron microscopy), AFM (atomic force
microscopy) and STM (scanning tunneling
microscopy). FE-SEM spatial resolution for
surface morphology is comparable to AFM
resolution, approximately 1 nm. Various length
scales are involved with the surface morphology
and can be obtained using FE-SEM, AFM etc.
Roughness factor obtained from AFM are
usually lower than the obtained from the
electrochemical methods. In this section, we will
focus on quantitative surface characterization

from FE-SEM and electrochemically measured
roughness factor.

The FE-SEM image of an electrode surface
has random profile, which varies from sample to
sample. Therefore, the electrode surface profile
should be characterized through its statistical
measures. The simplest measures of roughness
are the roughness factor (R* = microscopic area/
projected area) and the mean square width of
roughness (h?). The more general characterization
of the electrode surface roughness is the two-
point height correlation function and even more
useful quantity, its Fourier transform, the Power
Spectrum (PS). For statistical characterization,
the random electrode surface profile (ﬂ?||)) can
be looked upon as a homogeneous (stationary),
isotropic, centered and Gaussian fields,*

<§V(7||) =
(£EpSan) = PW (7= 7] (1)

where W (| F”—F”’ ) is the correlation function of
surface height fluctuations. Here, angular brackets
denote an ensemble average over various possible
surface configurations and W= <§'2(?|'|)> denotes
the mean square departure of the surface from
flatness or the measure of width of the interface.
The quantity that can be directly obtained
from the FE-SEM micrographs or AFM profile
measurement is the Fourier transform of the
correlation function'

(ap)=o
(a®RpaRD) =’ oK) + RIII)<‘2’(EII)‘2>

where o[ IZ”) is the_ two-dimensional Dirac delta
function in vector K. PS performs decomposition
of the surface profile into its spatial wavelengths and
allows the comparison of roughness measurements
over different spatial frequency ranges.”” The PS of
roughness « (K ||)| )) is the ensemble average
of all the possible configurations. PS is defined as
the ensemble average of the product of Fourier
transform of surface profile (§(K ||)) and its
complex conjugate (g“ (K ). For a slowly varying
surface profile, it is compressed around the lower
frequencies, whereas for a rapidly varying surface
it is spread out in the higher frequency domain.
The FE-SEM images are directly related
to the changes in height data, but they lack
the exact information of height. Therefore,
Figure 1 summarizes a recently developed method
for surface characterization using FE-SEM
micrographs and microscopic area from cyclic
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voltammetry (CV).”® In this method denoised PSD, roughness factor (R*) information obtained  Denoising: Process of
imagesare used to extract thestatisticalinformation ~ from CV is used. The bridging relation between Zezﬁ‘;‘zg af:ifaecr“ni;ii‘)a
of roughness in the form of power spectral density ~ the roughness factor and the second moment of ;= mefsffed surface data,
(PSD). PSD extracted from denoised FE-SEM  power spectrum or mean square gradient (MSG)  introduced by the device’s
images is the scaled PSD as this is calculated from  of roughness (1,) is given as*>*® mechanism or processing
relative height information stored in FE-SEM algorithm-

images in morphological (secondary electron)  p._q, [#1 2exp| —— 1 erfe
mode. To convert scaled PSD data into quantitative 2 2m,

! 3
N (3)

Denoising image

(Laplacian filter) l
Denoised Noise of SEM
SEM image images

v

PSD of SEM image Selected PSD and PSD of noise
(Normalised) " evaluated MSG (PSD) (Normalized)

Area from CV and
evaluated MSG (CV)

Morphological PSD
= Selected PSD

. MSG (CV).

\ MSG (PSD)

Image scale factor
> MSW(PSD)
MSW (Image)

Quantitative
3D-SEM image

6.9 ym
k 3 pm
3] ,un\ /

Figure 1: Flowchart of the algorithm employed for quantitative 3D reconstruction of electrode surface using

microscopic area from cyclic voltammetry (CV) and morphology from semi-quantitative FE-SEM image.“®
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Equation 3 can be used to extract m, from the
electrochemically obtained R*. m, obtained from
power spectrum is defined as,*

m, :;szK" K||2 <| ¢Ky |2> (4)

@z

Mean square gradient obtained from scaled
PSD and CV are compared to obtain a scale factor
for the morphological PSD (Figure 1). The missing
scale factor for normalized PSD is obtained as*

m, (CV)
m, (SEM)

PSD scale factor = (5)

Once the PSD scale factor for an electrode,
is known, it is possible to know the quantitative
PSD. Another useful quantity that is required to
reconstruct the height profile from the FE-SEM
micrographs is the mean square width (MSW),
given as,"

my = @szKm Sy |2> (6)

To reconstruct the 3D surface of an electrode
from the FE-SEM micrograph, an image scale
factor is required which is obtained as*

Image scale factor = }M (7)
my, (image)

For further illustration, Figure 2 (a) shows the
FE-SEM image of an electrochemically roughened
platinum (roughening procedure given in Ref.”?)
electrode. The power spectrum in Figure 2 (b)
shows roughness features in the size range of
10 nm to 10 um. The morphological PSD is
obtained using FE-SEM and the electrochemically
obtained microscopic area. In order to capture
the complexity arising from irregular SEM image,
one often uses the fractal models.”"** The random
fractal irregularities are usually understood in
terms of their power law power spectrum. As
shown in Figure 2 (a) and (b), most of the rough
surfaces through their (intermediate wavelength)
PSD can be approximately mapped into finite self-
affine fractals (which exhibit scale invariance over
a limited range of length scales).”** The power
law dependence of the power spectrum of finite-
fractal over the limited scales of wavenumbers/
wavelengths (K) is25*

