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ABSTRACT: The structure, chemistry, and charge of interfaces between materials and
aqueous fluids play a central role in determining properties and performance of numerous
water systems. Sensors, membranes, sorbents, and heterogeneous catalysts almost uniformly
rely on specific interactions between their surfaces and components dissolved or suspended
in the waterand often the water molecules themselvesto detect and mitigate
contaminants. Deleterious processes in these systems such as fouling, scaling (inorganic
deposits), and corrosion are also governed by interfacial phenomena. Despite the
importance of these interfaces, much remains to be learned about their multiscale
interactions. Developing a deeper understanding of the molecular- and mesoscale
phenomena at water/solid interfaces will be essential to driving innovation to address
grand challenges in supplying sufficient fit-for-purpose water in the future. In this Review, we
examine the current state of knowledge surrounding adsorption, reactivity, and transport in
several key classes of water/solid interfaces, drawing on a synergistic combination of theory,
simulation, and experiments, and provide an outlook for prioritizing strategic research
directions.
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INTRODUCTION

Water is central to all aspects of life and society. Sustaining
satisfactory economic production, health, education, and
environmental protection relies on the availability and
sustainable management of water.1 Yet, water resources are
under ever-increasing stress because of climate change, develop-
ment, population growth, and other factors;2 this is particularly
true with regard to the depletion of groundwater.3 Overcoming
water stress will require progress with infrastructure and policy,
and there is also a major role to play for innovations from science
and technology.
Scientific and technological advances that improve our

understanding and efficient use of water and energy are of
critical importance. The direct connection between water and
energy takes its most tangible scientific form at water/solid
interfaces that mediate energy conversion and transduction
processes or are designed to influence water chemistry.4−6

Water/solid interfaces are central to a broad array of scientific
and technological processes including heterogeneous catalysis
and electrochemistry, life sciences and biomedical applications,
and environmental and geosciences.7 The importance of such
systems cannot be overstated.8 Yet, numerous fundamental
questions in these areas remain unanswered despite decades of
study. At the heart of these issues are molecular-scale questions
involving the nuances of water’s hydrogen bonding at interfaces
with electrolyte solutions, the interfacial transfer of energy in the
form of protons and electrons, the adsorption and chemical
reactivity of solutes at structured and confined interfaces, and
many other particulars connected to water. With the emergence
of newfound capabilities to experimentally probe and computa-
tionally model these complex systems, the chemistry and physics
of aqueous solution/solid interfaces has become one of the most
exciting fields in science.
Structure and dynamics at water/solid interfaces, rife with

entropic complexity, necessarily involve multiple length scales.
Atomic-level insights govern attractive and repulsive molecular

and electrostatic forces related to wetting, with nanoscale
structure influencing binding and interfacial reactivity through
shaping of the local environment, and still larger length scales
dictating how these interactions couple with cohesive forces and
translate into fluid transport in the vicinity of interfaces. In some
cases, length scales for a given phenomenon (e.g., Debye length)
can vary by orders of magnitude, depending on the environment.
Two major challenges in deciphering interfacial phenomena are
(1) pulling out local influences that become washed out in
ensemble measurements of heterogeneous systems and (2)
distinguishing interfacial behavior from that in the bulk. To
address these challenges, it is necessary to bring together
researchers with a convergence of expertise in theory/modeling/
simulation, materials synthesis/fabrication, and advanced
characterization enabled by world-class facilities. The U.S.
Department of Energy’s 2017 Basic Research Needs Workshop
for Energy andWater highlighted the timeliness and importance
of new fundamental science studies to help address burgeoning
challenges related to water both nationally and globally.9

Interfaces in water systems participate in a host of processes,
each representing a fascinating subject for study and carrying
considerable relevance for applications. Here we will focus on
the three fundamental aspects of aqueous solution−solid
interaction: (i) adsorption, (ii) reactivity, and (iii) transport
(Figure 1). Each of these three topics has been studied for many
years and in many different contexts, yet much remains to be
learned.
Adsorption phenomena in aqueous systems, despite the

apparent simplicity of excluding chemical reactions, are
surprisingly complex. Even the adsorption of water itself onto
solid surfaces remains something of a mysterythis is
particularly true as one examines layers beyond the initial
hydration layer, where interactions between water molecules in
dissimilar local environments dominate.7 Capture of certain
classes of solutes from aqueous systems receives special
attention because of their toxicity or other harmful character-
istics. Heavy metals fall into this category, and substantial
research effort has been directed at their adsorption.10,11

Adsorption of polymers at interfaces, and especially of charged
polymers (due to their high solubility in water), has generated
tremendous interest in the community. As with other species,
adsorption will occur spontaneously from solution if the
interaction between the polymer and the surface is more
favorable than that of the water with the surface. Ideal solid
surfaces are impenetrable to these polymer chains and are flat,
electrically neutral, and chemically homogeneous.12 Departures
from these idealities add increasing levels of complexity, but
understanding all these competing interactions at various length
scales will be critical to revealing fundamental mechanisms
associated with foulinga ubiquitous phenomenon in water
systems.13

Catalysis and reactivity in aqueous systems, including the
reactivity of water itself, is a deep and broad field for which it is
impossible to do justice in a brief summary.Much work has been
done in the area of solar fuels, with water oxidation representing
perhaps the most challenging aspect, whether by heterogeneous
electrocatalysis at electrode surfaces, heterogeneous catalysis by
oxidic bulk materials, homogeneous catalysis using transition
metal complexes, or biocatalytic strategies related to photosyn-
thesis.14 While efforts to identify efficient and effective processes
for splitting water using sunlight as an energy source are
ongoing,15 there are opportunities to exploit the advances in
catalytic science gained in those studies to create new catalytic
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materials and reaction pathways to generate reactive species in
water with potential use in remediation. Heterogeneous water
phase catalysis for water treatment is a burgeoning field of study
rich with fundamental science questions remaining to be
answered.16,17

Flow and transport in porous media have long been of interest
to researchers and technologists alike. In general, transport
processes in porous media can be divided into three levels:
molecular, mesoscale, and macroscale. At the large scales, pore
networks for investigations of multiphase flow first appeared in
the 1950s,18 later complemented by percolation theory19 and
models based on pore-space geometry.20,21 Mesoscale modeling
generally deals with flow, rejection, flux, and fluidic transport.
When a medium is porous and aqueous fluid flow is laminar,
hydrodynamic theories can be applied and solved using existing
frameworks.22 Application of a specific model depends on the
pore structure factors such as pore size, shape, porosity, average

capillary length, pore-size distribution, surface area, and
tortuosity.23 Diffusion processes are also often relevant to
transport through porous media, driven by solute concentration
gradients. Commonly adopted models, especially in cases
involving ions, are those based on the Extended Nernst−Planck
equation with the Donnan steric equilibrium at water/solid
interfaces.24,25 On the molecular scale, numerical simulations
are often carried out. Molecular dynamics (MD) is one such tool
where the physical motion of atoms and molecules is simulated.
Newtonian equations of motion are solved numerically for a
system of interacting particles, and the forces between particles
are defined by interatomic potentials.26

Water/solid interfaces represent a broad array of research
topics, far too diverse to fully address in one paper. In this
Review, we will address the state-of-the-art in each of the topical
areas discussed above and identify exciting and important
knowledge gaps. Water/solid interfaces are the unifying theme,
and the Review is structured according to principles of
adsorption, reactivity, and transport associated with these
interfaces.

1. ADSORPTION

1.1. Introduction/Overview

Adsorption phenomena in aqueous systems are surprisingly
complex, yet controlling and harnessing such behavior is of
critical importance across a range of energy-water systems. From
the health and well-being of individuals who depend on clean
drinking water, to fit-for-purpose water across industrial sectors,
adsorption plays a key role in addressing ongoing challenges.
Such challenges include the selective capture of toxic or other
harmful substances, including heavy metals and emerging
contaminants such as lead and per- and polyfluoroalkyl
substances, and the prevention of fouling and scaling
(deposition of inorganic materials) processes. Notwithstanding
its applied significance, adsorption is characterized by complex
interfacial interactions in confined geometries for whichmuch of
our scientific understanding remains lacking. In this section, we
review research in the field of adsorption for energy-water
systems and its impact on generating a detailed understanding of
the solid/water interface as obtained through complementary
techniques of materials synthesis, in situ characterization tools,
computational modeling, and analysis. Such research seeks to
elucidate many of the molecular-scale interactions involved in
adsorption, including nonspecific and specific forces of chemical
and electrostatic origin, and correlating these interactions with
key factors in adsorptive processes such as geometrical
constraints of confinement. By gaining a fundamental under-
standing of the factors that govern interfacial interactions in
model systems, it is possible to design materials with superior
performance in applied systems and provide a better under-
standing of the delicate interplay between material form (e.g.,
pore size) and function (e.g., chemical functionality) from the
Ångstrom to the mesoscopic length scales.
At the molecular scale, surface adsorption and site-specific

binding of ions and molecules from aqueous solution depend on
a complex three-way interplay of interactions between surface,
adsorbate, and water. These multiple competing effects are
determined by electrostatics, hydrogen bonding, solvation
dynamics, and surface morphology, as well as less intuitive
factors such as hydrophobicity and entropic forces from
crowding and depletion. Even in bulk solution, the interplay of
these factors is complex, which is reflected in the fact we are still

Figure 1. Schematic representations of three categories of water/solid
interface processes: adsorption, reactivity, and transport.

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.1c00069
Chem. Rev. 2021, 121, 9450−9501

9452

https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00069?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00069?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00069?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00069?fig=fig1&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00069?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


missing a molecular theory of solubility in water.27 At the root of
all adsorption problems are the concepts of aqueous solvation,
solubility, and the rapidly changing hydrogen-bond network of
water, which dynamically organizes itself to accommodate
solutes and adapt to extended surfaces. Many such features have
been captured nicely in a series of model and applied
experimental systems, but further development of experimental
and theoretical methods is required to better explain the
interplay of many competing noncovalent interactions for
aqueous solutions in the boundary layers with solid interfaces.
1.2. Material Platforms for Probing Adsorption Phenomena

There is no shortage in the number of substrates, materials, and
synthetic techniques that have been employed to study
processes of adsorption in aqueous media. While the list
included here is some small subset of the many possibilities, the
techniques included enable access to a diverse set of finely
tunable chemical and electrostatic environments through highly
tailorable interfacial properties. At the same time, there is great
potential for complementarity in their approach to under-
standand ultimately controla range of adsorption phenom-
ena. The specific platforms considered include atomic layer
deposition (ALD), two-dimensional (2D) materials, and
polymer brushes, spanning multiple material classes such as
small molecules bound to oxide substrates, charged polymer
brushes, and functionalized 2D layered materials. ALD (or more
generally, atomic layer processing, which includes ALD,
molecular layer deposition (MLD), and vapor phase grafting)

offers great versatility via direct control over interfacial
chemistries and geometries. At the same time, ALD-coated
surfaces can be used to introduce subsequent functionality
through the covalent binding of chemical moieties. Substrates
based on 2D materials, such as graphene and molybdenum
disulfide, are an exciting class of new materials for energy-water
systems with high surface area and tailorable surface properties.
Polymeric brushes, in particular those with charged groups, are
another class of materials that can be leveraged to imbue bulk
materials (e.g., polymer membranes and inorganic substrates)
with superior resistance to fouling and/or selective ion-
sequestration.28−30 While such materials and methods are
well-known in a variety of different fields throughout the
research community, they have only recently been explored for
water-based applications.31

1.2.1. Atomic Layer Deposition. Atomic layer deposition
(ALD) is a conformal, Ångstrom-scale controlled, interface
functionalization technique, offering direct control over
interfacial chemistry and tunable film composition. ALD is
performed by subjecting a solid surface to sequential exposures
of precursor vapors that chemically react on the surface in a self-
limiting fashion resulting in the layer-by-layer growth of an
inorganic coating.32−34 The self-limiting chemistry, coupled
with gaseous diffusion of the precursor vapors, allows for highly
conformal coating of high-aspect-ratio and high-surface-area
substrates including porous membranes. Such features render
ALD a highly promising technique for interfacial engineering

