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Although the term ‘confinement’ regularly appears in electrochemical literature, elevated by con-
tinuous progression in the research of nanomaterials and nanostructures, up until today the various
aspects of confinement considered in electrochemistry are rather scattered individual contributions
outside the established disciplines in this field. Thanks to a number of highly original publications
and the growing appreciation of confinement as an overarching link between different exciting new
research strategies, ‘electrochemistry under confinement’ is the process of forming a research
discipline of its own. To aid the development a coherent terminology and joint basic concepts, as
crucial factors for this transformation, this review provides an overview on the different effects on
electrochemical processes known to date that can be caused by confinement. It also suggests
where boundaries to other effects, such as nano-effects could be drawn. To conceptualize the vast
amount of research activities revolving around the main concepts of confinement, we define six
types of confinement and select two of them to discuss the state of the art and anticipated future
developments in more detail. The first type concerns nanochannel environments and their
applications for electrodeposition and for electrochemical sensing. The second type covers the
rather newly emerging field of colloidal single entity confinement in electrochemistry. In these
contexts, we will for instance address the influence of confinement on the mass transport and
electric field distributions and will link the associated changes in local species concentration or in

Received 25th August 2021 the local driving force to altered reaction kinetics and product selectivity. Highlighting pioneering
DOI: 10.1039/d1cs00789k works and exciting recent developments, this educational review does not only aim at surveying and

categorizing the state-of-the-art, but seeks to specifically point out future perspectives in the field
rsc.li/chem-soc-rev of confinement-controlled electrochemistry.
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enabler and cross-disciplinary research area. On the one hand,
it allows us to directly utilise electricity from renewable sources,
or to store this energy in the form of chemical bonds. On the
other hand, it allows us to selectively and quantitatively detect
target species in highly complex surroundings in real time and
in a miniaturized, minimally-invasive manner. Jointly with the
fact that current or potential are easy-to-process sensor read-
outs and easy-to-adjust process parameters, the application of
electrochemical techniques is beneficial for sensing and energy
applications alike. The vast possibilities have driven research-
ers to develop novel electrocatalyst or sensing materials, which
fulfil the necessary requirements of activity, longevity and
recyclability. While doing so, the focus was often put on
complex three-dimensional structures with substructures in
the nanometre range to maximize either surface area or intrin-
sic activity/sensitivity, by exposing special active sites (Fig. 1).

With miniaturization and increasing complexity, additional
effects, showing deviations from macroscopic models, have
been reported. These effects can occur due to different beha-
viours at the nanoscale, which can be summarized as ‘“nano-
effects”” or because of additional interfaces causing a confine-
ment that affects the electrochemical process, as “confinement
effects”. Provided that the latter is much less explored and,
hence, provides large potential for disruptive technological
breakthroughs in the near future, we will shine light on some
of the many exciting examples of such confinement effects on
electrochemical processes.

This review consists of four main parts. In the first part, we
introduce a classification system enabling a direct comparison
between confinement-related effects and propose a structured
approach for their identification and characterisation based
on theoretical techniques and experimental studies. We will
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Fig. 1 The three dimensions of confinement discussed in this review.

highlight different instances where a physical confinement
alters electrochemical behaviour with the focus on nanochan-
nel systems in the second part, electrochemical sensing in
the third part and on micro- and nanoemulsions in the
fourth part.

As an electrode can be defined as a system that contains at
least one interface between ionic and electronic conductors,
which are not connected in series, and all electrochemical
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Fig. 2 Schematic comparison of different confined systems, which alter
electrochemical reactions by either steric effects, affecting the double
layer or mass transport. Reactants are resembled by golden spheres,
solvents by blue spheres, electronic conductors by grey bars and confining
barriers as red lines. The respective examples show reactants and/or
solvents confined by (A) surface-confinement, (B) a 2D-layered structure,
(C) a porous electrode material, (D) a nanoreactor, (E) a 1D channel and (F)
a liquid—-liquid interface. The colour of the rectangle reflects the dimension
of the confinement.

reactions take place at electrodes, electrochemical behaviour is
defined by interfacial processes. If these are altered by the
introduction of a confined space, it can be considered a
confinement induced effect, or confinement effect. Since there
is no established definition what may be considered as con-
finement effects in electrochemical literature, we highlight
different instances where these requirements are met.

Herein, we want to present electrochemical confinement
effects based on their influence on classical electrochemical
parameters. Those include, but are not limited to the mass
transport at an electrode, the behaviour of the reactant in
vicinity of an electrode and the interface properties themselves.
In this review, we consider an effect confinement-related, if one
or more of the aforementioned properties are significantly
altered due to the presence of an additional interface, resulting
in a behaviour that deviates from classical electrochemistry.
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1.1. Confinement in electrochemical literature

The introduction of confining interfaces into electrochemical
systems can alter several different system properties, depend-
ing on the nature of the involved interfaces and confined
spaces. Therefore, two natural paths for a classification of
confinement effects are by dimension of confined spaces or
by their influence on the electrochemical system. In this sec-
tion, we will focus on the different confined spaces that play a
role in modern electrochemistry.

Confined spaces may be classified based on their dimen-
sion, which corresponds to the degrees of freedom that a
reacting species experiences in vicinity to an electrode. For
sure, this classification is not universal and combinations of or
outliers from these types of confinement may occur. The first
class, possessing the least degrees of freedom contains surface-
confined species (Fig. 2A), where static interactions between
the adsorbate and the electrode severely limit their transla-
tional freedom. This is the case for e.g., electrochemically
generated monolayers via under potential deposition (UPD) or
chemically self-assembled monolayers (SAMs). The second type
involves solvated reactants, whose movements are limited by
confining barriers, such as in 2D-layered materials or nano-
tubes (Fig. 2B). The third type consists of cases, where the
solvated species can move in three dimensions, but are con-
fined in spaces in the nanometre range (Fig. 2C-F). This third
type includes mesoporous materials and reverse micelles
(Table 1).

1.2. The types of confinement

1.2.1. Surface-confinement. The smallest possible con-
fined space is represented by single entities or monolayers
adsorbed directly on the electrode. If a monolayer of molecules
is confined on an electrically conducting material, it alters the
electronic structure of the electrode, which can be exploited to
achieve the desired effect in electrochemical sensing or electro-
catalytic processes. This surface-confinement is not only rele-
vant for single molecules, but can also be found for single
entities, such as nanoparticles (NPs). The technique to sense
single nanoparticles at a microelectrode has found increased
application within the last decade. If a solutions-phase nano-
particle collides with an electrode, it can be charged, trans-
formed, and/or catalyse electrochemical reactions. Especially,
catalytic impact experiments are an example of surface-
confinement where the electrode is modified by a single entity,
which offers unique opportunities to study intrinsic electro-
catalytic properties of nanomaterials, which are of vital interest
for energy conversion, storage and electrocatalysis in general.

Table 1 Confinement geometries and section of this review discussing the associated effects (in addition to the introduction)

Mass transport

Double layer Steric effects

Surface-confinement —

2D-structures 3.2,3.3.2
Nanoreactor 4.4.2,4.44

1D channel 2.2.1, 3.3.1, 3.4, 3.5
Liquid-liquid interface 4.4.3

This journal is © The Royal Society of Chemistry 2022

3.4 3.4
3.3.1,3.3.2,3.4 3.4

4.4.2,4.4.4 4.4.2

2.2.2,3.3.1 2.2.2,2.3,3.4,3.5

4.4.3 —
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While catalytic impacts were first successfully realized by Bard
and Xiao in 2007 where the current enhancement of single NPs
was directly measured via chronoamperometry,® the mecha-
nistic processes of how NPs impact on, interact with and stick
to the electrode are still poorly understood. Here, the investiga-
tion of the involved surface confinement by a combination of
experiments involving enhanced substrate-to-particle interac-
tions due to electrode modifications, with density functional
theory (DFT) and Monte Carlo simulations are a promising
approach.” Such a combination of complementary techniques
was recently presented for silver nanoparticle oxidation during
nanoparticle impact experiments by Ma et al> Dependent
on the average coordination number of surface terminated
silver atoms, the authors calculated the extent of surface-to-
nanoparticle interactions for Ag and AgO, nanoparticles on
gold and carbon electrodes via DFT. Weak interactions found
for silver on carbon were mirrored by a multipeak collision
behaviour, observed under experimental conditions, as the
adsorption energy was not sufficient to keep the particle within
the Stern layer of the electrode. The Stern layer acts as the main
plane of electron transfer and protrudes typically less than
1 nm form the solid surface, within sufficiently conductive
solutions.

This leads to a hopping behaviour, where the silver nano-
particles enter and leave the electron transfer plane several
times,* leading to several, distinct and incomplete oxidation
events, also reported in previous publications.*”” While inter-
mediate interactions between silver nanoparticles and gold
electrodes allow a single step oxidation of the silver surface,
strong interactions between Au and AgO, lead to a permanent
chemisorption of the particles onto the surface. This behaviour
was shown experimentally by adjusting the pH to alkaline
conditions during silver nanoparticle impacts, as dwell times
and transferred charge significantly increased compared to
nanoparticles of similar sizes in neutral media. The highly
increased charge transfer was attributed to a complete faradaic
transformation of the Ag nanoparticles to AgO,.

Besides nano impact experiments, Katz et al® presented
another mode of surface confinement: the reversible surface
confinement of nanoparticles triggered by an external magnetic
field. The magneto switchable control of an electrochemical
reaction by adsorbing and desorbing of a modified magnetic
nanoparticle thin film on the electrode was shown to drastically
modify electrode properties and the reaction pathway. Mag-
netic nanoparticles modified alkyl chains could be confined to
the surface of the electrode by an external magnetic field,
resulting in a complete blocking of diffusive electrochemical
processes, which greatly enhances the switch performance
with respect to permanently immobilized nanoparticles.
Further modifications of the nanoparticles with hydrophobic
molecules allowed to separate different electrochemical pro-
cesses at the surface or alter the reaction mechanism by
modification of diffusional processes between solvated species
and the electrode.

1.2.2. One- and two-dimensional confinement. For most
electrochemical reactions relevant in catalysis, adsorption

2494 | Chem. Soc. Rev., 2022, 51, 2491-2543
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properties are a crucial factor since the adsorption energies of
reactants and products after electron transfer likely play an
important role in the formation of the transition state.® Con-
finement in one or two dimensions by placing an impenetrable
barrier in close vicinity to the electrode is a promising techni-
que to tune adsorption properties. At this scale, sophisticated
simulations are available to support experimental evidence of
confinement related effects. A recent perspective, discussing
the physical properties which are changed in molecularly
pillared 2D and layered materials, was published by Fleisch-
mann et al.'® They discuss the applicability of ab initio simula-
tions to provide theoretical insight into adsorption related
confinement effects, considering changes in potential energy.
Confinement effects like lowered energy barriers for adsorp-
tion, coexist with trade-offs due to overlapping electrical double
layers at distances in the low nanometre range. Hence, it has
been shown that interlayer expansion by intercalation of
organic molecules provides advanced control over this prop-
erty, as reported by Huang et al. for layered cobalt hydroxide
nanobelts."