(4RpF )= 1Ry P

for 1/L<|K)|<1/¢ (8)
(b) T
3 _9.:‘"'“.-

10°
e 10°
£
2
Ay 104
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Figure 2: Quantitative reconstruction of electrode surface and its (a) FE-SEM micrograph and (b) power
spectrum. Reconstruction of local surface profile at sites A and B showing (c) nanopimple and (d) nanopit.
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electronic capacitance.’®%) This leads to a region
of electronic screening in metals that extends
upto a few atom thickness and is known as the
Thomas-Fermi electronic screening length (/,.),

where L is the sample size or upper cutoff length
scale and D), is the fractal dimension or Hausdorft-
Besicovitch dimension. ¢ is the size of the finest
feature of roughness and it denotes the length above

Hausdroff Besicovitch
dimension: The measure
of the local size of a set of
points defining a space. For

which surface shows fractal behavior, i.e., roughness  defined as smooth shape it is an integer
effects are seen. For ideal fractals, 7, is often the Eorrespondir;g to its topology,
X lex fractal structures
length at which the average slope on the surface 2€p€,, Ef or complex fracta’ structures
. . . . l — (9) it can be a non-integer.
will be equal to 1 radian, obtained by extrapolating ~ “TF — 3502
0

power spectrum to wavenumber 1. However, it is
established for real surfaces that the extrapolation
method at wavenumber 1 often leads to unphysical
results.” Typically, size range of ¢, is0.3—1.5 um for
mechanically and chemically roughened electrodes.
Size of (¢, determines the time upto which
roughness effects will be observed in the current
transient response. Wavenumbers between 1/¢/ and
1/¢ . will influence the electrochemical response
arising due to processes involving diffusion.

SEM images appear to be three dimensional, but
they are in fact two dimensional as the magnitude
of elevation is not known. As mentioned earlier, the
methodology shown in Figure 1 can also be used
to determine the width of interface (h=+MSW)
from morphological PSD of FE-SEM images
to reconstruct 3D surface. This quantitative
measurement is of importance for investigations
of objects with 3D topographic features. This
methodology can also be used for the detailed
geometrical analysis. Local geometrical features
like peaks and pits can be analyzed with this
method. Figures 2(c) and 2(d) show the detailed 3D
reconstructed surface of peak and pit at the rough
platinum electrode (shown in FE-SEM image as
site A and B, respectively in Figure 2(a)). These

where €, is the metal dielectric constant (4.5-
7.2),°% E. is the Fermi energy (1.6-14.3 eV),”
€, is the permittivity of the free space, and e is
the electronic charge. n, is the average number
density, which can be determined from the Fermi
energy and reduced mass of electron (m) as

2E

f
ng = T f (10)
where D, =8\/5ﬂ'm3/21/Ef/h3 is the density

of states” and h is the Planck’s constant. The
electronic screening distance in metals is small
(~0.1-0.2 nm) because of high n, (0.9 x 10> —
24.6 x 10%*/cm?®).”® Graphite, being a semimetal,
behaves more like a metal with electronic screening
length of ~0.27 nm.

The Thomas-Fermi length is important in
determining one of the electronic property of
the metal surface, viz. work function.”® It can be
defined as the amount of energy required to take
an electron from the metal surface to a region at
infinity (out of the influence of image forces). Work
function has been recently formulated for metals
based on the Thomas-Fermi approximation® as

Thomas-Fermi

approximation: An
approximation to describe
the total energy of a many
body system as a function
(functional) of electron

2 density assuming that the

(11)

local geometrical features and statistical roughness
in synergy with phenomenological length scales are
important in understanding the anomalies in an
electrochemical response. Therefore, length scales
involved in various electrochemical phenomena p. e
will be discussed in the following section. £ 27y €, by

the work against the electrostatic self-capacitive
energy of the disc of radius /,, (over the smooth
metal surface) and is defined as,

electrons are distributed
uniformly in each small
volume element but the
electron density can vary
from one volume element to

3 Electrochemical Phenomena and Evidently, the work function is controlled by

Length Scales
Local curvature and work function. The
correlation between the structural aspects of
the electrode and various phenomena at its
surface is often recognized as the basic cause
of anomalous electrochemical responses. In
a broader sense, an electrochemical system
comprises three zones constituting the electrode,
electrode/electrolyte interface and the electrolyte
solution. Metal electrode influences phenomena
such as charge transfer kinetics, adsorption (of
solvent and electroactive/inactive species) and
formation of electric double layer, through its
work function, which in turn is related to its

the sub-nanometer electronic screening length
and dielectric of metals. Hence, they are the most
relevant parameters in determining the electronic
and electrochemical properties of the metals. It
is clear from Equation 11 that the work function
through the electronic screening length depends
on the Fermi energy, density of states and dielectric
constant. Since the electronic properties are
known to depend on the structural aspects of the
electrode surface, hence the theoretical knowledge
of variation of work function with size and shape is
required. The increase of electronic work function
with reducing size of the spherical nanoparticles
has been experimentally observed.**
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Spherical particle geometry being the simplest,
is often considered to be an inceptive model for
various nanoparticles. The work function of a
spherical particle (g;)is shown to be inversely
related to the particle size r as®*¢3¢*

2

G=dh+a (12)

47 €, r’

where « is an elusive parameter whose value
is often stated to be 1/2% or 3/8°% based on
various theoretical predictions and experimental
fitting gives it to be 0.3. However, our theory®®
predicts explicit dependence on the dielectric
of metal with ar=2/¢,. Since the typical metal
dielectric constants lie in the range of 4.2-7.2 (see
supporting information of ref**), the parameter o
is therefore estimated to vary in the range of =0.22—
0.44. Surprisingly, the mean value of estimated
range is same as the proposed experimentally
fitted value.”