Figure 2. SEM top view micrographs of (a) an uncoated (left) and 15 nm alumina-coated (right) anodic aluminum oxide (AAO) membrane showing
10 nm pores remaining after the ALD coating. The SEM image of the uncoated membrane shows regions of differing contrast associated with
compositional changes that affect the secondary electron yields. The bright regions are from what is suggested to be relatively pure alumina, while the
gray portion has incorporated oxalate anions from the anodization solution. The dark portions are the pores themselves. Reprinted with permission
from ref 37. Copyright 2005 American Chemical Society. (b) Schematic of surface charges on pure AAO and SiO2-coated AAOmembranes. Reprinted
with permission from ref 39. Copyright 2013 American Chemical Society. (c) Anticrude-oil performance of membranes coated with different oxides by
ALD. (d) Molecular Dynamics simulation snapshots showing three different amorphous oxide layers and water molecules that are within 3.4 Å above
their surfaces. The atoms are colored by their types, i.e., O (red), H (white), Sn (purple), Ti (gray), and Al (green). From bottom to top, the wettability
of these amorphous oxide layers increases, which is characterized by the water−oxide radial distribution functions, g(r), shown in top graph for
nonhydroxylated (pristine) and in bottom graph for hydroxylated oxide layers. Reprinted with permission from ref 40. Copyright 2018 American
Chemical Society.
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within energy-water systems in confined geometries. Recent
advancements in ALD-based interfacial membrane engineer-
ing35,36 highlight a particular area where ALD can be applied
with versatility and great promise in energy-water systems to
control interfacial interactions with atomic- and molecular-scale
precision. Whereas ALD uses organometallic precursors and
inorganic compounds (such as H2O) to grow inorganic coatings,
MLD uses exclusively organic vapor compounds to grow organic
coatings in an atomic layer-by-layer manner and shares many of
the desirable attributes of ALD.
Transition-metal oxides, such as aluminum oxide (Al2O3) and

titanium dioxide (TiO2), are prototypical ALD materials that
can be deposited over a broad range of conditions, including low
temperatures compatible with polymer substrates. When these
coatings are applied to a membrane, they directly modify the
material’s surface chemistry, and thus the interface, while leaving
the bulk unchanged. In the case of anodic aluminum oxide
(AAO)membranes, ALD can shrink the AAOpore diameter in a
layer-by-layer fashion over the entire pore length37−39 (Figure
2a,b). Similarly, these oxide-based coatings can impart chemical-
based functionalities. In one example, stark differences in the oil-
repellent properties of ALD-coated polyvinylidene fluoride
(PVDF) membranes were associated with the metallic center of
the oxide coating (SnO2/Al2O3/ZnO/TiO2) and the resulting
hydration layers40 (Figure 2c,d). Such studies highlight the
extent to which atomic-interfacial interactions, and specifically
direct control over them, can be used to tailor more macroscopic
behavior. Of the oxides, TiO2 is an excellent example of a
material that is generally embedded in the selective layer of
membranes or adhered to membrane surfaces in the form of
nanoparticles. In recent work, researchers demonstrated how
TiO2 coatings can be deposited via methods of ALD on
commercial ceramic membranes using alternating doses of a
titanium tetrachloride (TiCl4) precursor and water (H2O) as an
oxygen source, leading to higher inorganic surface coverage
compared with blending inorganic components into a casting
solution.41 In a further step, nitrogen doping into the TiO2
lattice was achieved via doses of ammonium hydroxide
(NH4OH) during the ALD process and was shown to shift
the band gap to optical wavelengths, resulting in a visible-light-
activated photocatalytic film with antifouling properties. Such
features suggest a novel new strategy to combat membrane
fouling during continuous filtration and real-time membrane
self-cleaning utilizing low-cost light sourcesincluding poten-
tially sunlight.41 Notwithstanding its potential importance
within applied settings, these works demonstrate some of the
unique efficacy of ALD in creating atomically precise coatings to
modify both chemical and physical properties of membranes.
In another set of examples, researchers demonstrated the

possibility of two-step functionalization using ALD coatings
acting as a type of intermediate layer.42 A particularly promising
route for oxide-based coatings is the subsequent binding of
organosilane-based moieties. Organosilanes have myriad
functionalities that can impart surfaces with a diverse range of
properties, including charged residues, hydrophobic, hydro-
philic, and oleophilic properties. Research into this area
continues to expand rapidly. One recent example builds upon
methods of ALD, and a closely related approach based on
sequential infiltration synthesis (SIS), to highlight the efficacy of
such an approach to create a reusable oil adsorbent material
based on polyurethane foam. Polyurethane as a base starting
material has no affinity toward organosilane functionalization,
but a thin (nanometer) coating applied to the polymeric

filaments enables the covalent attachment of oleophilic
moieties.43 In this way, ALD-based oxide coatings serve as a
type of intermediate binding layer, and a means by which to
introduce suitable binding sites for subsequent functionality
exhibiting selective adsorption.
While there exist many opportunities within the field of ALD-

based interfacial engineering, it is important to note that ALD is
predicated by favorable interactions between surface functional
groups and gaseous precursors. In this way, ALD is not
applicable to many polymeric membranes that lack appropriate
surface functional groups and are based on inert materials such
as simple hydrocarbons (polypropylene, polyethylene, etc.).44

While sensitization strategies exist, including oxidative plasmas
or acids to introduce reactive sites, many have met with limited
success because they are difficult to control or damage the
structural integrity of the membranes. A recent study has
highlighted a facile liquid-phase dip-coating method to over-
come this limitation using tannic acid. Similar to other phenols,
tannic acid was found to effectively sensitize hydrophobic
polymer membranes to TiO2 ALD coatings. Tannic acid-
sensitized ALD-coated membranes were found to exhibit
outstanding underwater crude oil repulsion and rigorous
mechanical stability through bending and rinsing tests.44

Taken as a whole, ALD has the ability to enable a new
synthetic paradigm for interfacial membrane engineering, and in
particular controlling interfacial water-energy interactions with
great precision. Other noteworthy examples include Janus
membranes for ionic rectification or nanofiltration,44 suggesting
a versatile synthetic strategy for hybrid inorganic/organic
membranes,45 combining favorable features of polymeric
membranes such as low cost, tunable porous structure, and
scalability, with features more associated with inorganic (e.g.,
ceramic) membranes such as superior hydrophilicity and
structural stability.46 Not only can ALD achieve a higher
inorganic surface coverage compared with blending inorganic
components into casting solution, it can also be achieved with
molecular-scale precision and control.
We close this section by noting that improvements in energy−

water systems will necessitate fabrication of high-performance
separation membranes, and ALD as a synthetic toolkit to do so
provides an appealing new strategy. Excitingly, such research has
yet to fully exploit the broad spectrum of ALD-based coatings
with respect to dielectrics, conductive oxides and nitrides,
metals, and even organics which could have a profound impact
on the ability to precisely and selectively engineer membrane
interfaces.

1.2.2. Two-Dimensional Materials. Whereas ALD and
related methods offer tremendous flexibility in modifying
interfaces for study and use within aqueous systems, some
materials themselves can offer a diverse palette of physical and
chemical properties at their surface(s). Two-dimensional (2D)
materials such as graphene have had a profound influence in a
variety of physical and applied fields. More recently, they have
begun to make a similar impact on energy-water systems. The
family of 2Dmaterials continues to expand rapidly. Excitingly, its
breadth has extended beyond graphene to transition metal
dichalcogenides (TMDs), hexagonal boron nitride (h-BN),
MXenes, black phosphorene (b-P), graphitic carbon nitride,
silicates (mica), and layered double hydroxides (LDHs). The
chemical tunability of 2D materials has led to their use as
sorbents, membranes, and capacitors in water research. 2D
materials are intrinsically promising to study interfacial
phenomena because of their chemical selectivity and high
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specific surface area from 636 m2/g of MoS2 to 2630 m2/g of
graphene.47−50 Selectivity can be achieved through the
manipulation of surface chemistry (Figure 3).
The synthesis of 2D materials includes two routes: top-down

(exfoliation) and bottom-up (chemical vapor deposition). Both
methods are potentially scalable and can lead to the production
of large quantities of single-to-few layers of 2D materials. Here,
we will focus on exfoliated 2D materials. Synthetic top-down
methods of 2D materials include oxidation-assisted exfolia-
tion,51−54 intercalation-assisted exfoliation,55,56 solid reaction
with mechanical shearing,57 chemical etching,58,59 direct
ultrasonication with different solvents,60−64 electrochemical
exfoliation,65−67 and supercritical fluid expansion and exfolia-
tion.68,69 Surface functionalization of 2D materials can be
achieved through covalent functionalization and noncovalent
adsorption; various composite materials can also be formed.
With its abundant oxygen-containing groups, graphene oxide
(GO) is easily covalently functionalized. Procedures include
organosilane reactions with hydroxyl groups,70−72 acyl chloride
and amine reactions with carboxylic acid groups,73−76 and
hydrazide and amine reactions with carbonyl groups.73,77 The
other 2D materials’ basal planes are more inert. Covalent
functionalization of TMDs can be achieved by creating S−C
bond using organoiodide or by using thiol-containing molecules
to fill in the S vacancies.78−84 Similar strategies can be employed
to other 2Dmaterials after adding an initial step to create surface
defects or oxygen-containing groups.64,85−91

In energy-water systems, 2D materials have been widely used
as sorbents for water remediation (Figure 3). Various GO
architectures have shown high adsorption capacities of 200−
1000 mg/g for the removal of cationic and anionic pollutants,
radionuclides, and organic small molecules.92−99 GO also
preferentially adsorbs certain heavy metal ions in the order Pb
> Cu > Cd > Zn.92,100 This order correlates well with these
metals’ relative binding affinities to carboxylic functional groups.
Selective removal of U-(VI) was demonstrated through the
attachment of phosphate or polyaniline groups on GO.101,102

Improved Pb removal was achieved through amino silane
functionalization.103 Additionally, electrochemical methods can
be applied to 2D materials for water/ion separations. Capacitive
deionization has been shown with GO,104−107 MoS2,

108,109

C3N4,
110 and MXenes.111−113 Surface-functionalization-assisted

electrodeposition was also introduced using a GO electrode,
which showed a 2 orders of magnitude higher removal efficiency
of heavy metal ions than in passive adsorption experiments.100

Following the discovery of molecular sieving in layered GO
films,114 2D materials have been applied to various membrane-
based separations. Laminated membranes can be fabricated
through the assembly of 2D materials stacks (Figure 3). Sieving
of ions from water, or ions from other ions, depends on the
interlayer spacing between two 2D sheets, as well as the
material’s surface chemistry. In typical 2D channels, the two
water/solid interfaces are separated by only∼1 nm, giving rise to
new interfacial phenomena. Such phenomena have a profound
influence not only on adsorptive properties but also on the
structure and dynamics of confined molecules and ions, as
described below. Water takes a layered form when confined in
2D channels; below 1 nm, up to three discrete layers of water
molecules can exist.115 The 2D confinement gives rise to
extreme water properties. For example, 2D-confined water in a
channel between graphite and hBN with a height of ∼1 nm
showed an out-of-plane dielectric constant of 2 comparing to 80
for bulk water.116,117 In contrast, the parallel dielectric constant
under confinement of∼1 nm between graphene layers can be as
high as >100.118 The density of water within these 2D channels
varies from 4 to 6 g/cm3 to virtually 0 because of the discrete
nature of the water arrangement.119

Surface chemistry plays a crucial role in determining the
number of layers at equilibrium and, when water acts as
molecular spacers, can also affect the interlayer spacing.120

Extraordinary transport behaviors were observed within 2D
channels for both water molecules and hydrated ions.121,122

Monovalent ions, especially Li, diffuse faster in graphene
channels (without surface charge) relative to ions in bulk
electrolytes of the same concentration; the transport of divalent
and trivalent cations is hindered, however.123 Different
conductivity between cations and anions was also discovered
in 2D materials. This cationic selectivity has been utilized for
energy generation across a concentration gradient.124−129 As the
family of 2D materialsand the ability to tune their structure,
chemistry, and chargecontinue to expand, this class will serve
as a powerful platform for elucidating and exploiting adsorption
phenomena.