The influence of confinement onto catalytic reactions is
strongly related to adsorption and desorption of intermediate
reaction products. In their communication, Doyle et al'’
demonstrate the geometric influence of a nanochannel on
these process parameters. Using DFT calculations, the diameter
of a RuO, nanochannel has been related to the adsorption
energies of intermediates of the oxygen evolution reaction,
which shows an energetic minimum at around 0.6 nm. Their
calculations propose a correlation of this minimum with sta-
bilizing interactions between HOO* and the channel walls,
while the other intermediates remain unaffected, indicating
the possible breaking of limiting scaling relations for this
system. Further investigations of the mechanism suggest that
the effect is caused by formation of stabilizing hydrogen bonds
between the HOO* intermediate and the oxygen terminated
opposite channel wall. The study further discusses the influ-
ence of nanochannel confinement onto the catalytic perfor-
mance of different catalyst materials in regard to the pore
diameter and the rate determining step.

1.2.3. Confinement in nanoscopic spaces. This section of
confinement effects is most relevant in electrocatalysis, since
mesoporous materials are immensely popular as novel catalyst
materials. The key role of ordered mesoporous materials in
electrochemistry has been reviewed by Walcarius in 2013,"
discussing advantageous properties for classical electrochem-
istry. Mesoporous materials are known to possess large electro-
active areas, which amplify the catalytic current, as the current
is directly proportional to the active area. Additionally, it is
hypothesized that mesoporous materials are exposing different
crystal facets that enhance their catalytic properties. Due to
their three-dimensional porous structure, they also offer advan-
tages as mechanical stability and conductivity, which are
valuable features for support materials."®> One group of non-
classical effects, described as nano-confinement, revolves
around a special case of mass transport and residence
time alteration within a porous electrode:’ Knudsen-diffusion.

This journal is © The Royal Society of Chemistry 2022
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This concept originates from research in gas phase catalysis,
where small pore sizes cause a larger probability for collisions
between gas molecules and the confining walls than collisions
between gas molecules themselves. In literature, this Knudsen
regime was adapted for the condensed phase, by a larger
probability of collision between a target species with the
electrode than for a collision of two target species with each
other. In the Knudsen regime, the electrochemical activity of
reactions, where the adsorption is not rate-determining is
highly increased, as the statistical probability of electron trans-
fer between the electrode and the target entity is increased due
to manifold electrode/target collisions within the confined
space."* Similar to increased electron transfer probability, a
Knudsen type diffusion was also shown to facilitate multistep
electrochemical conversion of single entities. A prominent
example is the reduction and subsequent oxidation of one
single redox active molecule in a nanochannel confinement,
paragoned by White and co-workers'® and Lemay and co-
workers."”

As the volumes inside porous materials are very small, the
forming electrical double layer (EDL) and therefore the electric
field will overlap. Sen et al'® investigated this effect for the
electrochemical reduction of CO, in copper nanofoams where
the forming products differ significantly from those formed at a
comparable macroscopic system. This overlap in the EDL
(Sections 1.3.2 and 3.3.1) leads to an inaccessibility of the inner
pore surface area even at high overpotentials. Comprehensive
reviews, discussing the effects of Knudsen diffusion and EDL
overlap in nanoconfined spaces were presented by White and
co-workers'® for single entity electrochemistry and by Seo
et al® for catalytic considerations. When investigating the
EDL overlap and comparing the confinement influence
between aqueous and ionic liquid-based electrolytes, drastic
differences are observed. The review article of Avid et al*'
additionally considers the special interactions of ionic liquids
in nano-confinement and its influence on the EDL. Several
recent research sources discussing the influence of overlapping
EDLs onto ion transport and the interplay of complex ion
interactions at the electrode are highlighted.

The usage of porous catalyst materials in electrochemical
applications is a highly discussed topic in literature, as these
materials grant similar high surface areas compared to other
nanocatalyst systems. In contrast to electrode-supported nano-
particles, these systems do not suffer from influences of sup-
port or capping agent effects and particle aggregation during
catalysis, as summarized in a review by Luc et al.>* For a deeper
understanding in the fabrication, the applications and draw-
backs of porous electrode materials, we refer to the works of
Fu et al.>® for nanopore electrode arrays and Sun et al.>* for
hierarchical 3D electrodes, as our work focuses more on the
concepts of confined space and its implications on electro-
chemical signals.

Those two examples showcase that confinement effects in
electrochemistry are diverse, as they may originate from the
alteration of at least one process governing electrochemical
reactions. Another form of nanoscopic confinement is found in

This journal is © The Royal Society of Chemistry 2022
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bipolar electrochemistry. There, the confinement of a strong
electric field gradient on a nanoscopic object, such as a
nanorod or nanoparticle®® is leading to locally different elec-
trode potentials, enabling, e.g. directed electrochemical
growth.>® Stockmann et al. demonstrated that Pt NPs, can be
used in bipolar electrochemistry to mediate electron transfer
trough the interface between two immiscible liquids.”” The
authors showed how nanoparticles simultaneously oxidized
ferrocene in the organic phase, while reducing oxygen in the
aqueous phase during their transition through the interface.

1.3. The underlying physical processes

Whenever a measurable confinement effect, irrespective of
dimension, alters the behaviour of an electrochemical experi-
ment, the presence of the confining boundary changes at least
one physical parameter. In this section, we will briefly intro-
duce the most relevant parameters confinement effects were
reported for, how they can be altered and how this can affect
electrochemical processes. In the next sections we will discuss
how these parameters can be identified and analysed
theoretically.

1.3.1. Altered mass transport. On a macroscopic scale,
which in this context may be defined as the validity of con-
tinuum approaches, such as the Nernst-Planck equation, con-
finement can alter a reaction by geometric disturbances of the
system. Mass transport can be directly altered by the presence
of barriers, which for instance affect overall mass transport,
convection by flow patterns, or migration by electric fields close
to these boundaries. Direct barriers, suppressing diffusion are
encountered for example in microemulsions or micelles. In
these cases, surfactant molecules are separating two liquid
phases, creating a confined inner space within these droplets.
Electrochemistry involving these micellular containers is dis-
cussed in detail in Section 4 of this review. Several techniques
exploit confinement-induced changes in mass transport to
enhance sensitivity. Various applications have been compre-
hensively discussed by Long and co-workers.”®?°

As an example, if two compartments are separated by a
porous membrane, mass transport is restricted by the specific
confinement of the pores. This is directly measurable by an
ionic current, which passes through the membrane. Any
change in the ionic current, triggered by a target passing
through the membrane allows the analysis of this target. This
setup allows to investigate target species based on their charge,
size and functional sites. Such devices are successfully used for
example in DNA sequencing and advance the detection limit of
polymeric molecules down to few femto molar.>® While this
review focuses on the general concepts of confinement effects
in electrochemistry and selected examples of their application,
we refer to more specialized reviews for detailed discussion on
technical aspects. For instance, implications and applications
of nanopore modifications to obtain additional functionality,
such as selective ion detection by crown ether modified
nanopores®' or switchable hydrophobic rectification by dopa-
mine modified nanopores®” are discussed in reviews focusing
on confinement in nanopores, specifically.

Chem. Soc. Rev., 2022, 51, 2491-2543 | 2495
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The same mechanism applies for systems of different geo-
metry, such as nano-channels or nano-pipettes. The latter are
an essential increment of scanning electrochemical cell micro-
scopy (SECCM) setups, where ion conductance measurements
between two separated quasi-reference counter electrodes can
be simultaneously measured with a faradaic current from the
substrate.*?

Since the flux of species through nanoscopic pores can be
measured as a change in the ionic current, they are well-suited
to detect single entities traversing the channel. Herein, the
channel type defines the sensitivity for different species, such
as nanoparticles or single biomolecules. Additional examples
for mass transport related confinement effects will be reviewed
in Sections 2.2.1 and 3.3.1.

1.3.2. The electrical double layer. Since the extent of the
electrical double layer (EDL) depends on the ionic strength of
the electrolyte, EDLs can overlap in nano-pores. A common
reference value is the Debye length, which is given as the
distance from the electrode, where the electric field reduces
to 1/e of the difference between electrode and solution
potential. If an electroactive species is not specifically adsorbed
on the surface, the driving potential difference is not equal to
the difference between the potential at the electrode and the
solution, but equal to the potential difference between the
electrode and the outer Helmholtz plane. The Frumkin-
correction accounts for this in the exponential term of the
Butler-Volmer formalism. In case of an EDL overlap, due to
small pore sizes or low ionic strength electrolytes, the advan-
tage of a large, porous electrode may be negated since signifi-
cant parts of it might not be accessible for electron transfer
reactions. This effect may not only be prevalent in nano-, and
mesoporous systems, but also in layered materials, where two
planes are in close vicinity to each other. Examples for utilizing
confinement along these lines will be discussed in the
Section 3.3.2.

1.3.3. Steric effects. If the electrode is a complex hetero-
geneous mixture, such as electrode inks for electrocatalysis,
which often contain a powdered electrocatalyst for high
exposed surface area, an ionomer for structural support as well
as ionic conduction and carbon particles for enhanced electro-
nic conductivity. The different confinement effects in such
systems for the oxygen reduction reaction were reviewed by
Avid et al’*" and on top of the already mentioned effects of
Knudsen diffusion and EDL overlaps, effects like steric expul-
sion of ionomers from electrocatalyst pores can affect the
electrochemical reactions. For mixtures containing additional
components, such as ionic liquids, they may be confined in
catalyst pores, creating reaction spaces under different condi-
tions. Those include altered mass transport, solubility and
electrical double layers inside IL pockets, which are suited for
tailoring of selected electrode reactions. Similar to heteroge-
neous catalysis, a lock and key principle can also be introduced
to alter selectivity in electrochemical systems. If the geometry of
reactive species determines whether they can enter deeper
pockets or not, species-dependent residence times close to an
electrode, and hence conversion rates can be greatly affected.

2496 | Chem. Soc. Rev,, 2022, 51, 2491-2543
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Additionally, utilized to minimize the distance between two
distinct reaction sites, allowing higher catalytic efficiency and
selectivity for multistep electrochemical reactions, such as the
CO, reduction reaction.®® In such systems, the overlap of
nanoscopic, confinement and surface effects need to be con-
sidered. Thus, an in-depth discussion would be necessary,
which is beyond the scope of this educational perspective. To
get an overview of electrocatalysis under confinement and
specifically nanoscopic effects on the CO, reduction reaction,
we suggest the recently published summaries of these fields by

Andronescu et al.>®> and Tekalgne et al.,*®

respectively.