Idealized spherical geometry of nanoparticlesis
over simplification for most of the nanostructures.
Usually, functional nanostructures have complex
morphologies, e.g. cluster, star, fern, cube etc., and
these can be characterized through the variation
of curvature over the surface. The curvature of the
surface can be well characterized in terms of local
mean (1/R = 1/R, + 1/R,) and Gaussian (1/RR,)
curvatures where R, and R, are the local principle
radii of curvatures. The curvature effects has been
incorporated to Equation 11 through multiple
scattering expansion methods.”® The resultant
local curvature dependent work function of the
nanostructured electrodes is™

b, =0 1+lT—F+ﬁ——l%F
EmTE R 2R*> 2RR, ) (13)

This equation is applicable for realistic
electrodes consisting of several fine nanoscale
surface features. The dependence on the shape
is maximum when one of the principal radius of
curvature is small (< 1 nm) while the discernible
effects will persist upto 50 nm. The beauty of
Equation 13 is that it can be applied for an
arbitrary surface profile exhibiting varying
curvature, e.g. rough surfaces. Figure 3 shows
simulated scaled work function (¢; =g/ ¢%) on
multiscale rough surface such as 2D Weierstrass-
Mendelbrot function® with mean square height
fluctuation of 0.7 nm and lower cut-off length as
1.14 nm. Even for this slightly rough surface the
deviation of work function can go upto +10%
depending upon the local convexity. The charge
transfer kinetics is exponentially related to the
magnitude of work function,”"! therefore a small
change in work function will cause large change
in the kinetics.

From electrochemistry point of view, work
function is closely related to the concepts of
potential of zero charge (E,,), equilibrium or
standard potential (E(A)/, " and the heterogeneous
charge transfer.®~”! For a metal electrode in contact
with the solvent, the potential of zero charge is
linearly related to the work function along with
the corrections in the surface potentials caused
due to metal solution contact.”? So,

Epzcz%-’-é/‘le_ggipole-’-K’ (14)

where Jy,, is the modification in the metal
surface potential, Sdipole is the surface potential
of solution in contact with the metal and K is
a constant including the potential drop at the
reference electrode/solution interface.”” The
absolute potential of a metal relative to a standard

[=1.14 nm

Figure 3: Simulated scaled work function on 2D Weierstrass-Mendelbrot finite fractal surface.
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reference electrode gives the equilibrium or the
standard electrode potential, 524 . Conventionally,
the absolute potential is an intrinsic property
dependent on the electrode work function, and is
are related as™

eEﬁZS=¢E+eAgyM, (15)

such that E); = EN. —ESF and Ay} denotes
the contact potential difference between the metal
and solution phase. Also, an important quantity
usually used to characterize the catalytic or charge
transfer activity is the exchange current density.
Its relation to the electrode work function is

given as’

logi, = Ad; +B (16)

where, A and B are the parameters obtained by
fitting the experimental data.”” Therefore, variation
in the work function based on local surface
curvature (from Equation 13) direct towards
the active participation of electrode structure
in influencing local electrochemical properties
of thermodynamic nature. Consequently, work
function emerges as an essential electrode
characteristic, which strongly influences the
electrochemical performance of a nanostructured
metal electrode.”

Local curvature and electrochemical
capacitance. Capacitance of an electrochemical
system is dependent on various components, viz.
the electrode type and structure, the electrode/
electrolyte interfacial structure along with
solvent dipoles and electrolyte concentration.
An electrode in contact with a dipolar solvent
has an interfacial region where the solvent
dipoles exist in a specific orientation. This leads
to variation in the interfacial surface potential
resulting in capacity due to solvent dipole.” The
dipole layer being analogous to the parallel plate
capacitor can be considered to have thickness
equal to the size of the dipole and charge density
being the product of the dipolar charge and
the number of oriented dipoles per unit area.”
The maximum number of solvent molecules
that can be packed over the electrode surface is
again an intrinsic property of the shape and size
of the electrode. While for a planar surface the
parallel surface or the area of the locus surface of
centroid of adsorbed solvent molecules has the
same structure as that of the electrode, in case
of curved electrode surfaces it gets modified.
Relative to the planar surface this area is high over
the convex and low over the concave features.
So, the number density of the dipole molecules

over these surfaces is modified accordingly. The
nanostructuring induced variation in the surface
dipole packing also influences the work function
of the immersed metal electrode’ through the
variation in the surface potential of the metal
electrode due to solvent contact. In the case of
structurally anisotropic solvent molecules, e.g.
room temperature ionic liquids (RTILs) or some
organic solvents, the dipolar compact layer is
further modified by their electrode potential
dependent multistate orientations. In order to
capture the resultant anomalies, the modified
multistate model has been formulated.”® It
incorporates theion shape asymmetry dependent
molecular properties and related relaxation
dynamics in the compact layer. This model with
two or three ion orientation states in the compact
layer for systems with shape asymmetric cations
explains such anomalous dynamics.”*