1.2.3. Polymers and Polymer Electrolyte Brushes.
Embedding selective adsorption sites in porous media poses a
considerable synthetic challenge. While both the methods
described above offer direct control at water/solid interfaces,
there is a great need for soft materials that adopt more fluid- or
liquid-like properties that can be engineered with the same
degree of chemical versatility. ALD and 2D materials use a
library of primarily inorganic species to engineer interfaces; even

Figure 3. Schematics showing the synthesis of surface functionalized 2D materials from exfoliated suspensions obtained from their bulk material.
Surface functionalized 2D materials can be used for selective adsorption or as laminated membranes for selective separation.
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greater flexibility can be drawn from the introduction of organic
moieties. Bulk polymer materials and polymeric surface coatings
have a high degree of versatility and can be engineered to reduce
or enhance their interfacial interactions with organic matter and
thus tune important adsorption properties. Of these, coatings
are more advantageous in the sense that bulk properties of the
material (e.g., ceramic membrane) can be retained while tuning
the surface properties. Most explored in the past several decades
is the design and optimization of surface coatings that impart
biocompatibility and/or resistance to the adsorption of
biological matter. Such properties are essential to prevent
fouling, a critical challenge in applied systems. It is important to
note that biocompatibility and/or resistance to the adsorption of
biological matter are not necessarily synonymous, and we refer
to the latter as “antifouling” with the disclaimer that a rigorous
definition of this term should also include nonbiological matter.
Antifouling is particularly important for interfaces in aqueous
media such as those found in water treatment or marine
applications.
When compared to chemically similar monolayer treatments,

the attachment of polymers to surfaces generally offers improved
stability and resistance to biofouling.130 These so-called polymer
“brushes” are either physically tethered (physiosorbed) or
chemically tethered to the substrate. Covalently bound polymer
brushes are more stable and are obtained by either grafting-to or
grafting-from surfaces. The grafting-from approach provides
higher brush surface densitythis is best for antifoulingand is
usually achieved using surface-initiated controlled radical
polymerization.131

Typically, the chemical groups associated with effective
antifouling are those that can be strongly hydrated such as
oligo- or poly ethylene oxides, saccharides, zwitterions, and
hydroxyl-containing acrylates and acrylamides.132,133 The strong
hydration and net neutral charge of these groups substantially
decrease the energy gain from foulant−surface interactions
which come at the cost of displacing the interfacial waterand
effectively mitigate biofouling.134 Zwitterionic brushes have
several advantages over these other groups: they are more salt-
resistant, and their (ionic) solvation is most similar to bulk
water, which translates to a lower net energy gain from
displacement of the solvated water (i.e., better antifouling).134

Several zwitterionic moieties have emerged as effective and

easily accessible for polymer brushes: phosphorylcholines,
carboxybetaines, sulfobetaines, and even amino acids (Figure
4).134

Antifouling polymer brushes have minimal nonspecific
interactions with biological matter, but they can also be
engineered to simultaneously promote specific interactions
like ion-binding135 or (bio)molecular recognition (Figure 4).136

Of particular interest to the water treatment community is the
use of such brushes to modify nanodevices and membranes,
enabling manipulation of their ion-transport properties. For
example, ionic mobility through nanochannels and nanopores
coated with zwitterionic brushes can be tuned via environmental
pH, brush density, and pore size.137−139 Using nanofiltration
membranes functionalized with similar antifouling polymer
brushes, several groups have demonstrated effective monovalent
salt separation in the presence of multivalent salts, neutral
organic compounds, or antibiotics.140−142 The high selectivity of
these membranes was achieved while maintaining high flux; as
such, these examples illustrate great promise for the use of
antifouling polymer brushes in food, desalination, and biological
separation processes.
1.3. Characterization Methods for Adsorption Processes

Adsorptive processes such as those outlined above encompass a
range of different length-scales from the Ångstrom to the
mesoscopic and thus necessitate characterization spanning these
disparate length scales. In this section, we review two
characterization methods based on X-rays and vibrational
spectroscopies. While the true spectrum of characterization
techniques remains beyond the scope of this Review, both X-
rays and vibrational spectroscopies probe in excellent detail
adsorptive interactions and mechanisms at molecular and
atomic levels. Importantly, both methods can be used in situ/
operando to depict in detail molecular behaviors and structural
dynamics. Anomalous X-ray scattering provides a wealth of
information by combining both interface- and element-
specificity in X-ray characterization. Unlike other character-
ization tools including laser-, electron-, X-ray-, and neutron-
based techniques, anomalous X-ray scattering probes ion
adsorption properties using both total electron density
distributions and element-specific substructures at solid−liquid
interfaces. Importantly, it is possible to minimize spectral
interference from either the solution or the bulk substrate

Figure 4. Schematic depicting the three common classes of zwitterionic groups (left) and their applications in polymer brush coatings to mitigate
biofouling (middle) or sequestering specific ions (right).
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through the use of resonant anomalous X-ray scattering and
analyze simultaneously both geometric and spectroscopic
structures. Vibrational spectroscopies provide useful techniques
for studying both the adsorption of ions from solution, as well as

the more fundamental properties of the solid−liquid interfaces
that are ubiquitous in sorption technologies. Techniques such as
infrared (IR) absorption, vibrational sum frequency generation
(vSFG), and ultrafast 2D IR spectroscopies are able to make use

Figure 5. Analysis of poly(cysteine methacrylate) brushes in the presence of Pb2+. Resonant anomalous X-ray reflectivity data of poly(cysteine
methacrylate) brushes in (a) 1 mM (b) 10mMPb(CH3COO)2 solution. All measurements were under energies ranging from 13025 to 13041 eV with
a 2 eV increment step. (c,d) Best fitting profiles of raw RAXRR data. (e,f) Electron density profiles based on the fitting results. (g,h) Derivates of
electron density to energy as a function of brush depth. Reprinted with permission from ref 135. Copyright 2019 American Chemical Society.
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of the details of local molecular structures to probe the specific
interactions important for ion adsorption, to determine the
impact of the ions on the structure of the adsorption material,
and to study the structure and structural dynamics of water and
ions in the vicinity of the interface. Importantly, vibrational
spectroscopic techniques are capable of probing not just the
adsorption process itself but additionally the details of the
environment in which the adsorption occurs, potentially
providing important insight toward the broader context of the
adsorption process.
1.3.1. X-rays.The adsorption of ions to aqueous interfaces is

a phenomenon that profoundly influences vital processes in
water treatment and process engineering. Many tools, including
laser-, electron-, X-ray-, and neutron-based techniques (e.g., sum
frequency generation spectroscopy,143−147 spectroscopic ellips-
ometry,148,149 low-energy electron diffraction,150 and X-ray
spectroscopy151−154) have been valuable for revealing surfaces
structures.155,156 However, the ideal technique for probing ion
adsorption is one that provides both total electron density
distributions and element-specific substructures at solid−liquid
interfaces. These both are attributes of an X-ray technique
combining interface-specificity of high resolution X-ray
scattering and element specificity of X-ray absorption spectros-
copy: resonant anomalous X-ray scattering.157−161 Importantly,
through the use of resonant anomalous X-ray scattering it is

possible to minimize spectral interference from either the
solution or the bulk substrate components162 and analyze
simultaneously both geometric and spectroscopic structures
through model-dependent analysis.163 This technique has been
applied to probe the organization of interfacial “hydration
layers” and the important role of adsorbed ions at mineral-water
interfaces.158,160,161,164−167 In what follows, we highlight the
efficacy of this technique in describing the adsorption properties
of polymer brushes.
As described above, interfacial characteristics and adsorptive

properties can be altered by polymer brushes (polymer chains
tethered to a surface via one chain-end).157,168 Researchers have
used amino acid-based zwitterionic poly(cysteine methacrylate)
polymer brushes for improving ion selectivity for the design and
optimization of antifouling water treatment membranes and
applied resonant anomalous X-ray reflectivity (RAXRR) near
the Pb K-absorption edge (13.035 keV) to understand
electrostatic interactions of charged groups within and between
chains with Pb2+ ions in aqueous solutions.135 The changes of
electron density depth distribution as a function of the photon
energies are correlated to the relative concentration of resonant
Pb ions in brushes, thereby reflecting the enrichment and
distribution of Pb2+ ions at the solid−liquid interface (Figure 5).
The static properties of polymer brushes are well understood

through extensive theoretical,169 computer simulation,170,171

Figure 6. In situ shearing X-ray measurement system at the Advanced Photon Source (APS) beamline 12-ID-D (a) and 8-ID-E (b). Computational
fluid dynamics (CFD) simulations of the flow field in the x-z plane in the parallel-plate geometry and the cone−plate geometry are shown in (c) and
(d), respectively. The colormap represents the velocity value, and the black arrows represent the in-plane velocity direction. The enlarged views are
given in the dashed box. The bottom left inset of (c) shows a schematic of the flow in the gap of the parallel plates. The tangential, outward, and upward
flows are marked by orange, green, and blue arrows, respectively. The bottom right inset of (c) and (d) represent the flow field at the surface of the
silicon substrate. The colormap represents the shear stress. The black arrows represent the in-plane velocity direction. Reprinted with permission from
ref 185. Copyright 2020 AIP Publishing.
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and experimental studies,172−176 but the properties of such a soft
interface can be switched by weak external stimuli.177−179 The
knowledge of polymer brushes in nonequilibrium and under
flow is still incomplete, even though it is crucial for the design of
the aforementioned antifouling water treatment membranes.
Numerous simulations and theoretical methods have been
applied, but researchers have drawn opposite conclusionsfor
both swelling180,181 and collapse182−184concerning the
behavior of polymer brushes under shearing. More persuasive
evidence from in situ/operando experiments is required to
depict the detail of the molecular behaviors and structural
dynamics. Chen et al. designed and implemented an in situ
shearing X-ray measurement system, equipped with both inline
parallel-plate and cone-and-plate shearing setups and operated
at the Advanced Photon Source (APS) at Argonne National
Laboratory, to investigate the structures and dynamics of end-
tethered polymers at the solid−liquid interface (Figure 6).185 By
comparing the swelling behaviors between amino acid-based
poly(acetylcysteine methacrylate) and poly(cysteine methacry-
late) brushes on flat silicon substrates, the considerable influence
of electrostatic interactions on the shear response of polymer
brushes was demonstrated. Moreover, the interparticle inter-
actions of polyzwitterionic poly(2-methacryloyloxyethyl phos-
phorylcholine) brushes grafted on silicon dioxide nanospheres
with curved interfaces was evaluated and revealed a uniform
distribution, but a less aggregated status, under shearing. The
successful application of the in situ shearing X-ray measurement
system provides an extra view to gain insights into the dynamics
in soft interfaces under shearing processes.
1.3.2. IR Spectroscopy. A common approach that has been

used broadly in many different scenarios is the use of localized
vibrational modes as a probe for the local electrostatic
environment in a complex material, taking advantage of spectral
shifts induced by the vibrational Stark effect186,187 and the
modulation of coupling between vibrational modes in close
proximity to one another induced by changes in the local
structure by the adsorption of ions.188,189 With the Stark effect,
the local vibration being used as a probe will experience an
electrostatic field imparted upon it by the local environment,
which will induce shifts in the frequency of the probe. These
environment-dependent shifts can then be used to infer
information about charge distributions even in complex
adsorption materials such as biological ion channels.190 The
interpretation of these measurements relies critically on the
accuracy of the maps that connect the frequency of the reporter
mode to the local electrostatic field, which may become

problematic in complex environments where nonelectrostatic
effects might be varying along with the electrostatic distribution.
One of the predominant tools for spectroscopically studying

interfacial systems is vSFG, a second-order technique that is
considered to be surface-specific due to the cancellation of the
second-order nonlinear susceptibility χ(2) in isotropic media
under the dipole approximation. This makes vSFG a particularly
useful tool for studying the structure of the water and ions in an
electrolyte solution in the interfacial layer between the bulk and
the interface, allowing for studies of changes in the double-layer
structure due to the electrolyte composition and the surface
charge of a mineral or electrode.191,192 By combining this
approach with the use of a vibrational probe tethered to the
electrode (Figure 7a), this technique can be used to measure the
electrostatic potential at the electrode interface as a function of
solvent or applied bias (Figure 7b,c), and it has been
demonstrated that the fields can be highly spatially inhomoge-
neous with significant effects from the sign of the potential and
the chemical nature of the probe.193−195 vSFG spectra can at
times be difficult to interpret due to the complicated selection
rules and effects of molecular orientation, but it has proven to be
a useful technique for studying the solvent and ion structuring
within the solid−liquid interface.
By taking advantage of ultrafast spectroscopies such as 2D IR,

it is possible to obtain information about the effect of adsorption
on the distributions of local solvation environments and the
dynamics of the solvation and orientational fluctuations of the
vibrational probe. This technique provides the change in a
vibrational spectrum at frequency ω3 as a function of excitation
frequency ω1 in a femtosecond (fs) time-resolved manner and
can be considered as a vibrational analog of 2DNMR correlation
spectroscopies (Figure 7d). One of the major advantages of 2D
IR spectroscopy over linear spectroscopic techniques is its ability
to separate homogeneous and inhomogeneous contributions to
the line broadening of a transition on time scales faster than
typical solvation dynamics. This makes it possible to quantify the
degree of local structural inhomogeneity in a molecular system,
and to observe the time scale over which the distribution
remains inhomogeneous. This is made possible by the
separation of homogeneous and inhomogeneous contributions
to the line width onto the antidiagonal and diagonal directions of
the 2D spectrum at early waiting times, and the relative
significance of these components can be quantified by the degree
of elongation of the spectral band.196

By observing the dynamics of the spectral elongation, it is
possible to directly measure the time scales on which the local

Figure 7. (a) Cartoon illustrating how vibrational probes tethered to an electrode could be used to sense ion distributions and electrostatic potentialφ.
(b) Schematic illustrating the effect of an electrostatic field E on the vibrational potential, with FTIR spectra of a carbonyl stretch showing the effect of
adding 4.2 M ZnCl2 to D2O. (c,d) 2D IR spectra of carbonyl stretch at early waiting time showing the increased inhomogeneity due to adding 4.2 M
ZnCl2.
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solvation environment fluctuates. If the vibrational band
contains contributions from multiple structures, which may be
incompletely resolved, then these line shape dynamics can reveal
the time scale for the exchange processes between these
structures. This could involve, for example, configurations where
the probe molecule is hydrogen bonded to water versus
coordinated to an ion, perhaps weakly. The specific ion
configurations and motions that contribute to the inhomoge-
neity can be determined in tandem with molecular dynamics
simulations. Importantly, these dynamics can be observed on a fs
to picosecond (ps) time scale, much faster than is accessible to
NMR measurements, thereby making this an important
complementary technique for the study of fast processes in
disordered solution-phase environments.
Recently, 2D IR spectroscopy has been increasingly applied to

surface systems of various kinds,197−199 demonstrating the
promise of this emerging technique. For example, a 2D IR study
of a model rhenium carbonyl catalyst immobilized on an ITO
surface demonstrated that the identity of the solvent could
induce reversible structural changes in the monolayer on the
time scale of hours,200 illustrating how this technique can resolve
the structural properties of the interface. It can also be used to
study the interaction between the interface and the solvent, such
as in a recent study of SiOH groups on the surface of amorphous
silica exposed to various organic solvents, where the time scale
for the solvent exchange between CCl4 and benzene could be
observed through their impact on the hydroxyl stretch band.201

By utilizing different types of vibrational probes tethered to the
solid−liquid interface, it is possible to design experiments that
are sensitive to different kinds of species in solution, and in
principle to specifically probe the solvent and the various ions in
solution and how these interact with the surface.