1.4. How to identify confinement effects?

Some difficulties concerning nomenclature and classification
of confinement effects emerge, as they often occur in combi-
nation with nano-effects. Throughout the cited literature nano-,
confinement- and even nanoconfinement-effects were used
interchangeably to some extent, depending on the respective
field of electrochemistry in which the authors are active. This is
attributable to the fact that many nano-effects occur in systems,
where confinement effects are also prevalent. Hence, it may be
difficult to clarify, whether deviations from macroscopic beha-
viour occur due to confinement or due to other nano scale
effects. For instance, the observation of altered product selec-
tivity at a hollow nanosphere electrocatalyst may be caused by
geometric confinement enhancing conversion of one reactant
over another, as described above, or by the altered electronic
structure of a hollow vs. a filled sphere (nano-effect) influencing
species irrespective of their geometry. Thus, it is necessary to
evaluate how either of the effects is reflected in the observed
electrochemical response. Nowadays, the main contribution to
disentangle complex problems may be revealed by computa-
tional simulations that have long since seen inclusion into
electrochemical research. Due to the various dimensions of
confinement effects, different theoretical tools are available to
quantify them. To illustrate this, we developed a flow chart
(Fig. 3), inspired by Wang et al.™® to discover authentic nano-
effects in electrocatalysts employing nanoparticles as catalysts.
Our more general adaptation highlights a workflow that incor-
porates the use of theoretical simulations and control experi-
ments to develop a more quantitative model for possible
confinement effects. This flow chart is based on the difference
between textbook electrochemical signals and those obtained
from experiments in increasingly complex systems. While the
former are derived from idealized systems and can be simu-
lated numerically, the latter cannot yet. If the technology for
both is available, the flow chart might be taken as a guide for a
general iterative process to not only identify whether confine-
ment affects the electrochemical signal, but also determine
which underlying physical process is altered and to which
extent. To this end, it is important to rationalize the experi-
mental and theoretical tools at hand to date.

Some of the best tools for identification of confinement
effects are numerical simulations based on a continuum
approach. As they incorporate classical electrochemistry, they
have been shown to greatly support or even enable the analysis

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Proposed flow chart to identify confinement effects via combination of experiments and simulation. Inspired by a flow chart to discover nano-

effects by Wang et al.*?

of experimental results, while providing a means to fit experi-
mental data, based on a state-of-the-art theoretical modelling.
The implementation of analytical equations, their coupling
with partial differential equations and their numerical solution
by either differentiation or integration can be realized by home-
written algorithms or readily available commercial software. If
the deviation of experiment and simulation cannot be ration-
alized by classical macroscopic electrochemistry, a possible case
of nano- or confinement effects has been identified. If avail-
able, macroscopic control experiments, such as experiments
with polished macro or single crystal electrodes of well-defined
properties can be used. In case of a possible non-classical
effect, the situation becomes more difficult, as the complexity
of catalyst systems continuously increases. The use of three-
dimensional frameworks and hierarchical structures, as well as
incorporation of multiple components, is a major challenge for
numerical simulations. Thus, assumptions to simplify models
as much as possible are usually made to increase simulation
efficiency and enable the assessment of meaningful time
scales. The same applies if reaction mechanisms are unknown
or the continuum approach fails, in which cases the scope of
simulations must be adapted, approaching smaller dimensions
with simulations that account for the movement of single
molecules and the multi body interactions between them.
Computational frameworks accounting for these interactions
can be generalized into three main categories, differentiated by
the number of variables that have to be computed and the
depth of molecular information yielded by such simulations
(Fig. 4). The first category explicitly calculates the trajectories of
the molecules, or supramolecular entities under investigation,
while solvent molecules, temperature and density changes are
approximated by a continuum field and interparticle interac-
tions are calculated by simple distance-to-interaction relations,
like the Lennart Jones potential. On the one hand, kinetic
Monte Carlo simulations follow this approach by randomly
generating new molecular positions with respect to the initial
position, utilizing acceptance criteria to settle for a physically

This journal is © The Royal Society of Chemistry 2022

meaningful transition. On the other hand, Brownian Dynamics
simulations use Langevin Dynamics, to calculate molecular
trajectories from initial velocities and the applied static
forces.”” Both simulation methods work in time ranges
between nano seconds and several micro seconds and can
calculate volumes up to 100 pm?® while Monte Carlo (MC)
approaches are computationally less demanding and thus,
applicable to even larger systems and longer timescales, Brow-
nian Dynamics (BD) simulations allow to simulate the evolu-
tion of the system over real time steps, with a physical
meaning.*® Due to rather uncomplicated application of charges
and electric fields within the BD approach, it poses a suitable
computational backbone to investigate the behaviour of single
entities under the influence of a change in the electric field.
Utilizing BD, Goldt et al.* simulated the movement of single
nanoparticles, through a nanochannel of similar size under the
influence of different electric fields imposed within the chan-
nel, while Griin et al.*° investigated the influence of molecular
ionisation at the electrode on the structure of the electrical
double layer. The second category accounts for the trajectories
of every involved molecule and atom, utilizing force fields to
describe electrostatic inter-, and intraparticle interactions.
Classical molecular dynamics (MD) approaches fill this cate-
gory, allowing simulated timescales between pico- and nano-
seconds and unit cells of up to 100 nm length.*" The force field
approach takes molecular vibrations and multibody solvent
interactions into account, thus allowing to track spectroscopic
data and changes in the solvation behaviour of the molecules
under confinement.*> Within the last years, MD simulations
were used in electrochemical applications mainly to investigate
the structure of the electrical double layer in dependence of
surface charge, confinement effects, solvent and solute materi-
als. A MD approach was successfully used by Sofos et al.*?
to investigate the ion accumulation at the charged walls of
nanochannels in water desalination applications. Utilizing
similar approaches Vatamanu et al.** and Feng et al.** investi-
gated the structure of the EDL close to a graphite electrode in
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Fig. 4 Hierarchical description of commonly used computational methods, ordered along the amount of details considered in the respective method.
The arrow in the right and the background colour indicate the total size and time scale that can be accessed by the individual methods. Black arrows and
uncoloured fields indicate a proposed ordering of used computational methods, to investigate confinement effects in electrochemistry. Monte Carlo
(MC) and Brownian Dynamics (BD) might be used instead of Molecular Dynamics (MD) in case of confinement effects in the nanometre range, or as
combinatorial tool to propagate results from MD onto the continuum field approach. Continuum field approaches can help identifying a deviation of the
experimental system from bulk behaviour and allow to assign the deviation to mass transport phenomena or changes in electrode kinetics. For instance,
by varying the input properties, apparent rate constants and mass transport coefficients can be determined, which might help to identify changes in
electrode dynamics when transitioning from bulk systems to confined ones. As discrete element methods are computationally much more demanding,

the simulation should be picked adequately to the questions arising from the electrochemical system.

dependence of applied electric fields in water-poor solutions
for battery and ionic liquid research. The last category involves
a solution for the electronic Schroedinger equation for every
atom in the molecular system, allowing to calculate chemical
bonds, transition states and electron excitations.*® These simu-
lations can be static as for classical density functional theory
(DFT) approaches or dynamic as for ab initio molecular
dynamics (AIMD). Timescales for AIMD simulations go up to
tens of picoseconds, while a few thousand atoms can be
simulated by both approaches. Moving down the scale of
simulated volume, the amount of input parameters and approx-
imations decreases, arriving at an exclusively geometric input
for ab initio methods. Ab initio simulations only very recently
became accessible for electrochemical systems without having
to rely on major workarounds, as two electrodes on their own
do not form a suitable canonical assemble, since both the total
amount of species (in form of reacting species and species
defusing into the bulk) and the chemical potential (in form of
electrons being supplied into the electrode) have to change.*’
Adapting from a procedure devised by Tallarek and co-
workers*® for the computational investigation of molecular
movement in chromatography columns, we suggest a hierarch-
ical ordering of computational methods, with interaction para-
meter obtained by methods with higher complexity fed as
conditions into the follow up simulation (Fig. 4).

2498 | Chem. Soc. Rev, 2022, 51, 2491-2543

In this section, effects that are connected to confinement in
electrochemical processes were identified and methods for a
systematic identification and analysis were presented. In the
following sections, the focus will be laying on specific topics,
discussing applications of confinement in electrochemistry, even
though not always specified as such. In this regard, the second
section of this work will showcase the role of confinement for the
application of nanochannel environments in electrochemistry.

2. Electrochemistry in nanochannel
confinement

2.1. Nanochannel types and preparation

The term “nanochannel” refers to materials with a huge variety
of different properties, such as material, size, shape or
composition.

Ranging from natural occurrences in cell membranes to
artificially designed structures like templates for nanowire
synthesis, there is a vast potential for possible applications of
nanochannels.

At the same time, observable properties and effects of the
various systems differ a lot. Therefore, it is no surprise that
there are plentiful recent research articles and review sources
available, focussing on these different aspects.

This journal is © The Royal Society of Chemistry 2022
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Faucher et al*® reviewed mass transport phenomena in
nanopores with diameters of 10 nm or less and elucidate
critical knowledge gaps in our understanding of the ongoing
phenomena. Based on experimental examples, the nanoscale
effects on hydrodynamics, molecular sieving, fluid structure
and thermodynamics have been discussed in terms of their
scientific understanding as well as in respect to possible future
applications.

Lin et al.>® demonstrated the use of nanochannels to create
electrochemical sensors on the single-molecule level, based on
the confinement effects of these systems. The effects of single-
molecule volume exclusion, redox process confinement as well
as electromagnetic field enhancement have been investigated
and showed promising results for the fabrication of biomole-
cule sensors for DNAs or proteins.

It was shown in the reviews of Mijangos et al.>" and Michell
et al.>*”? that confinement in nanochannels, such as in ano-
dized aluminium oxide (AAO) membranes, influences polymer
properties, which allows a specific tailoring thereof and opens
up opportunities for numerous new and improved materials.
In these instances, confinement effects on polymers are
explicitly termed, evaluated and compared. Some general nano-
channel confinement effects on polymers, addressed by the
authors include: decreasing crystallization temperature with
pore size, lower degree of crystallinity, possible fractionated
crystallization, changes in melting temperature, crystal chain
orientation along axis of nanochannel and changes in
polymorphism.”® A wider overview of recent investigations of
the crystallization of organic compounds under nanoscale
confinement has been given by Jiang et al>® Therein, they
discuss the influence of the millions of single nanoreactors,
which are formed by porous glass beads, copolymer monoliths
and aluminium oxide.