Under the influence of the interface established
between the electrode and electrolyte certain
extent of reorganization tend to prevail on metal as
well as the solution side creating an electric double
layer (EDL). The most distinctive features of the
EDL at the electrode/electrolyte interface is its
ability to store charges in a small region close to the
electrode. The EDL evolves as the consequence of
the intrinsic electric field manifested by the metal
electrode leading to a field driven orientation of the
solventions/molecules at the electrode surface. EDL
was modeled for the first time like a conventional
parallel plate capacitor by Helmholtz,*' which
was then followed by several modifications in
the electric double layer. The double layer thus
established, comprises the inner Helmholtz layer
(IHP) with adsorbed dipolar molecules (primarily
solvent if specific electrolyte adsorption is absent).
The adjacent layer is the region comprising the
solvated ions, forming the outer Helmholtz layer
(OHP) whose thickness is denoted by r,,. At the
immediate region of the electrode surface the
capacitance density of the Helmholtz layer (c,,) is
dependent on the thickness of OHP. Hence,*

=S (17)
H

CH

Here ¢, is the dielectric constant of the Helmholtz
layer that ranges between 2—6. The electrochemical
capacitance is strongly dependent on the electrode
morphology due to change in packing in compact
and diffuse layer in confined spaces and work
function.®

For an electrolyte solution having electrolyte
ionic strength I, the ionic redistribution is
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Electronic spillover: The
finite electronic density up to
certain distance, beyond the
metal surface.
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characterized through the ionic screening length,
I, which is given as

eey kgT
Ip=|—"F—
2N el

Here € is the dielectric constant of electrolyte
solution, k, is the Boltzmann constant, T is the
temperature in Kelvin and N, is the Avogadro’s
number. In accordance with the classical
electrolyte theory [, decreases with the increase
of electrolyte concentration. But recent studies
show that [, follows classical electrolyte theory
upto certain concentration, and beyond that it
again anomalously increases® due to association
of ions. Ion-association is prominent particularly
with ions of high charge. Also, the electrostatic
screening length in concentrated electrolytes has
been experimentally found to increase with the
concentration,® e.g. I, ~ 0.2—4 nm for aqueous
NaCl solution. However, for RTIL/propylene
system [, ~ 0.6-11 nm, and can reach upto the
range of [, ~ 5-10 nm for pure RTIL.* Further, the
potential dependence of the ionic screening leads
to the potential dependent effective Gouy length
which is given as,”

F =1, /cosh dz .
2k

B

(18)

(19)

Here ¢, denotes the potential with respect to
potential of zero charge. The charge dependent
electrostaticinteractionsbetween theionsisfurther
characterized by the dielectric screening length, the
Bjerrum length. It denotes the separation at which
the electrostatic interaction energy between two
ions is comparable in magnitude to the thermal
energy, k,T and is given as,

2
e

= (20)
4r ecy kyT

I

This length denotes the maximum length
upto which the dielectric screening would prevail.
Alternatively, the ionic and dielectric screening
lengths are related as,

1

Iy=———
P 87N, I @D

At room temperature, for water /, = 0.7 nm.
Electronic capacitance of micropores

and curved nano-electrodes. In real applied

electrode materials the complexity arises due

to the pore structure with interconnected
three-dimensional  connectivity —of pores
of nonuniform shape and size. During an
electrochemical process, the phenomenological
length scales and electrode structural scales
work in a concerted fashion. Consequently, the
overall capacitance has the contribution from
the electronic properties of the electrode and
the ionic properties of the solution, leading to
the concepts of electronic and ionic capacitance.
The electronic characteristics of the metal
surface are incorporated in the electronic
screening length. Thus for a planar surface, the
electronic capacitance density is given as®

SV

&= (22)

! TF

However for an electrode surface with arbitrary
structures, an analytical result, based on the
Thomas-Fermi  approximation,”® has  been
formulated to understand the effect of shape and
size of the material on the electronic screening and
hence the charge storage. The electronic capacitance
will have strong influence in the capacitance of
super-capacitors with walls studded with sub-
nanopores. Thiswork unravels the shape-dependent
localization and enhancement and reduction of
capacitance in the conducting nanomaterials. The
electronic capacitance of cylindrical sub-nanopores
of radius r, with inclusion of the electronic spillover
correction, is given as*

0 lTF I%F
Cp=Cg 1+;—§ 5
a

a

(23)

where r, is the electronic spillover corrected radius
of nanopore, viz. r, = r — [,,/2. Consequently, the
electronic capacitance density for an arbitrary
shaped metal electrode is obtained in terms of the
ratio of the electronic screening length and the
local radii of curvatures as®

(24)

Since the electronic capacitance denotes the
self consistent tendency of the metal electrode to
store the electronic charge at its own surface, it is
also known as the electronic self-capacitance.