1.4. Simulations of Molecules and Ions in Water

The synthesis and characterization approaches outlined above
rely on theory and modeling to complete the picture and better
understand water/solid interfaces. In some cases, such efforts are
needed to interpret the experimental data given the complexity
of scales and the highly dynamic nature of an aqueous
environment. Importantly, theory and modeling can capture
phenomena that are inaccessible to experimental methods. As an
example, the rapidly changing (on the 10 fs time scale)
hydrogen-bond network of water, which is at the root of all
aqueous solvation, solubility, and adsorption problems, can
dynamically organize itself to accommodate solutes and adapt to

extended surfaces. Most measurements detect average structural
information, so one needs simulations to determine if
fluctuations are important to the interpretation. This played a
role in a recent study of salt effects in the solvation of acetone by
water.202 Here it was found that sodium ions and water
molecules competed with each other in interacting with the
carbonyl oxygen, leading to noticeable effects in the Stark
modeling of IR spectra. Here, experimental and theoretical
methods were complementary to one another, providing an
excellent tool for explaining the interplay of competing
noncovalent interactions.

1.4.1. Theory and Modeling of Molecules at Aqueous
Interfaces. A variety of computational methods have been
successfully employed by researchers to describe molecular-
scale interactions in the adsorption of small molecules on
surfaces. Molecular dynamics (MD) simulation, which describe
the time evolution of a system with the use of empirical force
fields, is one of the most extensively used methods to study
adsorption on surfaces for understanding structural changes that
occur on short time scales not accessible with experimental
methods. For example, a study of homopolypeptides in aqueous
solution on a gold surface showed that the peptide’s interaction
with the surface is related to how stable the molecule is in
solution.203 The binding of peptides in aqueous solution near
gold and palladium has also been investigated, suggesting that
conformational changes play a large role in the strength of
bonding interactions,204,205 as well as the structure and
conformation of the amino acids.206,207 Additionally, the
mechanism of ionic permeation into alkanethiol monolayers
on a gold surface has been explored.208 Simulating soft matter
systems such as these is essential for guidance and interpretation
of polymer brush functionalization strategies such as those
discussed above.
An alternative to empirical force fields involves using density

functional theory (DFT) in the context of quantum mechanics/
molecular mechanics (QM/MM) calculations, where DFT is
used for a small portion of the system and empirical force fields
for the rest. This approach is often used to describe reactions in
proteins, and there is also much interest in first-principles or ab
initio MD, where DFT is used to define forces for the entire
system being studied. The latter method plays an important role
later in this Review. However, for adsorption involving aqueous
interfaces, DFT studies with just a few water molecules have
often been used. For example, a previous study investigated the
structure of water on a metal surface,7 revealing information

Figure 8. (a) Top view and (b) side view of (2× 1) unit cell of hydroxylated θ-Al2O3(010). AlT: tetrahedral Al; AlO: octahedral Al; O2fa andO2fb: 2-fold
coordinated O; O3f: 3-fold coordinated O. Al and O are in pink and red, respectively. The −OH and −H are highlighted in green. Nonbonded waters
have been removed for clarity. Reprinted with permission from ref 209. Copyright 2019 American Chemical Society.
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about the formation of small clusters of water molecules and its
dependence on the size of the water cluster and the metal
surface. In a combined theoretical and experimental study
(Figure 8), researchers explored methanol adsorption on
hydrated θ-Al2O3 surfaces with the use of DFT calculations to
provide a detailed analysis of the surface and a mechanistic
understanding of the energetics associated with adsorption that
is of interest not only for simple adsorption studies but also in
development of heterogeneous catalysts.209 In this study, the
effect of hydration for modeling reactions at 300 °C involved
adding explicit hydroxides at the surface.
Other interfaces have also been studied usingMD simulations

using classical force fields or DFT. Mineral interfaces are often
useful models and can also have direct relevance for geo-
chemistry investigations. Studies have found that the adsorption
behavior of cations on quartz and corundum is dependent on the
cation size, with opposite trends for each surface.210 The
behavior of water within ordered and disordered silica pores has
been examined both in DFT and MD simulations.211 First-
principles MD simulations have been used to study binding and
adsorption behavior of charged functional groups found in
amino acids on quartz.212

2D materials offer tremendous promise for both fundamental
and applied studies in water-energy systems, and interfaces
dominate their behavior. The interface between graphene and
aqueous solution is a particularly well-studied area.Many studies
have examined graphene’s potential for water desalination and
for forward osmosis membranes.213−217 Others have focused on
the effect of functionalization of the graphene surface on the
water interaction with both the surface and nanopores.218−221

These methods have the potential to provide analogous insight
into the broader classes of 2D materials being explored
experimentally.

2. REACTIVITY

2.1. Introduction/Overview

Adsorption phenomena outlined in the previous sections
typically represent physical interactions at interfaces, governed
in many cases by electrostatic, hydrophobic, and dipolar forces.
Covalent chemistry also carries important functions at these
interfaces. Like adsorption, the design, characterization, and
study of reactive interfaces play an essential role in energy-water
systems. Here, we refer to “reactivity” as the group of catalytic
and electrocatalytic processes on surfaces and near-surfaces of
solid−liquid interfaces, which in turn has a profound effect on
transitioning more passive processes of adsorption to more
active and/or responsive sets of activity. Notable examples
include the design of active antifouling membranes and
degradative mechanisms that build on purely passive properties
of sorbents or electrocatalysis. Like adsorption, reactive
processes depend critically on the organizational structure of
interfacial water in confined spaces. Research capable of
generating sufficient knowledge of this phenomena, and thus
the development and utilization of reactivity-surface chemistries,
forms an active component of ongoing activities.
Despite the ubiquity of aqueous reactive interfaces, models

that capture the full structural and chemical complexity of these
interfaces remain largely in their infancy. This state of affairs is
compounded by the need for experimental systems that can
probe the wide range of pertinent length- and time-scales
involved, as well as the underlying atomic scale structure and
chemical complexity. For example, water can act as a reactant, as

a modifier of surface species, as coordinating ligand of ions in
solution, as adsorbate on surfaces, and as a way to screen strong
electric fields. Other pressing gaps in aqueous phase (electro)-
catalysis include the role of extreme confinement and the
existence of competing, and sometimes conflicting, require-
ments for efficient or optimal interfacial processes that lead to
well-known volcano plots of reactivity−property relationships in
heterogeneous222,223 and electrocatalysis.224,225 Such features
form an important role in the design of antifouling materials, a
critical challenge in applied water systems.
Oxidative degradation is one of the most effective means to

remove organic and bioactive contaminants from polluted water.
Practically all oxidation reactions of organic compounds using
molecular oxygen are thermodynamically favorable, but the
chemical stability of the ground state of O2 renders these
reactions slow. Activation of O2 to form much more reactive,
transient oxidants such as peroxy and OH radicals and O atoms
can be achieved in photochemical or electrochemical processes
or catalytically as in advanced oxidation processes (AOPs), but
these processes are energy-intensive, requiring heating large
volumes of contaminated water or using an energy-intensive
light source or large areas of retainment if solar radiation is used.
A more desirable, atom-efficient approach would be one in
which the organic pollutants are degraded by oxidative reactions
with molecular oxygen at room temperature, and the excess
energy released is used to generate a stable but reactive oxidizing
agent, such as H2O2 that can be used further to oxidize other,
more calcitrant pollutants as well as acting as a disinfectant. A
demonstrated laboratory example is the production of H2O2
with a one-to-one stoichiometry during the oxidation of 1,2-
propanediol226 or during the oxidation of glycerol,227 present in
wastewater from biomass processing. At present, these reactions
proceed effectively only in quite basic solutions, which severely
limits their applications.
In spite of their technological importance, detailed under-

standing of reactions critical to water remediation is lacking. In
the catalytic oxidation processes, especially those near ambient
temperatures and pressures, how O2 is activated and how the
energetics of this step depends on the aqueous surrounding is
not well understood. The electronic structure of the catalyst
surface is critical to the binding of O2, yet there is little
information on the influence of coadsorption of ions and dipolar
molecules or the stabilizing effects of the solvation sphere on this
step. If the reaction involves proton transfer, the role of proton
mobility at the solid−liquid interface needs to be assessed. For
electrochemical remediation, the additional effects of an applied
potential on adsorption and activation of O2 and the subsequent
reactions need to be included, as well as the organization of
water molecules and ion distribution at the solid−liquid
interface and their effects on the electron transfer across the
interface. In what follows, we review some of these features as
they pertain to ongoing research in materials for energy water
systems.

2.2. Synthesis and Fabrication of Reactive Water/Solid
Interfaces

To investigate reactivity in energy-water systems, researchers
have introduced a wide variety of substrates and materials. In
this section, we reviewmaterials based on conductive oxides and
zeolites, and additional methods of molecular immobilization.
Conductive oxide materials offer a rich platform to investigate
the role of potential-dependent reactivity, while zeolites are an
exciting class of materials with tunable chemical functionalities.
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The concept of molecular immobilization, and the binding of
functional moieties to model and functionalize substrates,
provides additional chemical control. Notwithstanding the
significance of reactivity from a chemical perspective, geo-
metrical considerations play a decidedly important role. High-
surface-area, porous catalysts and electrocatalysts are employed
to enhance specific (per unit weight) or areal (per unit physical
area) rates of (electro)catalysis. As an example, zeolites are high-
surface-area crystalline solids with well-defined nanoscale
cavities and channels that are widely used in the process
industry. The technologically important zeolites often possess
negatively charged frameworks with charge-balancing protons,
creating solid acids. The catalytic activity is determined by the
acidity of the proton, which depends on the extent of hydration
in addition to the zeolite framework composition and structure.
Whereas information on the thermodynamic energies of these
protons has emerged in recent years, their mobility and the
relationship to reaction kinetics are not yet known. It is of
particular interest to understand the influence of close proximity
of the crystalline wall on the properties of these protons and the
solvating water molecules.
Electrically conducting materials are needed to efficiently

supply charge to electrocatalysts. For this purpose, electrically
conducting porous oxides are preferred over porous metals
owing to their stability in aqueous environments (they are
already oxidized) and their wide tailorability through surface
modification via anchoring of various functional groups and
metal−organic complexes. Well-defined hierarchical porosity
can be templated in conducting oxides. Two highly versatile
templating approaches outlined in this Review are the conformal
coating of or infiltration of precursor into a substrate via ALD or
SIS, respectively. By using these techniques, it is possible to
capitalize on the vast literature available to prepare polymeric or
oxidic substrates of different pore dimensions, three-dimen-
sional pore structures, and connectivity to serve as templates for
conducting electrocatalyst interfaces of the same structures and
pore properties. This approach enables the study of ion diffusion
and solid-ion interaction with unprecedented material and size
control.
Both the surface hydroxyl groups and terminal metal sites of

these oxide surfaces provide sites for surface modification.
Several well-established techniques, including silylation, con-
densation, and esterification can be used to anchor functional
molecules to these surfaces. A high areal density of molecular
complexes can be achieved through tethering to the well-defined

pore walls of zeolites and other porous solids, including
conducting porous oxides. These assemblies can be used to
investigate the effect of confinement on (electro)catalytic
reactions to answer questions pertaining to the effect of water
structure and ion distribution on the overpotential of reactions
that are catalyzed by these complexes.