A recent study by Fu et al.>® provides detailed insight into
the fabrication and application of nanopore electrodes and
their associated confinement effects. They investigated how
electron transfer and ion transport are coupled and influenced
in nanoconfined environment. By discussing the distinct mass-
and electron transfer capabilities, it was fundamentally demon-
strated how nanopore electrode arrays could possibly be used
for separation and detection on the molecular level or for the
sorting and analysis of nanoparticles.

In this part, we will focus on the mass transport and spatial
nanochannel confinement effects and want to present concepts
and examples mostly related to electrodeposition and nanoma-
terial fabrication, which represent the current state of the art.

When designing experiments in the high aspect ratio nano-
channel environment, two systems are predominantly used in
literature. The most prominent system in this context is ano-
dized aluminium oxide (AAO). Thanks to its relatively simple
and cost-efficient manufacturing process it is used for a variety
of experiments in nanomaterial and nanochannel research. By
applying an oxidative potential in acidic medium to a polished
aluminium sheet, a self-ordering process leads to the formation
of uniform nanochannels with tuneable lengths, diameters and
inter-channel distances. The material is fabricated in a two-step
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process resulting in highly ordered, straight nanochannels
throughout the material.

The second type of often-used systems in nanochannel
research are ion-track etched polycarbonate (TEPC) layers.
Here, the fabrication requires more costly devices, as a particle
accelerator is necessary to create the initial track-etched nano-
channels. These are subsequently etched chemically to create
the final polymer membrane. In contrast to AAOs, this method
offers the possibility to create nanochannels at specific points
on the sample by accordingly guiding and focusing the ion
beam. Similar to the first step of ion-track etching, complete
nanochannel arrays can be fabricated by ion or electron beam
lithography or by mechanical indentation using an AFM tip.>®
Other methods reach from templated lithography utilizing UV-
light over dielectric breakdown to block copolymer self-
assembly.’® As device fabrication is beyond the scope of this
review, we encourage the interested reader to study one of the
aforementioned reviews discussing nanopore fabrication.

Electrochemical deposition inside these types of nanochan-
nels offers an easily accessible and well controllable method for
the templated synthesis of nanomaterials with interesting
geometries. As both types of membranes are not electrically
conductive, usually a conductive layer is applied on one side of
the membrane which subsequently is used as working elec-
trode for the electrodeposition step. Commonly, a thin layer of
metal like gold is sputtered onto one side of the membrane.

From an electrochemical point of view, reactions based on
redox processes inside of or in proximity to nanochannels are
particularly interesting. The special conditions under confine-
ment influence electrochemical processes from mass transport
over electrical double layer up to geometric limitations. With
this review we would like to highlight and discuss some recent
literature concerning these influences.

2.2. Electrochemical deposition in nanochannel confinement

2.2.1. Mass transport through the nanochannel. The
understanding of mass transport phenomena in nanochannel
confinement is crucial to control the ongoing processes and
precisely tune the electrodeposition. Because of the altered
geometries, mass transport processes in nanochannel confine-
ment are significantly different from ones in bulk reactions on
flat surfaces.

The processes during electrodeposition inside nanochan-
nels are often divided into multiple segments. Even though
most literature sources point out different numbers of seg-
ments, we will differentiate the nanopore filling process into
five regions, based on the governing processes and provide
literature examples with their respective interpretations (Fig. 5).

L. Initial seed formation and nucleation.

II. Filling with 1D diffusion layer inside pore.

II1. Diffusion layer consisting of cylindrical pore parts and
spherical parts over pores. Pores are filled up continuously.

IV. Small contribution of linear diffusion inside pore, large
contribution from the overlapping in spherical parts forming a
planar diffusion layer outside pores. Pores are nearly comple-
tely filled up to the top but not overfilled yet.
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Fig. 5 Mass transport regimes during the electrochemical deposition
inside nanochannel structures. The initial current drop during seed for-
mation (1) and 1D diffusion (Il) zones are followed by the main deposition
regime with a linear 1D and an overlapping spherical diffusion profile (lll)
where the steady metal deposition is observable as a plateau in the current
profile. Close to the end of the filling process the overlapping diffusion
patterns cause a mostly linear flow above the pores which is comparable
to macroscopic deposition behaviour (IV & V) which therefore is shown
as a sudden increase in current, indicating the complete filling of the
nanopores.

1]

V. Pores are filled completely, behaviour of a macroelec-
trode, overfilling begins, surface is increasing until a contin-
uous layer is deposited.

In the first few milliseconds after the potential is applied to
the cathode (zone I), the metal concentration in direct proxi-
mity to the electrode is depleted as crystal seeds are formed. In
this extremely short time frame, the deposition is largely
determined by kinetics as no concentration gradient has been
established. As the preparation and design of experiments for
this zone can be very challenging due to the small amounts
of current and the inhomogeneous nucleation mechanisms,
literature sources covering only this region are quite rare.

During this initial stage of electrodeposition, the nucleation
process starts on the polarized conductive layer at the bottom
of the nanopore. Therefore, the process of applying the con-
ductive layer to the nonconductive AAO membrane influences
the nanomaterial growth and can be used to alter the properties
of the whole nanostructure.

Fu et al.’’ discussed the influence of the conductive film
sputtering and seed formation process on the electrodeposition
of cobalt, platinum and cobalt-platinum alloys in AAO mem-
branes. One side of a commercial 200 nm pore diameter
AAO membrane was sputtered with a gold film to create a
conductive base for electrodeposition inside the pores. It was
shown that the amount and position of conductive support
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Fig. 6 (A) Influence of the contact sputtering process of a blocked and

unblocked membrane onto the seed formation and the following electro-
deposition of nanomaterials. (B) SEM images of the resulting CoPt nano-
tubes and nanowires. Reproduced with permission from J. Fu, S. Cherevko
and C.-H. Chung, Electrochem. Commun., 2008, 10, 514.57

material influenced the shape and geometry of the deposited
nanostructures. By this, mainly two important configurations
and mechanisms were pointed out. If a thick gold layer (20 min
of Au sputtering) was sputtered onto the AAO membrane, the
diameter of the 200 nm wide pore openings was reduced by
about 80% and the pores were considered blocked (Fig. 6A).
Due to the seed formation and subsequent homogenous
growth from bottom to top, the electrodeposition into AAO in
the closed configuration resulted in a diffusion-controlled
nanowire growth mechanism for all three species (Co, Pt and
CoPt), following the scheme in Fig. 5. The diffusion limitation
of the growth mechanism was shown by switching from
constant-current electroplating to pulsed deposition, where
the pulsed technique always resulted in larger growth rates.

When the authors only sputtered a thin conductive film
(10 min of sputtering) on the backside of the AAO membrane,
the 200 nm wide pore openings were blocked to a lesser extent
and the diameter was only decreased by about 50%. Further-
more, some gold was also deposited inside the channels, acting
as a conductive coating on the inner walls of the pores (Fig. 6A).
For the electrodeposition into this open pore configuration, a
slightly different growth mechanism was proposed, as plati-
num rather starts to nucleate at the small gold particles inside
the pores than on the gold layer on the pore bottom. After seed
formation, Pt ions are more likely electroplated on the freshly
deposited platinum at the pore walls, which lead to the for-
mation of hollow nanotubes instead of dense wires formed at
the blocked pores.

For cobalt, it was found that the nanotubes closed and
formed wires after relatively short deposition times, which is
attributed to a higher cobalt diffusion rate through the AAO
channels. Due to diffusion limitation, it was possible to form
CoPt alloy nanotubes analogue to the pure platinum growth
mechanism. Here, the pH buffer impeded diffusion and, there-
fore, supported tube formation. A wire like growth of CoPt was,
however, observed after several hours of deposition time due to
a slow filling/closing of the nanotubes.

With these experiments, it was shown that the initial seed
formation process, as well as the properties of the conductive
electrode material are heavily influenced by the confined
geometry and mass transport inside nanopores.

This journal is © The Royal Society of Chemistry 2022
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As the main part of electrodeposition into nanopores is
strongly dependent on diffusion under confinement, zones II
to IV are of particular interest, which is reflected by a signifi-
cantly larger number of articles addressing these deposition
stages. Due to the large overlap and smooth transition between
these zones they will be discussed in a coherent relation.

A qualitative kinetic model for the potentiostatic deposition
of copper into ion-track etched polycarbonate membranes was
presented by Schuchert et al.’® This nanochannel membrane
setup was utilized to study the effect of 1D confinement on
mass transport and reaction kinetics using potential step
experiments. The used 30 pm thick TEPC membrane showed
pore diameters of 400 to 450 nm and a mean interpore distance
of 1.4 pm. It should be noted that in contrast to AAO the
number of nanopores is significant smaller while the interpore
distance is drastically larger which therefore influences the
mass transport into the pores.

According to the Cottrell equation

) ZFDO.S
1= W(Cbulk — Co) (1)

where, i is the current, F is the Faraday constant, z is the
number of transferred electrons, D the diffusion coefficient
of the reacting species, ¢ the time after the potential step and
Chulk — Co the difference between bulk and surface concen-
tration. Plotting the current in a potential step experiment vs.
¢t % allows to differentiate between the different steps of the
process and their corresponding diffusion properties.

While zone I was not discussed in more detail because of
the complexity of processes, zones II to IV were analysed by the
ivs. t % plot (Fig. 7).

In zone II, the formed diffusion layer is much smaller than
the remaining unfilled pore length. Thus, linear diffusion is
rate determining inside the nanochannel. Comparable models
for diffusion under these conditions would be those for
recessed microelectrodes with a moving electrode/electrolyte
boundary.>*~**

After a time of around 570 seconds, the diffusion zone
reached the pore mouth and started to form a mixed diffusion
pattern consisting of a radial part above the pore opening and
the linear part inside the pore (zone III, Fig. 5). The authors
pointed out that this form of diffusion shows some similarities
to the diffusion of recessed microelectrodes at long reaction
times, but available expressions from literature®>®* were not
sufficient to describe the ongoing processes. From the line fit
and its intersection with the y-axis of the it *° plot, they
concluded that the radial diffusion governs the overall process.

After about 2066 s of deposition, the diffusion zones start to
overlap, which results in a quasi-linear diffusion towards the
membrane (zone IV). Here, it was demonstrated that the linear
diffusion towards the membrane was the rate determining step.
The model used to describe the diffusion in this zone is based
on an ensemble of microelectrodes in plane with an insulator.
By again using the Cottrell eqn (1), it was found that the
experimentally obtained diffusion coefficient was equal to the
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Fig. 7 Current of the electrodeposition of copper into 30 um thick TEPC
membranes with 400 to 450 nm nanopores plotted against t~%°. The
electrolyte for the deposition contained 0.25 mol L™ CuSO,4-5H,0 and
2 mol L™ H,50,. Reproduced with permission from I. U. Schuchert,
M. E. T. Molares, D. Dobrev, J. Vetter, R. Neumann and M. Martin,
J. Electrochem. Soc., 2003, 150, C189.58

bulk value (Dpyn), obtained in unconfined conditions. This is
attributable to the fact that a significant part of the diffusion
profile is located outside of the nanochannels.