Curvature and ionic capacitance. On the
other hand, the ionic capacitance is dependent
on the ionic structure of the electrolyte solution
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and is also influenced by the morphology of the
electrode. The ionic screening length (/,) being
a characteristic length denotes the region over
which the significant charge separation persist.
Hence, for the planar electrode surface the ionic
capacitance density is given as

Cp=—" (25)

In order to incorporate the effect of electrode
structure to the electrochemical capacitance, an
equation for capacitance is obtained using a linear
Gouy-Chapman or Debye-Huckel equation for the
potential near the complex-geometry electrode-
electrolyte interface.”” Based on this theory, the
ionic capacitance density for simple cylindrical
nanopore is given as*

_ b Ip
G=¢ o el ) (26)

a

The complex nature of the nanoporous
electrode may also result in various distributions
of surface shapes (curvatures) and pore lengths.
This theory can effectively characterize the
consequent deviations in the pore capacitance
density through the fluctuations in the mean and
Gaussian curvatures.” In general the capacitance
density at the diffuse layer for arbitrary electrode
structure is expressed in terms of the ratio of Gouy
screening length (1)) to the local principal radii of
curvatures of the surface as*

2
co=c|1-obf L __L | (27)
R 2\R* RR,

For nano- and mesoporous electrode
composed of porous Carbide Derived Carbon
(CDC material), anomalous behavior in the
capacitance has been observed by Gogotsi et al.#*
Their experimental results show three regimes in
the capacitance vs pore size data (i) a nonlinear
increase in capacitance, (ii) the transition from
micropore to mesopore capacitance with a
minimum, and (iii) the anomalous increase and a
maximum in capacitance of pores with size below
1 nm. In order to get theoretical insights into
these observations, Huang and co-workers’~**
proposed a heuristic model for the capacitance
with an assumption of cylindrical pores. Also,
simulations of EDLs have been done that take
into account the dependence of the electrolyte
dielectric permittivity on the local electric fields*

in spheres and with electrodes made of closely
packed monodisperse mesoporous spheres.”
However, these studies do not account for the
detailed influence of the local shape, topology, and
roughness on the electrochemical capacitance.
Several attempts have been made to explain
the pore size dependence of the capacitance in
micropores. Some of those perspectives include
desolvation mechanism in an organic electrolyte,*
electrostatic image energy contribution,”*
and atomistic molecular dynamics simulation
for an ionic liquid confined inside a idealized
nanotube.®*” However, some theories predict an
oscillatory behavior in specific capacitance with
the changing pore size."®!*' Based on the modified
Donnan model and with the assumption of a
constant electrostatic potential inside a pore, an
adsorption based theory has been presented by
Kant and coworkers.®”” The theory accounted for
the quantum mechanical contributions from
electronic space charge (i.e., generalized Thomas-
Fermi quasiclassical theory for electronic screening
capacitance) and ion adsorption (i.e. adsorption
capacitance) in the micropores.”” Such that the
capacitance of a micropore, ¢, is given as

M =cpt e, (28)

where, ¢, is the capacitance contribution due to
the ion adsorption and is obtained by combining
a modified Donnan model and an electric wire
in cylinder capacitor (EWCC) model,¥ and is
given as

€€, (29)

Cd =T
ad r,In(r, / a)

where r, is the radius of the pore and a denotes
the effective radius of the inner cylindrical wire
due to an adsorbed ion and is dependent on the
penetration length of the ion [, and micropore
density n,, such that®”

3
a= [ (_ZieA¢D+ﬂazr} (30)
3n,l, 2k, T

Here, g, is the radius of bare ion, 7, is the bulk ion
density, A¢, is the Donnan potential and £, is the

attraction term of ions adsorbing in micropores in
the absence of applied potential.

4 Dynamic Response on Rough
Electrodes and Length Scales

It has been already stated that the electrode

surface has disorder and ex-situ microscopy
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techniques offer high spatial resolution way to
characterize the surface morphological disorders.
Local morphology information obtained
from FE-SEM, AFM etc. can be used in two
ways to develop the theoretical prediction of
electrochemical response of rough electrode,
as shown in Figure 4. Local morphology
information upon ensemble averaging gives the
statistical morphological information of the
rough surface. This information is further used in
theoretical results at the disordered electrode
to predict global electrochemical response
over the electrode surface. Ensemble averaging
enroute is widely explored by Kant and coworkers,
to theoretically predict global electrochemical
response of the rough/disordered electrodes,'”*
which will be discussed shortly. Local morphology
information can also be used in another way
around (refer Figure 4), i.e. to predict the local
spatio-temporal electrochemical response of
the disordered electrode, which upon surface
averaging will give the global response. First,
theoretical development is made in this direction.
Local electrochemical impedance response is

-

Ensemble lAveraging

o

predicted for a reversible charge transfer system
at 1D Weierstrass fractal electrode.'”

Extensive theoretical developments have
shown that the electrochemical response of
a rough electrode is controlled by the power
spectrum of roughness. A generic mathematical
structure of these response equations is shown
in Figure 5. Electrochemical response of a rough
electrode can be considered as the sum of the
response of macroscopic (smooth) electrode and
contribution from the roughness arising through
the convolution of phenomenological length scales
dependent operator with the morphological length
scales dependent power spectrum. This brings in
coupling between phenomenological (such as
double layer, ohmic, diffusion, quasireversibility,
adsorption, bulk kinetics) and morphological
(¢ and ¢ ,) length scales in prediction of response
of the rough electrode. Phenomenon dependent
operator contains the information about the length
scales arising due to various process taking place
at a working electrode. Various phenomenological
length scales and their dependence on constitutive
parameters will be discussed. Power spectrum

Surface@ Averaging

Figure 4: Theoretical dichotomy emerges due to two possible route to acquire global electrochemical

response.