2.2.1. 3D Conductive Oxide Electrode Design. Both
industrial and analytical electrocatalysis require the relatively
low-resistance delivery of electric charge to electrochemically
active interfaces. Low electrical resistance is required in
industrial settings to reduce ohmic losses and thereby increase
power efficiency. In the lab, low resistance (<100 ohm) electrical
pathways minimize the electrical resistance potential drop that
would otherwise result in an electrochemically active interface
with applied potential different from that set by the potentiostat.
While this iR loss can be compensated in some specific cases,
high-surface-area electrodes in which confined electrocatalysis
are appliedmay present a voltage-loss gradient across the sample
that is difficult or impossible to compensate evenly. Therefore,
common substrates are composed of conductive materials
including zerovalent metals, conductive carbons, and degener-
ately dopedmetal oxides. While many metals and their alloys are
highly conductive, aqueous electrolytes often include non-
neutral pH and concentrated salts−conditions that are prone to
oxidize all but the most noble metals. Insulating or unstable
surface oxides result in voltage loss or an irreproducible
electrochemically active interface. Therefore, degenerately
doped conductive metal oxides, in which metals already exist
in a highly oxidized state, are an attractive platform for aqueous
electrocatalysis. As no further oxidation is likely, a more stable
and conductive surface is often maintained throughout electro-
catalytic investigations. Many metal oxides have the additional
advantage of visible light transmission for applications in
photoelectrocatalysis as well as suitable surface chemistry for
binding of molecular catalysts (see section 2.2) through readily
accessible and robust linkages including carboxylate, phospho-
nate, siloxane, and others.
Several conductive metal oxides, including indium tin oxide

(ITO) and fluorine-doped tin oxide (FTO), are commercially
available as planar (2D) films deposited on glass or plastic
substrates, which are prolifically employed for electrocatalytic
studies and applications. However, electrocatalysis in confine-
ment will require conductive 3D electrodes with precise control
of features sizes from 1 to 100 nm. The strong electric fields
present in nanoscale pores are expected to concentrate ions.228

Figure 9. Idealized schematic of one SIS process in which trimethylindium (TMIn) is infiltrated into PMMA to ultimately result in an In2O3 solid.
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The effect may be used, for example, to systematically examine
the effects of localized ion concentration on substrate reactivity
and product selectivity. A central challenge for the development
of electrochemical methods for efficiently scrubbing micro-
pollutants and pharmaceuticals from freshwater sources is the
low ionic strength. Counterion accumulation effects in nano-
porous electrochemical cells offer significant local ion
accumulation for more efficiently addressing low-concentration
impurities. 3D conductive oxide electrode designs include ALD
of ultrathin ITO films over AAO as well as sintered ITO- and
SnO2-based nanoparticle scaffolds. AAO membranes can be
fabricated with a much lower dispersity of pore size and spacing
compared with sintered nanoparticle networks. However, the
large volume fraction of nonconductive Al2O3 framework in
AAO limits the surface area of these frameworks.
An alternative route to generate high-surface-area and well-

ordered 3D electrodes is SIS that was described in section
1.2.1.229−233 SIS is related to ALD in that it utilizes gas-phase
chemical precursors in a self-limiting reaction with solids to
precisely deposit a wide range of materials. However, in SIS, the
reactions occur inside a permeable organic template (often a
polymer) to form an inorganic 3D network (Figure 9), in
contrast to ALD in which deposition occurs upon a solid
substrate to form an ultrathin 2D film. For example, a simple
homopolymer thin film (e.g., 140 nmPMMA)may be converted
to a microporous metal oxide film (e.g., 80 nm In2O3) after SIS
and subsequent burnout of the polymer phase.229 Both pore
fraction and micropore size distribution may be controlled by
choice of SIS process conditions. Furthermore, when SIS is
applied to block copolymer templates (for which the SIS is
selective for only one polymer block), meso- to macro-porous
features can be further templated. For example, Figure 10a

shows a ∼ 30 nm-thick symmetric vertical-lamella-forming
poly(styrene-block-methyl methacrylate) (PS-b-PMMA) block
copolymer thin film. A neutral surface energy copolymer mat
was used to promote the vertical-lamella morphology.234 The
inset of this image shows the phase-separated block copolymer
film before SIS. Five cycles of In2O3 SIS followed by thermal
sintering and polymer burnout reveal In2O3 nanowires that
directly correspond to the original PMMA domains. SIS applied
to the matrix domains of block copolymers that form vertical
cylinder blocks (Figure 9b) may be especially useful as 3D
electrodes with hierarchical porosity.

2.2.2. Zeolites. The water-energy nexus extends beyond the
use and transduction of energy for treatment of water. Many
energy technologies are also intimately interconnected with
water. The applications for aluminosilicate zeolites as solid-acid
catalysts, for example, are widespread in industry and include
cracking reactions, biofuel up-conversion, and dehydration
reactions, among others.235−239 The presence of water is a
common factor in this chemistry, where it is often deleterious to
catalytic activity by enhancing dealumination and other
structural changes239 or by competitively binding with
substrates for active sites.240,241 However, examples of zeolite-
catalyzed reactions that benefit from the controlled presence of
water have been reported including cyclohexanol dehydra-
tion242 and hydride transfer reactions,243,244 and a growing
interest in aqueous acid catalysis for the biofuel industry237 has
generated a desire to understand the behavior of hydrated acidic
zeolites.
Fourier-transform infrared spectroscopy (FTIR) has been

widely utilized to probe the hydration behavior of acidic protons
in zeolites. In particular, industrially relevant HZSM-5, an
aluminosilicate zeolite having MFI framework topology, has
been well-investigated.245−251 A general picture of speciation at
low hydration levels of this zeolite has emerged where a first
equivalent of water relative to aluminum atoms forms a
hydrogen-bonding structure with the adsorbed water molecule
located between the bridging-hydroxyl of the surface-bound
proton and a framework oxygen, generating so-called A, B, C-
triplet bands in the infrared spectrum.248,252−255 A second
equivalent leads to formation of a Zundel-like structure whose
flanking waters are still strongly interacting with surface
oxygen.255−258 With additional equivalents, speciation becomes
complicated and challenging to interpret, with proposals of
stable tetramers256 and cage-dependent clusters.259 Variable-
temperature FTIR has been used to probe dynamics of hydrated
protons in HZSM-5 and suggested at least two mechanisms of
proton-shuttling operable at high and low degrees of
hydration.250 However, the dynamic behavior of zeolitic protons
under hydration remains relatively underexplored and presents
an open opportunity for further study.
Aluminosilicate zeolites, having crystalline microporous

channels smaller than those found in amorphous mesoporous
silicas, an absence of fixed hydrate structures, and availability of
highly acidic surface protons for hydration, provide unique
substrates for the study of aqueous acid under extreme
confinement. The impact of these properties on pore-confined
water can be observed by comparison of gas phase proton
affinities (PAs) for small hydrated proton clusters versus similar
species in HZSM-5. The PA of a single water molecule is well-
established to be ∼165 kcal/mol.260−269 PAs for 2−6 water
molecule clusters have been calculated at the B3LYP/cc-pVTZ
level of theory to be 199, 212, 220, 221, and 227 kcal/mol,268

respectively, in general agreement with values calculated at other
levels,270−272 with the limiting proton affinity of bulk
water262,273,274 assigned to∼265.9 kcal/mol. The proton affinity
of the anhydrous HZSM-5 framework aluminum site, for
comparison, is quite high. PA of the isolated site is estimated as
329 kcal/mol using gradient-corrected DFT for geometry
optimizations, B3LYP for exchange and correlation energies,
and 6-31G(O,H)/ECP(Si/Al) basis sets275 with variation
between ∼280 and 330 kcal/mol depending on the proximity
of other Al species or silanol defects. These results are generally
consistent with other reports of variable PA based on T-site

Figure 10. (a) SEM image of SIS of In2O3 in vertical-lamella-forming
PS-b-PMMA block copolymer followed by thermal annealing for
polymer removal. The inset of the block copolymer film before
processing shows that the original phase-separated morphology is
retained after SIS processing. Reprinted with permission from ref 229.
Copyright 2019 American Chemical Society. (b) TEM image of three
cycles In2O3 SIS in cylinder-forming PS-b-PMMA block copolymer
followed by thermal annealing for polymer removal. Indium oxide
deposition is restricted to the PMMA and not in the PS through the
judicious choice of TMIn purge time.
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location of Al and proximity of silanols, aluminumBrønsted-acid
sites, or aluminum defects.276−278

Computational, microcalorimetric, and temperature-pro-
grammed desorption analyses of HZSM-5 indicate many
interesting aspects of its hydration. Heats of adsorption for
water on HZSM-5 and Silicalite-1 are anomalously higher than
expected from linear trends of PA for various probe molecules,
which suggest the presence of water aggregation around
aluminum even at low coverages, reactivity with siloxane
bridges, or hydrogen bonding with silanol nests.279 As the PA
of the framework is substantially higher than that of small water
clusters, additional stabilizing effects of the hydrated proton
must contribute to the formation of protonated water clusters in
HZSM-5. One component could be combined dispersion forces
and electrostatic fields of the framework, a “confinement” effect,
calculated as ∼15 kJ/mol for Silicalite-1 and 15−25 kJ/mol for
HZSM-5 based on argon, CO, and N2 adsorption studies.

280,281

Cluster formation around Al-sites is supported computationally
and experimentally for H(H2O)n (n = 1, 2) species in HZSM-5
where heats of formation have been calculated and exper-
imentally measured to be approximately−12 to 20 and−8 to 15
kcal/mol for one and two waters, respectively,282,283 with
variations in the adsorption energy of the dimer due in part to
differences in hydrogen-bonding arrangements and stability of
the ion-form versus dimer hydrogen-bonded to a framework
acid site.257,258 The ranges reported could be attributed to
experimental error, different levels of theory, or different
aluminum and defect contents in the samples studied.284,285

Microcalorimetric measurements have indicated unique stability
to the H(H2O)4 cluster in HZSM-5 similar to proposed first-
shell proton hydrates (Eigen structure) in bulk acid
solution.256,286 Interestingly, the heat of adsorption of water in
HZSM-5 approaches the heat of water condensation (qliq = 44
kj/mol) at a H2O:Al ratio of ∼8,285,286 consistent with recent
proposals of a maximal cluster size in cages at the intersection of
the sinusoidal and linear channels of MFI.259 Much of the work
on identifying hydrated proton clusters in HZSM-5 and

describing their behavior is computational or relies on bulk
measurements of adsorption, so the possibility of directly
probing the vibrations and dynamic behavior of clusters formed
at different hydration levels in HZSM-5 using 2DIR should be a
major contribution to this area of research, especially in
comparison to reported vibrational structures of gas-phase
hydrated proton clusters.287 As described in this Review,
ultrafast 2DIR spectroscopy can determine vibrational correla-
tions between water vibrational resonances and resolve their
energetic relaxation over femtosecond time scales following
vibrational excitation.
While time-dependent vibrational behavior of zeolites has

been investigated by early pump−probe transient spectros-
copies on picosecond time scales,288−296 advancements in
ultrafast IR spectroscopy present the opportunity for studying
the femtosecond-time scale dynamics of these systems, as well as
correlations between vibrations using 2DIR techniques. This
improvement in time resolution allows for the measurement of
hydrogen bonding dynamics. 2DIR investigations of a highly
hydrated (H2O: Al≈ 13:1) proton-form ZSM-5 sample indicate
correlation between proposed terminal, non-hydrogen-bonded
hydroxyls with hydrogen-bonded hydroxyls in water clusters
observed (Figure 11). The presence of these coupled OH-
stretches suggests the formation of water clusters in isolation
within the zeolite. The time-evolution of the spectrum from a
pump−probe delay of 100 fs to 5 ps shows that energy relaxes
from the OH-stretch to low-frequency modes, producing a hot
ground state feature similar to the feature observed in bulk
H2O,

297,298 indicating the presence of an extended network of
hydrogen-bonded water inside the zeolite under these
conditions.