Kostevsek et al.®® demonstrated the influence of confine-
ment on kinetic parameters during the electrodeposition of
metals by comparing the deposition properties on flat sub-
strates with those inside AAO nanochannels. In their study, a
flat gold electrode was compared with a gold sputtered AAO
membrane (200 nm pore diameter) for the electrodeposition of
iron from Fe*"-Cit, palladium from [Pd(NH;),*" and an iron
palladium alloy via cyclic voltammetry at scan ranges between 5
and 150 mV s~ ". For their experiments the deposition potential
was varied between —0.8 and —1.3 V versus an Ag/AgCl (3.5 M)
reference electrode. It was possible to extract diffusion- and
charge-transfer coefficients («) using the Randles-Sev¢ik (2) and
Delahay (3) equation®*

3 1 1
iy = 0.4462F2 A, D172 (%)2 @)
1.857RT
Ey— E,p| = ——~ 3
’ P p/2| 0z F (3)

with the peak current 7,, electrode area 4, scan rate v, universal
gas constant R, temperature T and peak E, and halfwave
potential Ep,.

From the plot in Fig. 8A, the diffusion coefficients for Fe*'-
Cit and [Pd(NH;),]*" on the flat electrode (2.1 x 107> cm® s~ "
and 5.1 x 107° cm® s~ respectively) have shown to be larger
than the ones of the confined AAO sample (0.7 x 10> cm® s~ *
and 2.7 x 107° ecm® s ). This decrease by 2-3 times is
attributed by the authors and Napolskii et al.®® to the inter-
action of the diffusing species with the electrical double layer in
the nanochannel. The charge transfer coefficient for Fe**-Cit
reduction was determined to be close to 0.5 for the flat and the
confined sample (0.46 and 0.63), indicating a symmetric
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Fig. 8 Determination of the diffusion coefficient (A) and the charge
transfer coefficient (B) from extracted data of the cyclic voltammograms.
Reproduced with permission from N. Kostevsek, K. Z. Rozman, D. Pe¢ko, B.
Pihlar and S. Kobe, Electrochim. Acta, 2014, 125, 320.%%

process, while it was slightly more asymmetric for [Pd(NH;),]**
reduction, with coefficients of 0.42 and 0.35.

The authors attributed these observations to the fact that at
the experimental pH of 9, deprotonated, negatively charged
[AIO]™ groups at the membrane walls change the formed
electrical double layer with respect to that obtained on flat
gold electrodes. Accordingly, a positive shift of the open circuit
potential for Pd/[Pd(NH,),]** was observed and attributed to an
attractive electrostatic interaction between the positively
charged ions and the negatively charged AAO structure. This
decreases the effective [Pd(NH;),]** concentration at the nano-
channel Au electrode, as compared to the flat Au surface. As the
iron-citrate complex is mostly negatively charged, it is less
affected by the electrostatic interactions, which leads to only
slightly shifted open circuit potentials. Finally, the chemical
composition of FePd alloys, deposited in relation to the deposi-
tion potential was investigated for the two types of Au electro-
des. The authors found no effect of nanochannel confinement
on the alloy composition, indicating that the above-mentioned
confinement effects had no significant effect on the deposition
kinetics during FePd alloy formation. They suggested that the
conditions for the alloy deposition differ from the single ion
ones and therefore cannot directly be correlated.®”

While the authors in this example compared the kinetic and
mass transport influence between a confined and a non-
confined sample experimentally, theoretical modelling of the
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kinetic and thermodynamic parameters was used by Bograchev
et al.®®®®%° In their theoretical study, a more detailed model for
the diffusion dynamics and kinetic parameters was proposed
for the electrodeposition of metals into a nanopore. For their
numerical simulation, they made use of the diffusion domain
approximation, by assuming a uniform distribution of equally
sized pores and converted the hexagonal unit cell to a circular
one. Since their model involves a continuous pore filling
process, where the concentration and deposition current are
determined by steady-state diffusion, zones II-IV (see Fig. 5) are
covered by this simulation.

In order to find a theoretical solution for the proposed
model, the mass transport was separated into an approximated
1D-diffusion inside the pore and the axisymmetric region above
the pore mouth. It was assumed that the cation concentration
in the pore mouth depends on the averaged flux in the outer
diffusion layer.

By using the following equation for mixed kinetics

-2

Co () Texp( N
Jp = ./0(60> CXP( RT>7 (4)

¢ T . .
where (p—+) is a pre-exponential factor and # is the over-
(&)

potential, the current density inside a single pore (j,,) can be
related to the charge-transfer overpotential. This can be used to
develop a model that shows the influence of the cathodic
potential, the resistance and the exchange current density to
the degree of pore filling and corresponding rate. Furthermore,
the authors provide an analytical solution for the pore filling
mechanism, which allows multiple theoretical studies of the
process.

In this model (Fig. 9B), three values of potential difference
(U) have been analysed under various deposition conditions. In
Fig. 9B two values for the exchange current density have been
compared. In (a) and (b), a low value similar to the one for
nickel has been used while in (c¢) and (d) a high value,
corresponding to the one for copper was considered. Addition-
ally, the resistance of the solution has been varied between
0 Q cm? for plots (a) and (c) and 2 Q cm? for plots (b) and (d).
From the evaluation of the quasi-linear relation in plots (a) and
(b) it was concluded that for low potentials, the deposition
process shows a behaviour similar to a galvanostatic process,
while for high potentials the deposition is diffusion limited.

Here, the authors presented a model system for the separate
analysis of mass transfer and kinetic parameters of electrode-
position into nanopores. This can be used to calculate a
theoretical dataset for comparison with experimentally deter-
mined values. While this was set up to further optimize and
plan nanomaterial fabrication processes in nanochannels, it
may also serve as a suitable tool to determine confinement
effects in 1D confined systems.

Finally, when the metal deposition reaches the pore
mouth and starts to overfill the pores, caps are formed on the
openings and the current response sharply increases as a result
of the increased surface area and the purely linear diffusion

This journal is © The Royal Society of Chemistry 2022
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(A) The model used for the simulation shows the metal deposition into a nanopore. Here, r, is the radius of the nanopore, R the radius of the

axisymmetric region of the simulation, d the thickness of the membrane, L the length of the empty pore, ¢ the thickness of the outer diffusion layer, ¢,
the concentration of metal at the pore bottom, ¢, ;. the concentration of metal at the pore mouth cq the concentration of metal in the bulk solution, (1) is
the metal contact, (2) the oxide template, (3) the empty pore, (4) the deposited metal, (5) the electrolyte, (6) the counter electrode and (7) the plane of the
reference electrode. (B) Plots of the simulated unfilled pore length (L) versus the time under various potentials (U). Reproduced with permission from D. A.
Bograchev, V. M. Volgin and A. D. Davydov, Electrochim. Acta, 2016, 207, 247.5¢

(zone V, Fig. 5). From this point onwards, the diffusion pattern
and processes fully behave like for deposition on a macro-
scopic, flat surface.

2.2.2. Behaviour in vicinity of the electrode. The previous
section focussed on the confinement effect onto mass transport
of the different stages of nanomaterial deposition inside of
nanochannels. In this one, we want to highlight deposition
processes on the molecular level and discuss the growth
mechanisms inside of confined nanochannels. While long
range mass transport still plays an important role, here, we
focus on the confinement effects directly at the solid/liquid
interface, that is, at the electrode.

For electrodeposition, a variety of different growth models
exists, therefore we will focus on the growth mechanisms of
electrochemical nanowire fabrication with respect to kinetics
and thermodynamics as discussed in the articles of Zhang
et al,”>”" Shin et al.”> and Dou et al.”® Several different growth
modes, including the plane growth, tilted growth and curved
plane growth were identified under varying conditions. While it
is well accepted that the specific growth mode is dependent on
a wide set of parameters, it can be generally described by an
interplay of growth kinetics and thermodynamics. The crystal
growth rate is governed by either the 2D nucleation rate or the
thermodynamic layer growth rate, while the deposition process
is mostly limited by kinetics.”* Therefore, by varying the
deposition potential, the limiting factors can be shifted to
one side of the equilibrium between those two processes. This
approach can be used to explain the formation of nanowires
and nanotubes. It should be noted that crystallographic proper-
ties are also a crucial factor, as the different crystal lattices
and planes strongly influenced the preferred growth mode and
can change the deposition process regardless of kinetic or

This journal is © The Royal Society of Chemistry 2022

thermodynamic limitation. In the following, the growth
mechanisms for the examples of zinc, cobalt and nickel are
demonstrated in dependence of the deposition potential.”*

When applying higher DC potentials (here, —1 V) for the
metal ion reduction, a mostly perpendicular crystal growth in a
2D-plane or layer-by-layer growth mode was observed, which is
thermodynamically preferred (Fig. 10A). For this study, the AAO
pore diameter was 70 nm and the electrodepositions were
carried out with DC voltages ranging from —1.0 to —2.5 V versus
a saturated calomel electrode for 20 min.

Hereby, nanowires with a 2D-layered structure are formed.
At lower overpotentials (—1.25 V), an intermediate state was
observed where thermodynamics and kinetics both control the
deposition, which resulted in 2D-tilted plane growth modes
(Fig. 10A). With further decreasing potentials (—2.5 V), kinetics
become the dominant influence and the in-axis growth rate was
observed to be higher than the layer growth rate perpendicular
to the pore. This constellation has been observed to result in
the formation of nanotubes (Fig. 10A).

In further investigations by Zhang et al, more detailed
insights into the actual deposition process during an electro-
deposition of nanowires was demonstrated.”® Therefore, 20-
100 nm AAO membranes were used for the alternating-current
(AC) electrodeposition of cobalt from a solution containing
0.1 M CoSO,-7H,0 and 0.1 M H;BO; at AC-potentials of 10,
15 and 20 V. The ongoing processes during single AC half-cycles
could be identified and shown in this example. In contrast to
the before discussed DC deposition techniques, the potential
needed for the kinetically controlled nanowire deposition is at
around 10 V or higher in AC deposition. Here, one potential
cycle can be split into an anodic and a cathodic half-cycle
during which different electrochemical reactions occur. The

Chem. Soc. Rev,, 2022, 51, 2491-2543 | 2503
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Fig. 10 (A) Comparison between the different growth modes inside of
nanochannels with orange particles representing the nucleus centre of the
growth and dark cyan atoms represent the growth front. (a) 2D planar
growth (b) 2D tilted plane growth mode and (c) nanotube growth.
Reproduced with permission from H. Zhang, X. Zhang, J. Zhang, Z. Li,
H. Sun, J. Electrochem. Soc., 2013, 160, D41-D45.”* (B) (a) shallow pan
growth mode, (b) tilted plane growth at the cathodic half-cycle. (c) and (d)
rearrangement of the nascent atoms during the anodic half-cycle. (C) XRD
pattern of Co nanowires at different pore diameters. (D) Schematic
representation of the deposited grains inside AAO nanochannels where
(a) the pore diameter is approximately the same as the grain size and
(b) the pore diameter is significantly larger than the grain size. Reproduced
with permission from H. Zhang, W. Jia, H. Sun, L. Guo and J. Sun, J. Magn.
Magn. Mater., 2018, 468, 188.7°

authors assumed that the nanowire growth in the 2D tilted
plane mode takes place during the cathodic half cycle and
the tip of the nanowire grows in shape of a ‘“shallow pan”
(Fig. 10B).