Response Response
of Rough of Smooth
Electrode Electrode

Phenomenological
Length and Time Scale
Dependent Operator

Figure 5: Structure of response equations for rough electrodes showing the controlling phenomenological
length dependent operator and its convolution with PSD.
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significantly controls the electrochemical response
in the short and intermediate time regime. The
long time regimes contribution from the power
spectrum terms slowly decays and final response is
controlled by the first term. Therefore, response of
arough electrode in the long time regime becomes
identical to the smooth electrode response.
Diffusion controlled system with fractal roughness
shows anomalous intermediate time response,
and the width of this regime also depends upon
the viscosity of the electrolyte.'”

The influence of roughness on the global
electrochemical  response  through  power
spectrum based theories are extensively developed
by Kant and his group for various electrochemical
techniques. Roughness effects have been studied on
thepotential step chronoamperometricresponsein
absence'’~? or presence of uncompensated solution
resistance.”** Potential step chronoamperometry
for diffusion controlled process has been extended
to other electrochemical complexities such as
partial diffusion-limited interfacial transfer/
reaction with? or withoutuncompensated solution
resistance’*?” and bulk reaction coupling.”® Double
potential step chronoamperomtery (DPSC) is
also studied using power spectrum based theory.”
electrochemical impedance spectroscopy (EIS)
is an also extensively studied technique using
the power spectrum based theory for various
processes such as admittance responses under
the diffusion controlled processes,’** diffusion
with ohmic,” charge transfer coupled to bulk
reaction (Gerischer admittance),® admittance
response for the quasi-reversible system® and
for adsorbed species.”® Admittance response
for Randles-Ershler model is also generalized.”
Similarly, chronocoulometry technique for
the diffusion limited case,*®*® diffusion with
uncompensated solution resistance*” and coupled
reactions’' are reported. Voltammetry responses
at a rough electrode for the diffusion limited
process*™ are also predicted. These theories
suggest that the power spectrum of randomly
rough electrode is a natural characteristic that
control its response. These theoretical models for
realistic fractal geometry and methodology used
for its characterization, has opened a new window
to understand the influence of surface disorder.
Experimental  characterization*®*»19%1%  and
their response validation*'%1* were performed
recently, showing the influence of multi-scale
roughness.

At phenomenological level the current
transient at an electrode is manifested primarily
by the diffusion process and the charge transfer
kinetics. However, several parallel processes, viz.

ohmic effects, random convection, specific ion
adsorption tend to influence the overall electrode
response. All these processes are further altered
depending on the shape, size and roughness of the
electrode and interface.

Diffusion: For a purely diffusion controlled
process, the diffusion or depletion layer thickness
has exponent equal to 1/2 in the time, frequency
and scanning potential, see Table 1. However,
the presence of multiscales or hierarchical
nanofeatures can enhance (superdiffusion have
effective exponent greater than 1/2) or slowdown
(subdiffusion have effective exponent less than
1/2) the growth of diffusion layer thickness. This
diffusion influenced anomalous response can be
seen in the magnitude and phase (¢) of impedance
spectroscopy.”*** The normal diffusionisidentified
with classical Warburg response having phase ¢
equal to 45°. For superdiffusion ¢ is greater than
45°, while for subdiffusion ¢ is less than 45°.%9-%
The anomalous Warburg impedance’ on a
finite fractal electrode roughness with ¢ ~10 nm
to 100 nm shows superdiffusive behavior. The
superdiffusive behavior is suppressed in the
presence of quasireversibility,”* uncompensated
solution resistance,” coupling to bulk kinetics?”
and random convection'” in the electrochemical
system, and these processes also introduce
subdiffusive behavior. In the case of charge
transfer occurring via a diffusion controlled
adsorption step, the superdiffusive behavior is
further enhanced.”® Depending on the viscosity
of the reaction medium, the diffusion effects are
typically seen from 10 nm to 10 gm in the absence
of any other phenomena.

In electrochemical responses, roughness
effects are observed over a period of measuring
scale. Anomalous chronoamperometric behavior
is seen between morphology dependent inner
(ti ~£2/D) and outer (¢, ~€2,/D) crossover

Table 1: Diffusion or depletion layer thickness

for different electrochemical techniques.

Chronoamperometry o(t) [7Dt
Electrochemical () Diw
impedance
spectroscopy
Voltammetr ole .
y (e) ZDRL; E<E,
aD|=l ESE,

D is the diffusion coefficient, tis the time, wis frequency, Ris
the gas constant, T is temperature in Kelvin, nis the number
of electrons transferred, Fis the Faraday constant, E is the
electrode potential, £, is the peak electrode potential and v is
the scan rate.
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time scales.?! At early time (¢ < t,) when diffusion
length is smaller than finest feature of surface,
the electrode behaves as a smooth electrode with
an enhanced area. While at long time (t > ¢,
when diffusion length is larger than the width
of roughness, chronoamperometric response
is similar to the response at smooth electrode.
Similarly, anomalous behavior is seen in response
of impedance in between outer (@, ~ D/ /%) and
inner (@, ~D/ KZ,) cross over frequencies.’*
For the case of voltammetry, the effects of the
electrode roughness can be recognized from
the Cyclic Voltammograms (CV) by varying
scan rates.*” CV measurements in the low scan
rate regime, that is, v< V,zSﬂ'DRT/nFEZr are
weakly influenced by the electrode roughness,
and this regime behaves similar to the response
of a smooth electrode for the diffusion limited
case. Similarly, the measurements in high scan
rate (l_l‘/> v, = ZDRT/nF(*) are similar to the
smooth electrode while the measurements in the
intermediatescanrate (v, < ¥< ¥, ) is dynamlcally
influenced by the roughness features.*

Ohmic effect on diffusion: Two types of
ohmic losses are operative in the electrochemical
systems, viz. 1) solution resistance of cell (R)
and 2) uncompensated solution resistance (R,,)
between Working (WE) and Reference (RE)
electrodes responsible for the potential drop
causing difference between applied and operative
potentials.