2.2.3. Molecular Immobilization for Catalytic Inter-
faces. Zeolites and conductive oxide materials span a rich
platform in which to investigate the impact of spatial
confinement on the structure of water, protons, small charged
ions, and other aqueous solutes. The immobilization of
molecular complexes within the pores and bound to the

Figure 11. Isotropic 2D IR spectra of hydrated proton-form ZSM-5 taken at 100 fs, 200 fs, 500 fs, 1 ps, and 5 ps pump−probe delay. Spectra were
excited by a pulse centered at 3250 cm−1 and show the rapid relaxation of the initial vibrational excitation and the subsequent growth of the hot ground
state feature.
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accessible surfaces of these materials provides an additional
synthetic tool to manipulate their surface structure and
interfacial chemical reactivity. Outstanding work in molecular
immobilization and surface structure manipulation of sub-
strates299,300 like nanoparticles,301,302 metal oxide thin
films,303−305 graphene or carbon,306,307 mesoporous silica,308,309

and metal−organic frameworks310,311 using an extraordinary
diversity of molecules and anchoring chemistry highlights the
vast opportunities of this approach to access new hybrid
materials. This section provides a brief overview of the scientific
literature on molecular immobilization, with a particular focus
on zeolites and conductive oxide substrates, and further refined
to examine reactivity and (electro)catalysis in water.
The immobilization of molecular complexes on or in electron-

and proton-conducting materials has many attractive properties.
A focus on molecular complexes or catalysts allows researchers
to tune the molecular structure with atomic resolution and
conduct structure−activity-mechanism studies with extremely
high precision. In the context of water remediation catalysis, this
allows the opportunity to selectively target specific bonds or
functional groups of contaminants. Furthermore, in comparison
to heterogeneous catalyst materials, molecular catalysts are
essentially defect-free and enjoy high metal-atom efficiency.
Anchoring molecular catalysts to a surface provides oppor-
tunities to manipulate how the catalytic center interacts with
other system components by coimmobilizing substrate docking
sites or avoiding bimolecular and diffusional deactivation
pathways. In the context of electrocatalysis, the principal reason
for immobilizing molecular catalysts to electronically conduct-
ing materials is to develop direct and tunable pathways for
interfacial electron transfer as a fast source or sink of electrons.
Examples of immobilized molecular catalysts on electrode
surfaces are prolific in the artificial photosynthesis community.
High-surface-area metal oxide substrates have been employed
extensively in the investigation of surface-bound multielectron
redox catalysis and the development of dye-sensitized photo-
electrochemical cells (DSPECs).312,313 DSPEC and dye-
sensitized solar cell (DSSC)314,315 architectures allow detailed
kinetic mapping of interfacial electron transfer between
immobilized molecules and semiconducting oxides using time-
resolved spectroscopies or electrochemical methods to generate
system design principles to optimize efficiency and stability.
It is important to recognize that a significant limitation of

molecular catalysts in water remediation applications is their
relative instability under extreme conditions of pH or applied
voltage as compared to their metal oxide counterparts. A specific
concern for the implementation of immobilized complexes is the
stability of the anchoring group, several examples of which are
shown in Figure 12. Most of the early and ongoing work in
molecular immobilization on semiconducting metal oxides
employed carboxylic acids or phosphonic acids as anchoring
acids.316 These are deprotonated at mild pH values and
therefore readily bind to metal oxide surfaces through
nucleophilic attack by the negatively charged oxygen atom.
These anchor groups are synthetically tractable and therefore are
broadly used for molecular immobilization, but their limited
stability in water at neutral or alkaline pH levels limits their
utility in aqueous environments. More recently, hydroxamic
acid317 and hydroxyquinoline318 functional groups have
emerged as anchoring chemistries with enhanced stability and
versatility as compared with the inorganic acids, and covalent
bonds to metal oxide surfaces can be achieved by terminal
silanes or silatranes319 and the electroreduction of diazonium

cations.320 Another strategy to stabilize molecular complexes
anchored to metal oxide substrates and prevent desorption is via
“mummification” of immobilized molecules by ALD.321,322 As
described in section 1.2, ALD is a critical tool for thin film
synthesis as it can generate atomically precise conformal metal
oxide thin films. Of relevance to stabilizing immobilized
molecular complexes, the traditional solution deposition is
followed by just a few cycles of ALD (typically fewer than 10) to
protect the anchoring groups from any interaction with the
ambient solution. This combination of molecular design and
materials synthesis has yielded immobilized molecular assem-
blies with substantially higher resistance to thermal degradation
and desorption at extreme pH values,323 as well as increased
yield of interfacial electron injection by disrupting deleterious
surface-bound molecular aggregation.324

Water remediation catalysis is a constantly evolving challenge
as new substrates (contaminants) are introduced into water
sources with disheartening frequency. In this way, pinpointing
the ultimate catalyst material is not likely themost useful pursuit,
but rather identifying a suite of catalysts that operate under
common conditions to attack all of the existing and emerging
pollutants is perhaps amore effective strategy for comprehensive
water remediation. The use of zeolites and related materials to
host AOPs has recently been reviewed,325 and there are many
recent reviews on heterogeneous materials for water remedia-
tion, so here we will highlight molecular catalysts for water
remediation processes (Figure 13).
Iron-TAML (TAML = tetraamido macrocyclic ligands) and

closely related complexes support high-valent Fe-oxo states and
are particularly effective at H2O2 activation that can then go on
to degrade an extraordinarily broad range of aqueous
pollutants.326−329 Importantly, the Fe-TAML catalysts avoid
the limitations of traditional Fenton catalysts that only are
catalytic in a narrow pH range, and outside acidic conditions,
ferric oxide precipitates are no longer catalytic and require
removal by filtration. The majority of work on Fe-TAML water
remediation catalysts has been in homogeneous systems, but a
study where a Fe-TAML complex is immobilized on graphitic
carbon shows that they are active for electrocatalytic water
oxidation where the analogous solution-phase system deacti-
vates quickly and suggests the promise for expanding the activity
of Fe-TAML in immobilized systems.330

Figure 12. Chemical structures of common anchoring groups used in
molecular immobilization on metal-oxide surfaces. R groups on silanes
are typically −CH3 or −CH2CH3.
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A number of transition metal macrocycles have shown
promise in catalytic reductive dehalogenation, an important
transformation to degrade many common water pollutants.
Cobalt macrocycles,331 including cobalt phthalocyanines332 and
cobaloximes,333,334 have shown promise in electrocatalytically
reducing chlorinated compounds. Cobalt and iron porphyrins
immobilized on TiO2 nanoparticles make use of favorable
interfacial kinetics to support multiple electron transfer and
enable photocatalytic C−Cl bond breaking following visible-
light excitation.335−337 Recognizing that these examples are
productive toward carbon−halogen bond breaking, these
molecular catalysts may be a good place to look for developing
treatment systems for the degradation of particularly challenging
per- and polyfluoroalkyl substances (PFAS) pollutants.
Given the intense interest in developing and understanding

molecular catalysts for light- and electrode-driven water
oxidation, building upon this literature is another possible
avenue to explore for oxidative water remediation catalysis. The
mechanisms for water oxidation by molecular catalysts are
readily probed by a variety of in situ spectroscopies and are fairly
well understood, but these catalysts often require high
overpotential to access the 4e−/4H+ oxidation of water.338

However, this observation suggests that the oxo, peroxo, and
hydroperoxo intermediates that are accessed at moderate

potentials could facilitate less demanding 1e− or 2e− bond-
breaking transformations. An example of a catalyst developed for
water oxidation but applied for the oxidation of aqueous solutes
is demonstrated by the oxidation of benzyl alcohol by a
[Ru(II)(Mebimpy)(4,4′-((HO)2OPCH2)2-bpy)(OH2)] cata-
lyst (where Mebimpy = 2,6-bis(1-methylbenzimidazol-2-yl)-
pyridine; 4,4′-((HO)2OPCH2)2-bpy = 4,4′-bismethylenephos-
phonato-2,2′-bipyridine) immobilized on nanostructured
ITO.339 We note that a critical challenge for any molecular
oxidation catalyst is to design the catalysts such that any metal-
coordinating organic ligands are resistant to oxidation
themselves. Along these lines, molecular complexes with a 2-
pyridyl-2-propanoate (“pyalk”) ligand can support the typically
unstable Ir(IV) oxidation state,340 and Cu(II) complexes with
the pyalk ligand are competent electrocatalysts for homoge-
neous water oxidation at basic pH.341

The strategies for molecular immobilization on metal oxide
surfaces are well-established, but ongoing work continues to
yield more stable anchoring groups under a wide array of
solution conditions and enable fast interfacial electron transfer.
Additionally, the development of molecular catalysts for water
remediation provides abundant opportunities to manipulate
selectivity and activity through fine adjustments to the chemical
structure and to understand the mechanistic details by multiple

Figure 13. Chemical structures of selected molecular catalysts used for water remediation processes including activation of hydrogen peroxide,
organohalide reduction, and water oxidation.
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steady-state and in situ spectroscopic techniques. Hybrid
materials based on molecular catalysts immobilized on electro-
active, perfectly porous surfaces will allow researchers to
investigate the effects of surface chemistry and molecular
confinement on electrocatalytic remediation activity and
provide the fundamental knowledge that will underpin develop-
ment of complete systems for pollutant degradation.
2.3. Methods for Characterization of Water/Solid Interface
Reactivity

In chemical reactivity, tracking the hierarchy of structure and
structural dynamics for mesoporous materials and correlating
surface-tailored structures to (electro)chemical reactivity is of
great importance. The scope of this research begins with an
interrogation of atomic structures for surface-modified meso-
porous materials, and extends to an interrogation of the multiple
nanoscale dimensions into the electric double layer for pore-
confined aqueous solutions. Of particular interest are compar-
isons of (electro)chemical activities with interfacial structure for
porous materials with buried interfaces that are modified with
atomic charged sites, catalysts, and electrochemically applied
potentials. Chemical reactivity derives from electronic structures
of frontier orbitals determined by ligand field structures across
the inner and outer coordination spheres. For interfacial
catalysis, ligand fields and local structures are modified by
charged sites, applied potentials, and solution structure and
dynamics, including the distribution and transport of ions and
solutes across the electrical double layer.342−346

Emerging work is showing how interfacial structure and
solution confinement with dimensions comparable to those of
the electrical double layer can combine to significantly modify
chemical reactivity compared with a comparable planar
surface.342−346 A key challenge lies in gaining sufficiently precise
information on the electronic and atom structures for deep
interfaces for the development of predictive theory and the
design of mesoporous materials with optimized chemical

reactivity. In what follows, approaches to these challenges
using a combination of advanced characterization tools,
including X-ray scattering/absorption and electrochemistry,
are described.

2.3.1. X-rays. Reciprocal-space grazing-incidence X-ray
techniques, and a variety of spectroscopy and real-space
electron, X-ray, and scanning probe microscopy techniques
have provided approaches for resolving specific aspects of
structure across the solid-aqueous interface. In particular, X-ray
reflectivity and truncation rod analysis have provided powerful
approaches for mapping electron density distributions along the
profile of the solid−liquid interface, yielding information on the
atomic structure at the interface and profiles of solvent and
counterions as a function of distance into the solution double
layer.347−349 However, X-ray reflectivity approaches lose
resolution with nonplanar porous and disordered or noncrystal-
line interfacial materials. Further, electron density mapping
along the profile does not directly inform on atom-pair
correlations, for example on the correlations between metal
atoms and ligands at catalyst sites, nor directly on ion pairing
distances in solution. The resolution of these features is key for
understanding the fundamental basis underlying interfacial
chemical reactivity. Grazing incidence X-ray scattering,
including small- and wide-angle X-ray scattering (GISAXS and
GIWAXS), provides versatile approaches for structure charac-
terization of mesoporous and spatially complex interfacial 2D
materials. New developments are described in the preceding
section 1.3. One limitation for soft and hard X-ray GISAXS and
GIWAXS lies in the limits of structure resolution at the atomic
scale.
To achieve a mapping of structure in mesoporous materials

and the confined liquid double layer with the highest possible
spatial resolution, extended X-ray absorption fine structure
(EXAFS) and high-energy (50−100 keV) X-ray scattering
(HEXS) with pair distribution function (PDF) for the analysis of

Figure 14. (a) SIS Process: An example of the synthesis of metal oxide thin film using SIS with block copolymer template; (b) PDF analysis:
Experimental HEXS-PDF characterizing InOxHy clusters formed in PMMA thin films with the increased number of SIS cycles. The inset illustrates the
first-shell In−O, second-shell In-(μ-O)2-In, and In−O−In bonding structures that contribute to the first three PDF peaks labeled as r1, r2, and r3,
respectively; (c) Growth Pathway: The as-derived pathway for the growth of indium indium oxyhydroxide clusters in PMMA based on the PDF
analysis. Reproduced from ref 351. Copyright 2020 American Chemical Society.
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mesoporous catalyst materials under functional conditions have
been developed. Both techniques probe structure with
subatomic, ≥0.1 Å, spatial resolution and allow quantitative
structure analyses by comparison to structures predicted by
theory.350−363 The combination of EXAFS and HEXS-PDF
together with operando electrochemical analyses provides an
approach to reveal the structure and dynamics that are directly
linked in interfacial chemical reactivity and have sufficient
atomic-scale resolution to serve as discriminating databases for
the development of quantitative theory.
EXAFS has been widely applied for interrogating coordina-

tion structures for 2D and mesoporous catalysis materials under
operando conditions.364−372 However, EXAFS typically has
limited ability to detect atomic-pair distances beyond the first
and second coordination shells for molecular complexes or
amorphous and disordered crystalline materials.350 HEXS-PDF
offers a useful complement to EXAFS by providing an all-atom
measure of pair distances measured with a spatial resolution
comparable to EXAFS, but with a resolution range that extends
from the first- and outer-shell coordination distances to the few-
nanometer scale.350−363