After the potential is inverted for the second (the anodic)
half-cycle, the nascent atoms in the topmost layers of the
nanowire rearrange to thermodynamically stable crystallo-
graphic conformations as the atoms at the tip of the nanowire
have sufficient time and energy to relocate to the thermodyna-
mically favourable flat surface. To verify this growth model
experimentally, Co nanowires were AC deposited at 20 V in
three different pore diameters and subsequently analysed by
X-ray diffraction (XRD). The XRD measurements (Fig. 10C)
show two peaks representing the kinetically favoured crystal-
lographic plane (100) and the thermodynamic (002) plane.
From this data it can be assumed that these Co nanowires
preferable grow along the thermodynamically favourable (002)
plane, which is in good agreement with the proposed model.
For smaller pore sizes the XRD peak of the (100) plane gets
significantly stronger which is explained by the authors to be
linked to the orientation of the deposited grains along the pore
axis (Fig. 10D). If the pore diameter is in the order of the grain
size the grains will be stacked along the axis on top of each
other resulting in an increase in the (100) peak. With increasing
pore diameter, the crystal grains are deposited in a more
unordered fashion, resulting in a smaller (100) peak.

2504 | Chem. Soc. Rev., 2022, 51, 2491-2543
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A similar but slightly more complex study of electrodeposi-
tion of Bi/BiSb multilayer nanowires was performed by Dou
et al.”? In their experiments a charge-controlled pulse deposi-
tion technique was used for the formation of thin Bi/Bi, 5Sby 5
multilayer nanowires from an aqueous solution of their chlor-
ide salts into a 60 nm pore diameter AAO membrane.

Bi/BiSb nanowires have been electrodeposited in a two-
electrode pulse plating setup by applying 11.5 and —2.0 V in
pulses of 8 ms and an off-time of 12 ms between them.

For these deposition conditions, a highly ordered bilayer
structure was observed with equally distributed and reproduci-
ble thicknesses of the different layers. The deposited layers
show a strictly normal orientation to the nanowire axis, which
was interpreted as the confined equivalent of a layer-by-layer
bulk deposition (Fig. 11A). The deposition process has been
considered as thermodynamically equilibrated and therefore
happening via the thermodynamically favoured growth mode.
Selected area electron diffraction (SAED) analysis of the sample
verified the single crystalline structure of the deposits. Under
same experimental conditions also a second growth mode has
been observed for the first time, which was not observed for the
single element or alloy deposition: step growth or tilted growth
mechanism (Fig. 11B). In this case, the deposition process was
controlled by kinetics and the deposited ions had enough
energy to diffuse to the step edge. Here, the deposition rate is
relatively high, while ion diffusion on the surface is relatively
low. A transition between the two growth modes has been
observed (Fig. 11C) for specific conditions, like temperature
or ion concentration changes, which caused a transition from
the tilted plane growth to a layer-by-layer growth mode. In the
transient zone, several layers of deposited material showed an
intermediate structure between the two modes. The authors
hypothesise that a fluctuation in the thermal conditions pro-
vided sufficient energy to the ions (red in Fig. 11C) to overcome
the energetic diffusion barrier at the edge of the crystal plane
(Ehrlich-Schwoebel barrier), which enables Frank-Van der Merwe

A B

RV

20nm
e o o o o o 0o o o

&© I
«m@

Fig. 11 TEM image and schematic representation of (A) 2D plane growth
mechanism with arrows representing extending of nucleus in the plane.
(B) Tilted plane with layer by layer growth. (C) Transition from tilted plane
growth to plane growth with red atoms representing atoms that jumped
the Ehrlich—Schwoebel barrier. (D) Bowl like growth mode. Reproduced
with permission from X. Dou, G. Li and H. Lei, Nano Lett., 2008, 8, 1286.73
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growth and is explained elsewhere in more detail.”>’® In this
theory of local fluctuations of ion concentrations, it is assumed
that the reduced ions have enough time to relax to a more
stable state before the deposition of the next ions occurs. Thus,
it is assumed that also the transition from layered growth to
tilted growth is possible under comparable conditions. Further-
more, a kinetically controlled bowl-like growth has been
observed, which was identified as a stable layer-by-layer growth,
once the bowl shape had evolved (Fig. 11D). Based on the work
of Wang et al.”® and Valizadeh et al.,” it was assumed that the
bowl-shape is attributed to the electrode contact material,
which entered the pores and adhered on the nanochannel walls
during sputtering.

A completely different growth mechanism was proposed for
an electroless deposition process into nanochannels by Ji
et al.”’ Here, the growth of Cu nanowires was divided into
two reactive steps. First, the seed formation or nucleation
process which follows the bulk reaction pathway, subsequently
followed by a new growth mechanism which explains the
continuous growth even in a confined nanochannel setup
(Fig. 12).

The formation of CuTCNQ (TCNQ: 7,7,8,8-tetracyano-
quinodimethane) nanowires in AAO membranes of 40 pum
length with 200 nm pores, based on macroscopic ion transfer
through the nanowires was investigated. In their experiment, a
conductive copper film was evaporated on one side of an AAO
membrane, which was subsequently sealed from the outside
with a protective and inert PTFE film so that a reactive interface
is only present inside the nanochannels. The sample was
immersed into TCNQ containing solution, which leads to a
chemical reaction forming CuTCNQ inside the nanochannels at
the interface to the Cu working electrode. It was observed that
the Cu surface reaction was preferred over the bulk reaction in
the confined nanochannel environment and therefore, fully
covered by CuTCNQ crystals. A continuous deposition of
CuTCNQ was also observed in a later stage of the nanochannel
filling process. Because it is unlikely that the relatively large
TCNQ molecules diffuse through the length of the already
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GROWTH
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| AAO Template
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Fig. 12 CuTCNQ nanowire formation with ion transfer mechanism.
Reproduced with permission from H.-X. Ji, J.-S. Hu, Y.-G. Guo, W.-G.
Song and L.-J. Wan, Adv. Mater., 2008, 20, 4879.”
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deposited material to react with the Cu electrode, a new
mechanism based on ionic transport was proposed. According
to the established mechanism by Duan et al,*° TCNQ is
adsorbed and reacts on the Cu surface in stage I and II
(nucleation). At the point of a full CUTCNQ surface coverage,
TCNQ molecules can only adsorb on the top of the nanowire
which leads to a continuous layer-by-layer growth. In this
model, the difference in redox potential between Cu and TCNQ
generates an electron conduction from the Cu at the base
through the nanowire to the adsorbed TCNQ molecules at the
top. Since the chemical potential of copper at the bottom of the
nanowire is significantly larger than on the top, Cu' ions are
expected to migrate through the nanowire to the top where they
react with the adsorbed molecules to form CuTCNQ. The
authors suggest that this novel growth mechanism is observ-
able only in confined experimental setups, while the traditional
direct reaction mechanism is dominant in open systems where
bulk reaction occurs.

2.3. Geometric confinement

The likely most intuitive effect of nanochannel confinement is
the geometric aspect. Here, the spatial characteristics of the
nanochannel are used to alter the shape of a material, which
gains special properties that would be much harder or impos-
sible to achieve with conventional production techniques, such
as mechanical modification. Additionally, some effects or prop-
erties differ from bulk or flat surfaces, when subjected to
nanochannel confinement. Only a few examples for this will
be provided here, as the underlying principle is rather simple,
although the experimental setup and parameter selection is not
in most cases.

Spatial confinement can be used to generate a variety of
shape and size modulated products, based on rigid templates.
These templates can be modulated by carefully controlling
critical reaction parameters, like anodization parameters, tem-
perature or electrolyte composition during the AAO anodiza-
tion, which alters the shape in multiple ways. Additionally, by
using pre-patterning techniques, the relative position between
the self-assembled nanochannels can be influenced. These
custom shaped and orientated nanochannels can be used to
deposit nanowires, which represent the negative of the AAO
shape.®" Exemplary, some possible nanochannel geometries
and arrangements are shown in Fig. 13.

Particularly remarkable in the context of spatial confine-
ment is the deposition of polymers into nanochannels of
complex geometries (Fig. 13A-C). By using nanochannels with
complex geometries as a mask, the resulting deposits also
follow this geometry. Thereby, special confinement allows the
easy production of nanomaterials in various shapes and geo-
metries which would be impossible to achieve with traditional
fabrication methods.

The behaviour of softer materials, like polymers under
nanochannel confinement has also been studied and shows
some interesting effects. The geometry effect of nanochannel
confinement was shown by Lee et al.,** who compared the pH
induced reversible swelling behaviour of polymer multilayers

Chem. Soc. Rev,, 2022, 51, 2491-2543 | 2505
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(A) Schematic overview of documented nanochannel geometries grouped by their type of formation. (B) Cell representations and SEM images of

prepatterned AAO in three exemplary geometries. Reproduced with permission from G. D. Sulka, A. Brzozka, L. Zaraska, E. Wierzbicka and A. Brudzisz in
Submicron Porous Materials (ed. P. Bettotti), Springer International Publishing, Cham, 2017.8% C Schematic and SEM image of a diameter modulated AAO
membrane. Reproduced with permission from W. Lee, R. Ji, U. Gosele and K. Nielsch, Nat. Mater., 2006, 5, 741-747.8* D pH dependent swelling
behaviour of PAH/PSS multilayers on flat Si substrate (A) and inside of 400 nm TEPC membranes (B and ¢ for different methods of determination).