R, is the area specific resistance between
Counter Electrode (CE) and working electrode
(WE). R, may depend on various ohmic
contributions or the cell configuration. The
characteristic size of diffusion length cut-off, due
to presence of solution resistance of a cell, in a
diffusion controlled system is'*

- nFCH DR, ' (31)
2AE
Here, R, is the area specific solution resistance
of the cell and AE = E — E". E is the potential
step in chronoamperometry or the dc potential
in impedance, or the initial potential step in
voltammetry and E” is the formal potential. For
the case of rough electrode in presence of ohmic
losses, detectable finest spatial resolution () will
be usually greater than /, therefore the diffusion
length will always be greater than &(t), &(w) or
O(E) (see Table 1). [ is ~10 nm and ~100 nm in
ionic liquid and aqueous medium, respectively.
R, arises due to the separation between WE
and RE. For any electrolyte medium, smaller the
distance between WE and RE electrode, smaller

is the value of R,. Ohmic losses at the interfacial
potential brings in pseudo-quasireversibility in
the electron transfer kinetics and this apparent
slowness in kinetics creates a diffusion-ohmic
equilibration layer of thickness (LQ) 25103

\/—\/%
i)

RT (1+£6)

(VDo Ch +DrCR )Ry, (32)

where k, is the pseudo-kinetics (heterogeneous)
rateconstantand R, istheuncompensated solution
resistance. Lg is a function of concentration,
diffusion coefficient D, (a¢= O or R) and applied
potential. Minimum value of L, is ~30 nm and
~300 nm for RTIL and fully supported aqueous
medium, respectively. Under large potential
(AE]) step, Lg becomes negligible, as potential
dependent factor (£60/1+£6)?) in Equation 32 goes
to 0. Similarly for sluggish kinetics where reaction
current is small, diffusion-ohmic length becomes
negligible. L shows symmetrical dependence
around E = E” and decreases on both sides
of E.'”

At the early time (f < t,,), transient response
at a rough electrode is purely controlled by the
uncompensated solution resistance. t,, ~ L&'/D,,
is the inner crossover time or the ohmic-delay time
upto which R, effects will be seen on the response.
Roughness induced anomalies in the transient
response will be observed after ,,, and last upto
the outer crossover time ( o~ Lo +102 )/Dg
Beyond 1, transient response of rough electro
is same as the response of a smooth electrode.
In experimental data, the double layer charging
current is found in short time regime of transient
response in viscous or ionic liquid media. The
characteristic electric double layer charging time
(t,) is a measure upto which double layer charging
inhibits (or delays) the faradaic processes, viz.
t, = R'R,C,. C, is the area specific capacitance.
Hence, the delay in charge transfer processes
induced by double layer charging increases with
the increase in R, and will be large in viscous
medium. Therefore, the effective delay time
or inner crossover time in the experimentally
measured transient response will be a combination
of double layer charging (t,) and ohmic delay (t,)
time, viz. t; + t,,.

Quasireversibility: Rough electrodes with
charge transfer equilibration layer thickness for
facile kinetics (L, ~ 1 nm) with negligible ohmic
(or IR) losses show dynamic diffusion controlled
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regime for dense nanostructures, and (particle
size ¢ dependent) steady state response for sparse
nanostructures. Charge transfer equilibration layer
thickness can be seen upto 10 um for the sluggish
kinetics. For unequal diffusion coefficients of
oxidized and reduced species (D, # D,), charge
transfer equilibration layer thickness or diffusion-
kinetics length is defined as*»*

1o P2y

T k+ée)’ (33)

where k, is the surface-potential dependent
forward rate constant,?*?’ 6 = e and
&=./Dy/Dyg . For equal diffusion coefficients,
it is similar to the earlier reported results.>**’
Effects of L are predominantly seen in short
time regime (¢ < t,, where t,, =L%/D,). L§
defines an equilibration length near the interface
having homogenized concentration profile.
At short time, diffusion length ﬁDat) is
smaller than Lg. Therefore, current transient in
the short time regime is significantly kinetics
and roughness controlled. Maximum effect
of kinetics and roughness will be seen at the
characteristic time ~€,Lg/Da. As time grows,
diffusion length increases and suppresses the
diffusion-kinetics length. In such cases, the
process becomes diffusion controlled showing
anomalous behavior due to electrode roughness
upto outer crossover time (tuQ ~ (ng + Zi)/Dad).
At long time regimes (t > t,,), rough electrode
response behaves as a smooth electrode.
Quasi-reversibility in presence of ohmic
contribution: Kinetics of quasireversibility and
uncompensated solution resistance, the apparent
diffusion-kinetics equilibration layer thickness
is combination of kinetics and ohmic length,
viz. Ly, = L, + Lg;™ thereby stating that the
effective heterogeneous kinetics rate constant
is the harmonic average of k;, and k,. Typical
range of influence of L, can be extended, for
small potential steps, upto 100 um, while for
L, the range is 1 nm to 10 um. But effects of L,
are not observable and gets suppressed. Ohmic
effects at the interfacial potentials lead to pseudo-
quasireversibility in electron transfer kinetics
that range from ~1 nm-10 um. Presence of
uncompensated solution resistance in a facile
kinetics system leads to modification in the inner
and outer crossover time scales as t,,, = ngz/Da
and t,oq = (ngz +02)/D,, respectively.’*
Adsorption: The charge transfer process
followed by the diffusion controlled adsorption
relies on the extent of surface excess (I') of the