To illustrate opportunities for tracking the hierarchy of
structure underlying function in mesoporous thin film materials,
we have used combined EXAFS and HEXS-PDF to analyze the
nucleating metal clusters and growth mechanisms that are
responsible for the fabrication of meso-structured transition
metal oxides351 using advances in SIS.229,230,373 The PDF
profiles in Figure 14 shows the structural characteristics of the
InOxHy clusters formed in a PMMA host matrix following
individual growth cycles during SIS.351 After the first cycle,
labeled 1AG, the nucleating clusters are seen to have a discrete
structure with pair distances encompassing three coordination
shells, labeled r1, r2, r3, corresponding to the In−O bonding
distance, the di-μ-oxo-bridged In atomic pair distance, and the
distance for a mono-oxo bridged In atom pairs, respectively
(Figure 14, inset). Modeling studies have shown that the
experimental PDF could be fit with a specific combination of
mono-, di-, and trinuclear InOxHy clusters. The analysis
provided a unique means to track the mechanisms for SIS
metal cluster nucleation and SIS cycle-dependent growth.351

With an increasing number of SIS cycles, the nucleating clusters
are seen to grow in a mechanistically characteristic fashion,
indicated in Figure 14 by the increases seen in pair correlations
with increasing distance for samples exposed to an increasing
number of SIS cycles.
Comparison of EXAFS and HEXS-PDF experiments to

explicit coordinate models yielded a detailed picture of the SIS
nucleation and growth mechanism, summarized in Figure 14.351

A notable feature is that the nucleating and growing SIS clusters
are found to share a common core structure that is related to the
bonding pattern seen in In2O3, but with discrete sizes and with
mono-μ-oxo bridges between the di-μ-oxo linked InOxHy
clusters.351 Thermal annealing of the amorphous InOxHy
cluster/PMMA hybrid architecture was found to transform the
amorphous material to nanocrystalline In2O3 domains, with
dimensions that are modulated by the number of SIS cycles.351

The detection of discrete, size-tunable host matrices is a notable
feature of SIS. A range of amorphous, defect, and surface
termination sites have been proposed to be responsible for
catalytic activity in nanocrystalline In2O3. The X-ray analysis of
the SIS InOxHy clusters in PMMA suggests opportunities to use
SIS for the creation of hybrid metal oxo cluster/polymer films

with enhanced chemical reactivity in water treatment
applications.
Finally, we note that the capability for achieving a detailed

tracking of atomic structures within ultrathin SIS films has been
enabled by the emergence of new synchrotron-based approaches
for achieving microfocused high-energy X-rays and grazing
incidence PDF analyses.351,374−376 The resolution of the SIS
amorphous InOxHy clusters in PMMA was achieved for
approximately 150 nm-thick PMMA films containing an In
atom content only of 1%−2% loading.229 Ongoing difference
HEXS-PDF approaches are demonstrating opportunities for
detecting fine structure changes at chemically active sites350,352

and confined solvents in mesoporous 2D materials. The linkage
of the high-resolution X-ray with electrochemical analyses,
described below, is poised to provide experimental benchmarks
that document structure correlations to interfacial chemical
reactivity with sufficient precision to serve as discriminating
databases for the development of quantitative theory.

2.3.2. Electrochemistry. Electrochemical analysis of thin
films and catalytic interfaces yields information not only on the
relevant redox potentials for a given material but also on its
conductivity, density of active sites, and mechanisms of
adsorption and catalysis. The breadth of electrochemical
techniques and materials studied fills dozens of dedicated
review articles and textbooks.377 Therefore, in this section, we
will highlight the electrochemical techniques and properties
relevant to understanding molecularly defined catalytic
interfaces.
Cyclic voltammetry (CV) is arguably the most routine

electrochemical measurement performed and typically the first
insight into the redox properties of molecular systems.378 In an
ideal situation, the heterogeneous electron transfer between an
electrode and a dissolved molecule results in the classic
voltammogram “duck shape,” which is the result of diffusional,
heterogeneous interaction between the molecule and the
electrode surface and is governed by the Nernst equation.
Quantitative analysis of CVs can yield information on both the
thermodynamics and kinetics of a given electron-transfer
process and its chemical and electrochemical reversibility. In
evaluating a molecular complex for electrocatalytic activity, CV
can be particularly instructive in understanding reaction rates,
mechanistic details, and distinguishing the identity of a
precatalyst structure from the active catalyst.379,380 However,
for a surface-immobilized complex, the situation can become
more complicated. For example, molecular complexes have been
shown to convert from the standard outer-sphere electron-
transfer processes to inner-sphere electron transfer when
immobilized on conductive graphite electrodes.381 Additionally,
the electrical conductivity of the anchoring group used for
molecular immobilization is an important consideration in
assessing the kinetics of an electron transfer since there is no
diffusional component to facilitate electron transfer.
When evaluating the molecule-solid interface, the electrical

double layer (Figure 15) plays an outstanding role in
determining activity and mechanism, particularly in (electro)-
catalytic processes.382−384 From many experimental approaches
and theoretical models, it is well-established that the electrical
double layer emanating from flat electrodes is a function of the
bulk concentration of the electrolyte.377,383 As the synthesis and
fabrication methods for electro-active materials with precise
pores on the Ångstrom-to-nanometer scale are developed,229 it
is relevant to note that the spacing between charged surfaces can
become competitive with the length of the electrical double
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layer.385,386 These works point to interesting, unusual
possibilities to tune the reactivity of water and aqueous solutes
as the reaction flask moves from the bulk solution, to the
interfacial regime, to confinement where interfacial effects
dominate activity and mechanisms.
Stark spectroscopy has become an important tool to

experimentally visualize the width of the double layer by
monitoring the changes to the electronic or vibrational signature
of molecules adsorbed or immobilized on an electrode surface.
In a recent study, the adsorption of diisocyanide-functionalized
molecules with varying length onto Au electrodes provided a
convenient handle to probe the depth of the Helmholtz layer
(Figure 16a).387 As the electrode potential was tuned from +0.1
to −0.7 V vs Ag/AgCl, the prominent isocyanide NC stretch
of these compounds shifts nearly 40 cm−1 and was used to
calculate the Helmholtz layer to be 7−10 Å, indicating that the
bulk electrolyte in solution penetrates the monolayers of the
longer compounds. In another example, Ru(II)poly(pyridyl)

complexes were immobilized onto nanocrystalline TiO2 thin
films, and the change in their characteristic metal-to-ligand
charge transfer (MLCT) absorbance was monitored in response
to applied potential (Figure 16b).388 The electric field
experienced at the complex decreased with increasing length
of the rigid anchors, where the complex with the shortest anchor
was presumed to reside within the Helmholtz layer and also
exhibited the fastest rates of charge recombination following
photoinduced charge injection into the TiO2 film. Additionally,
interfacial electric fields have been shown to have a dramatic
impact on selectivity for carbene rearrangements and epoxide
formation catalysis.389−391 We anticipate that these examples
will help to guide the development of electrode surfaces,
anchoring chemistry, and catalyst structure by revealing the
fundamental physical chemistry of these systems and establish-
ing the underlying principles to develop effective materials for
surface-bound electrocatalysis processes.

2.3.3. Spectroscopy. For aqueous solutions, ultrafast 2DIR
spectroscopy techniquesintroduced in the context of
adsorption phenomena earlier in this Reviewhave emerged
as unique tools for the investigation of hydrated excess protons
due to their capability to resolve dynamic behavior of hydrogen
bonds and establish vibrational correlations. By studying the
2DIR spectra of bulk aqueous HCl solutions, evidence for the
dominant fundamental unit (or core structure) of the hydrated
excess proton in aqueous HCl solutions has been found to be a
relatively long-lived “Zundel-like” species or complex with
flanking waters that had a minimal lifetime of 480 fs.392 This
result was subsequently built upon393 to confirm the
predominance of the Zundel-like complex through the
characteristic inverted anharmonicity of the proton stretching
vibration. There remains some disagreement, however,
concerning detailed structure of this complex, and whether it
is properly considered as a symmetric Zundel ion or as an
asymmetric Zundel-like H5O2

+ species existing between the
limits of traditional symmetric Zundel- or Eigen-type
structures.394

Figure 15. View of the double layer at a negatively charged electrode
surface. Specifically adsorbed anions occupy the inner Helmholtz layer
(IHP); quasi-specific and electrostatically adsorbed anions occupy the
outer Helmholtz layer (OHP). Reprinted with permission from ref 383.
Copyright 2019 AIP Publishing.

Figure 16. Examples of molecular probes used in Stark spectroscopy experiments to evaluate the size of Helmholtz layer. (a) Diisocyanate molecules
adsorbed on Au electrode, monitored by changes to NC stretch as a function of applied potential and number of phenyl spacers. (b)
Ru(II)poly(pyridyl) complexes immobilized on TiO2 thin films, monitored by changes to MLCT absorbance as a function of applied potential and
anchor length.
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Given the successes in using 2DIR methods to investigate
aqueous acid solutions, the study of hydrated excess protons
under confinement is an interesting extension and suggest that it
might shed light into the structural details of protonated water
clusters in the types of zeolite systems discussed above. Given
the limited prior work on investigating solid systems using these
techniques,395−398 new methodologies specific to the study of
zeolites have been developed as part of ongoing research
activities. Recent studies have used 2DIR techniques to
investigate water in the solid calcium sulfate hydrates bassanite
and gypsum,395 mesoporous silica MCM-41,396 as well as at the
surface of Na-exchanged Nafion membranes397 observing slow
dynamics relative to bulk water near the surface of Nafion and
MCM-41, rigid hydrate structures for gypsum, and orientational
disorder of water in the 5.5 Å channels of bassanite. These 2DIR
results indicate the effects of confinement on water depend on
the surface interactions and void sizes present and are consistent
with the large body of literature in this field.6,399−402

2.4. Simulations of Aqueous Electrochemical Interfaces

The design and optimization of electrochemically reactive
interfaces are among the open challenges in developing
sustainable, advanced materials that handle, process, and treat
water.8,403−405 Theoretical models and computational studies
play an important role in overcoming these challenges by
providing predictions of optimal materials interfaced with water
to be used in, for example, water treatment devices and
purification membranes.406−408 At the same time, they are a
necessary component to elucidate many aspects of experimental
investigations and help guide future experimental studies,
including most notably those described above. However, to
date, computational screening schemes for materials properties
have mostly focused on bulk properties of candidate systems,
thus neglecting the structure and chemistry of surfaces and
interfaces with the liquid, except in recent first-principles
studies.409 In addition, most simulations of interfaces have been
conducted in the absence of applied biases, with some notable
exceptions.410−413 The importance of interfaces cannot be
overemphasized.
In the last 50 years, the condensed matter physics community

has developed methods to study solid/liquid interfaces and to
identify, at least for simple systems, atomic-electronic structure
relations.414−416 The latter may in turn be used to understand
complex phenomena such as electronic and mass transport
across interfaces and electro-417 and photoelectrochemical
reactions.409,414 The method of choice to describe interatomic
interaction and structural models for both the solid and liquid
has been DFT,418 at various levels of sophistication, combined,
in the last 20 to 30 years with methods that originated in the
quantum chemistry community; these methods were utilized to
define so-called hybrid functionals.418−421 About three decades
ago, DFT was coupled to molecular dynamics, a simulation
technique used to investigate both dynamical and thermody-
namic properties of matter (ordered and disordered solids, and
liquids); this coupling422 (now known as first-principles or ab
initio MD) has enabled studies of the structural and vibrational
properties of water and aqueous solutions interfaced with solid
surfaces, including surfaces of semiconductors such as Si409 and
SiC423 and oxides such as tungsten oxides,414,417 titanium
oxides,424 and bismuth vanadate.425,426 Recently, the use of
advanced electronic structure theories beyondDFT427 has made
possible accurate calculations of optoelectronic properties of
defective interfaces and hence the interpretation of complex

experiments and the prediction of X-ray reflectivity signatures of
aqueous solutions interfaced with oxides.428 These predictions
may provide key information about spectroscopic monitoring of
ions or more complex species at solid interfaces and under
confinement.429