Reproduced with permission from D. Lee, A. J. Nolte, A. L. Kunz, M. F. Rubner and R. E. Cohen, J. Am. Chem. Soc., 2006, 128, 8521.52

on a planar surface with that inside nanochannel confinement
(Fig. 13D). For the experiments, planar silicon substrates as
well as track-etched polycarbonate membranes were modified
with poly-(allylamine hydrochloride) and poly(sodium 4-
styrenesulfonate) multilayers (PAH/PSS). These multilayers
undergo a discontinuous swelling and deswelling cycle when
exposed to solutions of varying pH. The reversible swelling and
deswelling transition was induced by changes of the PAH
amine group ionization which therefore induced a conforma-
tional change of the chain. A shift in its pK, value is attributed
to the hydrophobic association of free amine groups. When
comparing this behaviour on a planar substrate with that inside
the nanochannel confinement under identical conditions, a
significantly smaller swelling of the polymer resulted inside the
confined space. The authors proposed that stress is induced in
multilayer nanotubes, which arises due to the volume limita-
tion inside the nanochannels and counteracts the swelling
phenomenon. Besides this ability to reduce usually undesired
stress in functional polymers, it was shown that a swelling
polymer modified membrane can be utilized as a pH sensitive
gate/valve as it can reversible open and close the nanochannels.

2506 | Chem. Soc. Rev., 2022, 51, 2491-2543

The spatial confinement of rigid membranes can also be
used as nanoreactors, exhibiting different properties compared
to the bulk reaction. In a study by Giussi et al.,* the radical
polymerization kinetics and confinement effects of styrene
inside a 35 nm pore size AAO membrane have been investigated
and compared to bulk polymerization. The reaction inside the
nanochannels was performed by introduction of monomer into
the nanochannels and thermal polymerization under nitrogen
atmosphere. The same procedure without the AAO membrane
was performed for the bulk reaction.

The characterization of both obtained polymers showed
several differences in the polystyrene properties, which were
attributed to the nanoreactor confinement. While molecular
weight and polydispersity index of both polystyrene samples
were similar at low conversion (up to 50%), significantly
smaller values were achieved in the nanoreactor with increas-
ing conversion (>65%). The authors ascribed this behaviour to
the enhanced thermal control inside the nanoreactor, due to
the smaller reaction and heat transfer volume. They addition-
ally demonstrated that the nanoreactor-derived polystyrene
sample shows a higher thermal stability, which was attributed

This journal is © The Royal Society of Chemistry 2022
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to a higher syndiotactic degree by Chen et al.®® Moreover, a
confinement effect on the glass transition temperature and the
mobility of polystyrene was observed, which was further dis-
cussed by Shin et al.,®® who affiliate this with an influence of
the confined reaction to the cooperative movements of the
polymer. These examples showcase promising directions for
the utilization of confinement to improve the quality of poly-
mer materials, a field that may greatly benefit and grow once
the underlying effects and, hence, future development poten-
tials are better understood.

Another application of spatial confinement is demonstrated
by Liu et al.® in their article about stabilization of lithium
metal anodes by utilization of nanochannel confinement
effects. Since the dendrite formation in lithium containing
batteries is a tremendous problem, known to cause device
failure, a new approach is presented that uses polyimide
nanochannels with high aspect ratios. Therein, dendrite for-
mation is suppressed by levelling the deposition through
nanoconfinement between multiple nanochannels. By using
numerical simulations, the Li* flux on a non-confined electrode
(Fig. 14A c) was shown to be drastically enhanced around the
non-uniformly deposited lithium nuclei, which led to the
typically observed formation of dendrites. This beneficial influ-
ence of the nanochannels can be rationalized via simulations of
the associated mass transport of Li* to the electrode. The
derived contour plot (Fig. 14A d) shows a homogeneously
distributed ion flux in all nanochannels, which indicates a
uniform growth without the formation of dendrite structures.
The simulated results support the experimental observations,
shown in the SEM images (Fig. 14B). Here, the deposition of
lithium on a non-confined electrode at different current den-
sities and deposition capacities (a—c) is compared with the one
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on an electrode modified with 350 nm polyimide nanochannels
(d-1). By numerical simulation and experimental testing, it was
shown that the spatial confinement resulted in a uniform
nucleation and deposition, based on a more equally distributed
Li" flux inside the nanochannels which therefore could prevent
critical dendrite formation processes.

Thus far, this part was focused on nanochannel confine-
ment for templated electrodeposition with applications for use
in electrocatalysis. In addition to that, nanochannel confine-
ment allows for a multitude of unique features, which can be
employed for electrochemical sensing, which will be explored
in the next section.

3. 1D and 2D confinement in
electrochemical sensing
3.1. Types of confining geometry

A significant number of experiments in modern electrochem-
istry is conducted in the presence of rigid structures, applying
geometric confinement onto the system. Such structures
can modify the electrode, separate electrochemical cells into
compartments or confine whole electrochemical cells. Rigid
confining geometries are found in a range of important appli-
cations, such as the separation of electrochemical half cells in
industry via ion filtering membranes, which are used for
example in drinking water treatment or in fuel cells. The
application of confined electrochemical cells is mostly relevant
in research and includes, e.g. thin layer cells for investi-
gations of unstable electrochemical species, ultra-fast reaction
kinetics, local electrochemistry or for coupling with different
spectroscopic techniques. Electrode modification by confining

Fig. 14 A Schematic comparison of lithium deposition and the associated dendrite formation on a flat substrate (a) compared to a nanochannel (b).
Simulations showing the local ion flux during the deposition on a flat substrate (c) and inside a nanochannel electrode (d). (e) Representation of the cell
geometry used for the nanochannel simulation. (B) SEM image of the lithium deposition at different current densities and deposition capacities on a flat
electrode (a—c) and on a nanochannel modified electrode (d-). Reproduced with permission from W. Liu, D. Lin, A. Pei and Y. Cui, J. Am. Chem. Soc.,

2016, 138, 154435
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structures, in contrast, is relevant in a variety of applications,
ranging from porous electrodes utilized to characterize and
enhance electrocatalytic effects at newly developed catalyst
materials all the way to the industrial application of sacrificial
electrodes in batteries and of templates for nano structuring via
electrodeposition in nanochannels."”

Since electrochemically active species are transported from
an unconfined bulk to the electrode, these structural confine-
ments are either considered one- or two-dimensional. Due to
the high variety of different systems, we separate them into four
main groups, according to the position of the electrodes with
regard to the confining geometry and the appearing confine-
ment effects:

A. Nanogap experiments are considered a 2D confinement,
where both, the working and counter electrode are embedded
within the confining structure.®® (Fig. 15 nanogap) With nano-
gaps, e.g. effects of diffusion layer overlap, enhanced mass
transport, ion enrichment and regeneration or changes in the
dielectric constant can be sensed by the electrodes. A promi-
nent example for nanogap experiments is the generation/col-
lector mode of a scanning electrochemical microscope (SECM),
where a redox pair is cycled between the tip of the SECM and a
substrate electrode, whilst a nanoscopic distance between the
two electrodes is maintained.*

B. In nanochannel experiments, two liquid pools are typi-
cally separated by the confining structure, while channels with
nanometric diameter allow an exchange between both pools.
The sensing electrode is placed in one of the pools, while the
target species is placed in the other one, allowing an electro-
chemical investigation of permeability, dwell time and orienta-
tion of the traversing species (Fig. 15 nanochannel). In these
experiments, an affected mass transport, structural reorienta-
tion of large molecules and ion rectification can be observed.
An important example for nanochannels are ion separator
membranes used in fuel cells. Another prominent application
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for nanochannels is the sensing of single biologic molecules,
such as proteins and DNA. This fast growing field of
super sensitivity through confinement is excellently illumi-
nated by Long and co-workers.>®

C. Nanopipettes are pipettes, usually made of glass or other
rigid materials, with a diameter of 100 nm or less near the tip,
providing to a nanometric opening. Nanopipettes are filled
with solutions and contain the sensing electrode within their
bulk: at the electrode position the pipette is widening up to
several um (Fig. 15 nanopipette). The nanopipette is a 1D
confined system with the strongest confinement at the pipettes
orifice. Nanopipette systems are employed in nanoscale
local electrochemical sensing techniques, such as scanning
electrochemical cell microscopy (SECCM) or for the investiga-
tion of the interface of two immiscible liquids (ITIES).”*
Altered mass transport, ion rectification, electroosmotic flow
and species accumulation can be sensed via nanopipette
experiments.

D. In nanopore experiments, the sensing electrode is
embedded in the confining structure, with counter and refer-
ence electrode usually placed in the bulk phase®® (Fig. 15
nanopore). Templating by a nanopore electrode is often used
for guided (electro-)deposition of nanoscopic structures or high
area catalyst materials. Nanopores comprise 1D confining
structures and the electrode can sense altered mass transport,
double layer overlap, ion accumulation and rectification or
confinement-controlled layer growth. We wish to point out that
the given definition of cell intrinsic confining structures is
guided by the definition of confinement in electrochemistry,
given in the introduction (Section 1.2). In literature, the
described systems vary by designation, configuration, and
associated confinement effects. The terms of nano effects,
confinement effects, electric field effects and hindered mass
transfer are often mixed and interchanged in corresponding
publications. Herein, we intend to give the reader a clear
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Fig. 15 Schematic representation of confining geometries emerging in electrochemical experiments: nanogap (A), nanochannel (B), nanopipette (C) and
nanopore (D) geometries. Light blue represents the electrolyte solution, Red = translocating redox-active species, orange bars = electrodes, the working
electrode is highlighted by a schematic faradaic transformation of A to B, deep blue = the supporting structure for the confining geometry, green regions

mark the confining system.
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definition of the effects we associate with confinement applied
by a cell intrinsic geometry upon electrochemical behaviour.

3.2. Signal enhancement due to target species regeneration

An obvious effect that a confining system can impose on the
electrochemical behaviour of a target species is created by a
decreased distance between the two half cells. In an unconfined
system, the two electrochemical half cells are embodied by the
working and counter electrodes, both separated by millimetres,
up to several centimetres.” These distances are several orders
of magnitude larger than the concentration gradients, which
are created by the conversion of redox-active species on both
electrodes.®® Thus, both half-cell reactions can be considered
separately and do not interfere with each other. In such
systems, the faradaic limiting current is determined by the
mass transport of redox-active species from the bulk to the
electrode. The diffusional flux is dependent on electrode geo-
metry, diffusion coefficients and the timescale of the experi-
ment. An in-depth discussion of these effects is beyond the
scope of this review and can be found in several elaborate
reviews and books about this topic.”®°” Reducing the distance
between the electrochemical half-cells to a value, which is
smaller than the diffusion layer thickness, leads to a mass

Tip
A Pt nanoelectrode
(a=300 nm)
GO C0 o,

TO,-
*
8 OG04+ CO,

: 7
GO0 G0, COp-  CO.
ZQ‘ +le } ¢ \2 ~le ’z

(SXory

Substrate
Pt UME (a = 12.5 pm)

CZO.‘.