electroactive species adsorbed at the surface. It has
a characteristic penetration length, /,, that denotes
the extent of adsorption influence in the solution.
It is defined as the ratio of change in surface excess
to the change in concentration of adsorbing
species at constant potential, and is given as,

o9
g, ),

Typical order of I for ions,” such as Cl-, I" and
HSOj, is 2 x 10™ mol/cm?, therefore [, is ~20 nm
and ~20 um for concentrations of 1 M and 1 mM,
respectively.

In a diffusion process, the adsorption influence
is primarily concentrated at the electrode surface,
leads to the surface adsorption capacitance
(C,») that can be defined in the terms of [, and
the volume specific capacitance (I";,), such that
C,, =Tl where T\, =n’F*/RT(1/C}+1/Cp).
Here n is the number of electrons transferred
and Cp and C3 are the bulk concentrations of
oxidized and reduced species, respectively. An
interesting case of adsorption is the diffusion
limited adsorption coupled to reversible charge
transfer process on disordered electrode.’® There
are three characteristic crossover timescales
observed in this case: (i) adsorption crossover time
scale: t, ~13/D; for t > t, the system is adsorption
controlled, (ii) intermediate time adsorption-
diffusion coupling crossover regime: t, > t ~ ¢
system follows adsorption-diffusion controlled,
and roughness induced pseudo-quasireversibility
time: ty ~ ¢ 1,/D (iii) short time fractal crossover
regime: ¢, ~0*/D; t,>1t>1 shows anomalous
response regime. These three characteristic times
separate three processes, i.e. purely adsorption,
mixed adsorption-diffusion-roughness and purely
diffusion controlled regimes.

Influence of random convection: As time
ascends the system tends to acquire the steady
state response. At long time or small frequency
domain the random convection is manifested,
thereby controlling the steady state response. At
longerlengthscales,thephenomenonofrandom
convection flow significantly influence the
electrochemical response due to its dominance
over the diffusive process. Depending upon
the solution viscosity the magnitude of
random flow velocity may vary from 50 nm/s
to 0.5 wum/s. The random movement of
fluids is described by hydrodynamics and
is characterized by the hydrodynamic layer
thickness, &,,. For a solution having kinematic
viscosity of vand the random convection onset

(34)
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Figure 6: Synergistic effect of morphological and phenomenological length scales in disordered

electrochemical system.

time as t, (~40 ms), &, for ath electroactive
species is defined as,'”

13
Oy = (_VJ Doty (35)

Dll

0, is of the order of 10-100 um, and hence the
random convection will influence the current
transient in the intermediate and the long
time regimes. Consequently, the convection
contributions dominates over diffusion process
over a long time, therefore diffusion control will
persist only upto limited time scales.

Charge transfer coupled to bulk reaction:
Another process which dominates at longer time
scales is the presence of bulk kinetics (with k as the
pseudo-first order rate constant) coupled to charge
transfer at electrode, i.e. steady state current will
be observed for time ¢ > 1/k.?® Similarly, constant
impedance will be observed at lower frequency
o < k* This cross over to steady state behavior
can be looked upon as the curtailment of diffusive
behavior. The characteristic emergent time scale
around which there will be maximum coupling
between homogeneous kinetics and roughness is
~JL2/(kD).

5 Summary and Future Perspective

In this review we have summarized the work done
on the electrochemical properties and response
under theinfluence of electrode sub-nanometer to
micrometer scale of morphological disorders and
roughness. Two generic theoretical approaches
developed by Kant and coworkers, viz. (1) the
curvature based theories suitable for processes
with small phenomenological length scales and
(2) the roughness power spectrum based theories
are suitable for processes with intermediate
and large phenomenological length scales, are
addressed. Focus is kept on phenomenon and
their length scales involved in controlling the
electrochemical response on morphologically

disordered electrodes. The knowledge of length
scales addressed here can be used to further
develop the scaling concepts in electrochemistry
of disordered electrodes. All these morphological
length scales and their interactions with the
phenomenological length scales are shown in
comprehensive manner in Figure 6. The figure
shows various relevant phenomenological length
scales of electrochemistry: (1) Thomas-Fermi
electronic screening length (/,;.), (2) Debye ionic
screening length (/,), (3) adsorption solution
penetration length (I,), (4) Bjerrum dielectric
screening length (1), (5) diffusion length (6,), (6)
hydrodynamic layer thickness (&), (7) ohmic-
diffusion equilibration layer thickness (L,) and
(8) kinetics-diffusion equilibration length (L,).
The extent of interaction of morphological
length scales with these phenomena are listed
above the scale.

Theories by Kant and coworkers allow the
use of statistical information of morphology
through microscopy to predict the global
electrochemical response of disordered electrodes.
Another futuristic approach is to understand
and develop the theoretical frameworks for local
electrochemical response through high spatial
resolution microscopy of the electrode.
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