0.04
0.00

0.10  0.15 0.20

Distance / pm

0.05

View Article Online

Review Article

transport related coupling of both half cells. Within this dis-
tance, electrochemically generated species at one electrode can
diffuse to another one, which can be held at a different
potential. This way, the species of interest can be generated
at one and then measured and regenerated at another elec-
trode. This principle has been exploited in so-called generator-
collector experiments for more than 60 years, by using convec-
tion as the predominant form of mass transport in rotating ring
disk electrodes (RRDE). Electrochemical species are generated
at the central disk electrode and subsequently collected at the
concentric outer ring electrode, which allows to investigate
reaction selectivity, lifetime of intermediates, volatile products,
etc. For thin-layer and nanogap electrodes, the electrode dis-
tance can become so small, that the collection efficiency
approaches 100%, as the majority of the diffusion layer is
blocked by the opposing electrode. When sensing an electro-
chemically reversible redox pair, the target redox-active species
can be effectively cycled between both electrodes, enhancing
the faradaic response by up to several orders of magnitude.
Additionally, the short time that is needed for mass transport
between the electrodes (us range), enables the investigation of
quickly degrading products, such as radicals. The collection of
the highly unstable oxalate anion radicals (C,0,*"), formed by
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Fig. 16 Measurements of the homogenous rate constants of electrogenerated C,0,4*~ decomposition in 100 mM N,N-dimethylformamide- via SECM
built Pt/Pt nanogap electrode.®® (A) Schematic description of the nanogap setup and the parallel chemical/electrochemical competing reaction steps for
a tip generator/substrate collector electrochemical cycling of C,04%~. (B) Measured Steady state current of the substrate electrode in dependence of tip/
substrate distance (black curve), applied potentials on the substrate and the tip are 5 mV and —1.25 V vs. Pt/PPy, respectively. Simulated approach curve
with chemical rate constants of k; = 0.55 x 10 s™and ks = 1.5 x 10" M~* s* for C,04°~ decomposition (red dotted line). (C) Simulated concentration
profiles of C;04*~ and (D) CO,*~ as function of distance to the generator electrode at steady state and under diffusion limited regime. Reproduced with
permission from T. Kai, M. Zhou, S. Johnson, H. S. Ahn and A. J. Bard, J. Am. Chem. Soc., 2018, 140, 16178.%%
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electroreduction of oxalate (C,0,>”) on a Pt UME by an SECM
tip is a suitable example for this, and was observed by Bard and
co-workers.”® The authors created a nanogap electrode setup
within a TBAPF, supported N,N-dimethylformamide solution
by placing the Pt nanoelectrode that forms the SECM tip at
distances between 73 and 500 nm from the Pt UME. By applying
potentials of 0.05 V and —1.25 V vs. Pt/PPy- on the tip electrode
and the Pt UME (E,), respectively, C,0,>" is oxidized on the tip
electrode. The generated C,0,° " radical anions quickly decom-
pose into carbon dioxide and carbon dioxide radicals (CO,* ") in
the solution. Following a slower rate constant, two CO,*~
recombine to C,0,>~ in the electrolyte. The oxidation of CO,*~
at both electrodes is competing with chemical recombination
in the electrolyte and the oxidation of C,0,°~ on the Pt UME
(Fig. 16A). With reduced tip/substrate distance (d), the steady
state current of the substrate becomes more negative between
500 nm and 140 nm, as the amount of CO,*” reaching the
substrate electrode is increasing. Approaching a distance of
140 nm, the current rapidly increases with decreasing gap
distance, as the time needed for inter electrode mass transfer
becomes shorter than the decomposition rate of C,0,°". This
leads to a detectable current associated with C,0,°*~ oxidation
on the substrate (Fig. 16B). By fitting simulated data at different
decomposition rates to the experimentally obtained current-
distance curves, the rate constants, radical half-life, and
concentration profiles of both radical species were derived with
respect to the generator electrode (Fig. 16C and D). Nanogaps
created by an SECM system were also used by Sun et al. to
enhance the oxygen evolution reaction on a NiO catalyst,
utilizing the tip electrode as a collector for the generated
oxygen.”® Utilizing fixed nanogap distances, Lemay and co-
workers managed to enhance the current response of indivi-
dual redox molecules in a 40 nm gap by a factor of 10*
compared to single molecule conversion at the electrode.”
This enabled the authors to electrochemically detect single
molecules and develop an elaborate understanding of diffusion
behaviour within nanoconfinement. Within the field of nano-
electrode arrays (NEA) Ma et al.'°® and Hiiske et al.'®' observed
current enhancements of more than 15 times, when redox
cycling was activated on recessed ring-disk electrodes with an
interelectrode distance of around 100 nm for Ru(NH;)s>" and
Fc(MeOH),, respectively. In the above discussed publications
we showed, that a lot of limitations, given by the slow process of
mass transfer, can be overcome by shrinking the electrode to
electrode distance into the nanoscale, for low conductive
electrolytes this operation leads to the overlap of the electrical
double layers within the cell.

3.3. Electrical double layer overlapping

The electrical double layer (EDL) of an interface in an electro-
lyte solution is dependent on the surface charge of the non-
electrolyte phase and the ionic strength of the electrolyte phase.
Indicated by the Debye length, the EDL?>'%* can protrude less
than 1 nm at high electrolyte concentrations (1 M KCl) up to
micrometres in unsupported solvents (ultrapure water and
inert atmosphere). Since electrode-to-electrode distance in
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nanoconfined systems is often in a similar magnitude or even
smaller than the Debye length of the respective electrode, these
systems are called sub-Debye length cells. The resulting over-
lapping of the participating EDL leads to ion migration and
accumulation effects, which influence mass transport within
the confined region and electrode kinetics at the EDL.

3.3.1. Altered mass transport within overlapping EDL. The
mass transport in overlapping EDLs is driven by ion migration,
resulting in inhomogeneity of solute concentrations. Depen-
dent on the extent of ion inhomogeneities, all three terms of
the Nernst-Planck-equation for mass transfer may be influ-
enced within an overlapping EDL.”

Z,‘F
ﬁDICIV(b + C,V(X) (5)

J,'(X) = *D,‘VC[ —

The first term on the right side of eqn (5) describes mass
transport by diffusion, the second by migration and the third by
convection. The variables D;, C; z; represent the diffusion
coefficient, concentration, and charge of species i respectively,
VC; and V¢ symbolize a concentration and electric field
gradient over all three spatial dimensions respectively, v is
the velocity of the surrounding fluid.

Steeper concentration gradients established at the confining
walls lead to an increased diffusional driving force, which
opposes the reduced diffusion coefficient of the target species
in a confined system. The reduced diffusion in parallel to solid
surfaces is imposed by shear forces and temporary surface
adsorption and is well defined in literature for electrochemical
systems'®® or other experimental setups utilizing thin film
cells, like liquid cell transmission electron microscopy.'®*
These shear forces increase with the capacity of the EDL as
shown by Saha et al. in ion pump experiments.'% If both walls
of a nanochannel bear a similar surface charge and wall-to-wall
distances are smaller than the Debye length of both respective
surfaces, surface charge cannot be compensated across the
channel, leading to an ion current rectification (ICR) effect
for bulk ions with the same charge sign as the wall material.
ICR is defined as asymmetric electrochemical current-voltage
dependencies, caused by a charge selective asymmetry in the
potential-dependent ion flux through confining geometry. The
intensity of ICR is measured by the rectification ratio, which is
directly proportional to the asymmetry of mass transport for
the participating ions within the confined area.'®® A completely
blocked mass transport of negatively charged species, through
silica nanochannels, due to ion rectification at low electrolyte
concentrations was shown for Ru(CN)s" (aq) by Yao et al.'”’
Utilizing the collection mode of a Pt tip SECM setup in a
aqueous KCI solution, the authors showed that the anion
permeability in ultrathin silica nanochannel membranes
(SNM) with a pore diameter of 2.3 nm exhibits a strong
dependency on the KCI concentration. The tip was immersed
into an electrolyte solution and the potential was set to 0.9 V vs.
Ag/AgCl. A second liquid pool containing a 5 mM solution of
K,Ru(CN)¢ dissolved in the same electrolyte was separated from
the collector electrode by a SiN chip. The used chip possessed a
perforated window with micrometre-sized openings, while its

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1cs00789k

Open Access Article. Published on 11 3 2022. Downloaded on 2024/10/10 20:57:04.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chem Soc Rev

electrode terminated surface was fully covered by the SNM. To
observe a faradaic current signal, the Ru(CN)s*~ anions must
pass the nanometre scale pores within the separating
membrane and reach the electron transfer plane of the tip
electrode. Due to the negative surface charge of the silica walls,
an overlapping EDL forms across the nanochannel, leading to a
system where the effective potential at any position between
both walls is ruled by the Debye length (Fig. 17A).

At high KCI concentrations, the EDL exhibits a thickness of
around 0.3 nm, leading to a rapid decay of the electric field
around the walls of the nanochannel. At decreasing electrolyte
concentrations, the ionic strength in the channel is reduced,
causing the formation of a negative electric field across the
whole nanogap diameter, repelling negatively charged
Ru(CN)e*~ ions, reducing the effective diameter for diffusion.
The microscopic nature of the SECM systems allows to differ-
entiate permeable regions on the SNM surface given by the
18 pm windows in the underlaying SiN support. Scanning over
the window positions results in a detectable current answer
for a solution supported by 1.0 M KCl, peaking above the

window centre. This effect is strongly reduced for lower KCl
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concentrations (Fig. 17B). Numerical simulations of the elec-
trochemical cell allowed to quantify the rectification, as the
acquired approach curves fit well to simulated collection curves
at different membrane permeabilities (P), which were used to
describe the diffusional mass transfer through the membrane
(Fig. 17C) according to
D[Veale=o = D[Verle=o = P[Vea(x,,0) = e(x,9,0)]  (6)

where ¢4 and ¢, are the concentrations of target ion donor and
receptor solutions, respectively. A fourteen times attenuated
Ru(CN)¢*~ transfer rate was detected for the SNM system in
0.01 M KCl compared to the 0.1 M KCIl system. Similar
membranes are used as commercial ion separation systems
in fuel cells or for ion chromatographic applications. White
and co-workers investigated the hindered ion transport mecha-
nism under the influence of high electric fields, in a Pt/Pt
nanogap electrode.'*® Similar to the work discussed above, they
found a reduced ionic flux between generator und collector
electrodes, decreasing electrolyte concentration, as the posi-
tively charged target species was repelled by migration. Lemay
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Fig. 17 Measurements of the EDL dependent Ru(CN)s*~ ion rectification and permeability within 3 nm silica nanochannels at different concentration of
aqueous solution measured via SECM.2®” The Pt tip collector electrode, Pt wire counter electrode and Ag/AgCl reference electrode are placed in a
RU(CN)g*~ free solution separated from 5 mM K4Ru(CN)g in the same amount of electrolyte by 150 nm thick SNM membrane. (A) Schematic description
of the double layer formation in sub 3 nm silica channels at KCl concentrations of 0.01, 0.1 and 1.0 M (top), and simulated propagation of the electric field
thr