2.4.1. Reactive Molecular Dynamics. Multiscale reactive
molecular dynamics (MS-RMD) is a method developed by Voth
et al. in the computer simulation of the hydrated excess proton in
a variety of environments.430−435 The MS-RMD approach was
preceded by the more empirical Multistate Empirical Valence
Bond (MS-EVB) model. The MS-RMD method allows the
excess proton to hop between neighboring water molecules
through the hydrogen-bond network, that is, the Grotthuss
shuttling mechanism,436,437 via rearranging chemical bond
topology. The ground-state reactive potential energy surface
(PES) in the MS-RMD/EVB method is a linear combination of
several nonreactive PES to yield an overall PES with a
dynamically rearranging bonding topology along the trajectory,
thus simulating chemical reactivity as a function of time in the
MD. As such, the excess protonic charge defect is allowed to
delocalize in its solvation structure across multiple water
molecules and undergo Grotthuss shuttling. More detail on
theMS-RMDmethod can be found in refs 430−435. Compared
with the MS-RMD/EVB method, the conventional MD
empirical force field method, in which the bonding topology is
fixed and invariant, fails to describe the proton Grotthuss
shuttling, while ab initio molecular dynamics (AIMD)
simulation,422 which treats the electronic degrees of freedom
explicitly and calculates the forces on the nuclei “on-the-fly,” is
limited in both length and time scale due to its demanding
computational cost.
The MS-RMD/EVB method has been successfully used to

study the solvation and transport of the hydrated excess proton
in various systems, such as bulk water and water interfaces,
materials, and proteins. Over the last two decades, MS-RMD/
EVB simulations have also provided an in-depth understanding
of hydrated excess proton under confinement, for example, in a
carbon nanotube (CNT) channel. For example, previous studies
reported that the hydrated excess proton shuttles through a
single proton wire in a CNT ∼ 10 times faster than in bulk
water.438,439 It was subsequently discovered there is a unique
“trapping-wetting-permeation” mechanism for proton transport
through a d = 0.8 nmCNT (6,6) nanopore.440 A recent study441

has investigated the confinement effects on the hydrated excess
proton solvation and transport with CNTs of various diameters
and topologies and found that the proton transport into a CNT
(6,6) nanopore occurs solely via Grotthuss shuttling at the
nanopore opening.
Aluminosilicate zeolite HZSM-5, with a defined crystal

structure and similar nanoporous channel diameters to a CNT
(6,6),442 naturally contains a framework proton near the
aluminum substitution site. As a side product of catalytic
reactions, water molecules reside in the zeolite nanopores
(Figure 17) and play an important role in the proton
reactivity.255,443−448 Both neutron diffraction experiments447

and NMR spectroscopy446 show remarkable proton mobility
with the presence of water, where the proton transfers from the
zeolite acidic site to the water solvation shells and then becomes
a hydrated “excess” proton. Complex impedance spectroscopy
has shown that high H2O concentration in ZSM-5 improves
proton transport through the zeolite lattice, via an assumed
Grotthuss shuttling mechanism.449 Computationally, water in
the ZSM-5 framework acidic site has been investigated with ab
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initio,251,255,257,275,444,450−453 QM/MM,454 and ONIOM455

methods, most of which focused on the deprotonation energy
(DPE), proton affinity (PA), and reaction enthalpy by
identifying stationary point structures on the underlying PES
for the process. The activation energy of a proton “hop” to
another oxygen in the anhydrous zeolite aluminum tetrahedron
is 28 kcal/mol, but the presence of a single water molecule
decreases this activation energy by 24 kcal/mol.444

Researchers have also undertaken a computational and
experimental investigation of protonated water clusters in the
ZSM-5 framework acidic site first using ab initio methods. The
major focus so far has been on the proton transfer PES, short-
time dynamics, and spectroscopic assignments at various
hydration levels. Meanwhile, an MS-RMD model describing
proton transfer from the ZSM-5 acidic site to water is under
development because the eventual simulation of hydrated excess
proton solvation and transport in the confined zeolite space will
require extensive sampling over relatively long time scales to
properly account for the underlying free energy surface. Due to
the large computational cost, several studies have instead
resorted to a statistical approach to characterize the hydrated
excess proton transport mechanism in zeolites,453 so the MS-
RMD simulations will provide a more rigorous description at the
molecular scale.
In general, the MS-RMD method can be applied to study the

solvation and transport of the hydrated excess proton under 1-D
or 2-D confinement in a wide range of material systems such as
zeolites. Unlike other simulation methods, the MS-RMD
method, by accurately recapitulating the proton reactivity at
the acidic site, is able to sample a sufficient amount of hydrated
excess proton configurations while accounting for the confine-
ment effects explicitly. In addition, the high computational
efficiency of the MS-RMD simulations allows for the
investigation of correlations of hydration level and proton
reactivity in these nanoporous systems. Preliminary, but more
limited, DFT-MD results show that at the hydration level of
eight water molecules a total of 6−7 water molecules near the
zeolite framework acid site forms a hydrogen-bonded water
structure, while the remaining water molecules behave some-
what like free rotors. At this hydration level, the protonated
water cluster interchanges among several conformations and is
less rigid compared with those that form at lower hydration

levels (≤4 H2O). In addition, the choice of DFT functional
becomes important to accurately describe the structure and
dynamics of both the zeolite framework and the confined
protonated water cluster (Figure 17).

2.4.2. Models. We consider here the role of theory and
computation in predicting the properties of aqueous interfaces,
with a focus on first-principles simulations of semiconductors
and oxides in aqueous media and discuss some of the challenges
involved in these simulations. Oxides are particularly important.
For example, metal electrodes used in electrochemical cells and
in batteries are often covered by semiconducting oxide films, and
oxide/water interfaces are present in many devices as a
consequence of corrosion processes. As an example, it is
interesting to mention recent results of first-principles
simulations of WO3 for which studies have shown the key role
of the description of defects at the interface.414,456 In particular,
the average potential energy difference at the interface of pristine
and defective WO3 varies by ∼1 eV; solvation is absolutely
critical to describe energy levels. An important lesson is that
energy levels of aqueous interfaces cannot be inferred from those
of dry interfaces. Another important development is in the key
importance of using a high level of theory,457 beyond the widely
used DFT418,458,459 and hybrid DFT419,420,460 to carry out
quantitative predictions of electronic properties. This high level
of theory, based on GW calculations, has generated a better
understanding that the excess charge present at defective WO3
surfaces due to oxygen vacancies forms large two-dimensional
polarons (∼10 Å radius) on the plane of the surface; the
predicted charge-localization properties hint at possible
formation of stable (OH−) groups at the surface in contact
with water and the fact that holes transferred to water may form
a highly reactive (OH)*, a possible enabler of chemical
reactions. Altogether, these calculations have identified three
major factors that need to be accounted to describe aqueous
interfaces with oxides: the presence of surface defects, the
dynamics of excess charge at the surface brought about by
defects, and finite temperature fluctuations of the surface
electronic orbitals. First-principles simulations of interfaces can
also be performed in the presence of electric biases67,461,462 to
study, for example, the modification of electronic properties and
vibrational spectra under bias. We note that the calculation of
differential spectra of interfaces (e.g., IR spectra) in the presence
and absence of an external bias can then be compared with
spectro-electrochemical measurements and used to identify
specific reactions occurring at interfaces.
In spite of recent progress in describing a number of aqueous

interfaces, including some electrified ones,412,413 remarkable
challenges remain before efficient computational protocols
become available, to tackle many samples at a time. One
outstanding challenge is represented by the size of systems to be
simulated, together with the time scale of the simulations. An
essential prerequisite to a microscopic understanding of solid/
water interfaces for electrochemical applications is the
determination of realistic atomistic models of systems consisting
of several hundreds of atoms. In addition, long time scales (of
the order of hundreds of ps) are often required for meaningful
simulations of electrified interfaces. These major challenges may
be addressed by developing novel algorithms and codes at the
quantum level, and by coupling those with codes operating at
different length- and time-scales, including classical and coarse-
grained simulations463 and advanced sampling techni-
ques.464,465 Once an interfacial structural model (see, e.g. Figure
18) is obtained via simulations, its validation needs to be

Figure 17. Trajectory snapshot from the DFT-MD simulation of
HZSM-5·(H2O)8 shows a protonated water structure formed on top of
the Al tetrahedron with two terminal water molecules (left and bottom
right) as free rotors.
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carefully executed, for example, by comparing computed
vibrational spectra or X-ray reflectivity measurements, with
experiments, when available. For example, we recently devised a
quantitative validation protocol for first-principles molecular
dynamics simulations of oxide-aqueous interfaces. The approach
makes direct comparisons of interfacial X-ray reflectivity (XRR)
signals from experimental measurements and those obtained
from ab initio simulations. The protocol was demonstrated for
the case of the of an Al2O3(001)/water interface, one of the
simplest oxide-water interfaces, and is being further developed
for more complex interfaces.428

Another open issue to be addressed in the study of electrified
interfaces is the determination of reaction barriers for chemical
reactions occurring at, or close to, a surface. These reaction
barriers may in principle be determined by free-energy
calculations based on advanced sampling methods466 (e.g.,
metadynamics and methods based on neural networks).467,468

However, the coupling of suchmethods with first-principlesMD
is in its infancy,466 and their availability, together with that of
related codes, will be critical to properly sample the complex
energy landscape of a realistic electrified interface.We expect the
realization of this coupling between sampling methods and
quantum codes to be particularly demanding in the case of
aqueous interfaces, as we anticipate that the use of advanced
DFT methods (for example computationally demanding hybrid
functionals) will be necessary to describe proper electronic
charge density distributions at interfaces. In addition, to obtain
rate constants and dynamical information for proton-coupled
electron transfer (PCET) reactions466 that are often central to
processes occurring at electrochemical interfaces, a theoretical
and computational framework needs to be built to compute rate
constants in the condensed phase. Such framework will
encompass simulations of nonadiabatic processes and quantum
effects of the electrons and protons. Numerous inputs are
required to study reaction barriers, including free-energy
differences between the reactant and product states, reorganiza-
tion energies, and the coupling between reactant and product
vibronic states. In principle, all of these quantities can be
determined from first-principles calculations by extending the

approaches used for solvated molecular species to solid/liquid
interfaces. Such a simulation framework for condensed phases
remains to be fully developed and validated. Even further in the
future is the development of simulation techniques capable of
handling, in a predictive manner and from first-principles,
transport processes of large ions in aqueous media. Progress has
been reported on small ions.469,470

Perhaps the biggest challenge faced at present is that of
integration. A close integration will require sharing of samples,
codes, and data between various research groups in a concerted
manner yet to be fully invented and experimented. Eventually,
the establishment of a robust feedback loop should lead to new
paradigms allowing, for example, for characterization and even
modification of interfacial properties by on-the-fly coupled
experimental and computational analyses.

3. TRANSPORT

3.1. Introduction/Overview

Transport phenomena share distinct similarities to adsorption
and reactivity in their dependence on the movement of water
and solutes along, toward, and away from water/solid interfaces.
In the case of transport, interfacial environments are engineered
to enhance or restrict (or combinations thereof) such
movement, and depend greatly on both chemical and geo-
metrical effects such as confinement. One of the major
objectives in the design of transport materials for water-energy
systems is to apply advanced fabrication, simulation, and
characterization methods to investigate the transport behavior
of mesoscale charged particles in hydrated porous media ranging
from a few nanometers to one hundred nanometers. This section
aims to introduce the transport and flow properties of charged
species including ions, charged biological molecules such as
proteins or viruses, and nanoparticles through porous or
confined media.
To understand ion transport mechanisms through porous

media, electrical double layer (EDL) effects are essential to
determine its working principle. Ions undergo an electrostatic
interaction with charged surfaces within the EDL. The thickness
of the EDL is often expressed as the Debye length (λD), having a
reverse relation with ion concentration. Debye length in a 10−3

M KCl solution, for example, is 9.6 nm at 25 °C, which is non-
negligible compared with narrow nanochannel widths in
confined geometries. When λD is much smaller than the
nanochannel radius, surface charges are more effectively
shielded, and Ohmic ion transport behavior will be observed
as in a bulk solution. However, if λD is bigger than, or comparable
to, the nanochannel radius, the traditional understanding of ion
transport is incomplete to predict ion interactions as regulated in
a nanochannel. In such cases, the relatively high surface-to-
volume ratio results in new physical phenomena, such as
concentration polarization471 and ion enrichment.135 Given the
drastic phenomena shift around some critical channel diameter,
fabrication of well-controlled nanochannels with pore sizes
comparable to λD becomes essential for studying the effects on
ion transport behavior. When the concentration of counterions
cannot balance the surface-charge density of a nanochannel,
electro-osmotic phenomena will contribute to attracting excess
counterions into the nanochannels, which will increase the
surface conductance.472 Surface morphology, pore size, and
charge density of the nanochannel are also important factors.
Similarly, the exact mechanisms of particle transport in

confined geometries remains unclear. The gap of ionic

Figure 18. Atomistic configuration extracted from a first-principles
molecular dynamics simulation of a hydrogenated Si-water interface.
The charge density determined by density functional theory
calculations is shown as transparent isosurfaces around molecules and
atoms. Red, brown, and white spheres represent oxygen, silicon, and
hydrogen atoms, respectively.
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correlation between a nanoscale channel and bulk solution exists
regardless of the surface structure, chemical properties, or
solution media (e.g., ion concentration and medium state). The
generalized idea is illustrated in Figure 19, where nanoparticles
with their associated ionic clouds are depicted in bulk and under
extreme confinement. Interactions between such particles lead
to a merging of the ionic clouds, akin to Debye screening. In the
presence of confinement or applied fields (flow or voltage), such
clouds become heavily distorted and anisotropic, leading to
screening of a different nature from that in unconfined systems.
By introducing fields and surface patterns in one and two

dimensions, researchers can directly interfere with the range of
ionic correlations, manipulating structure and transport in
hitherto unavailable ways. In this section, we review a series of
experimental systems that can achieve this and, at the same time,
help guide multiscale simulation and theory. In this way, we seek
to describe experimental advances that pose well-conceived
questions that would be difficult to formulate and address by
trial-and-error experimentation. At the same time, modeling and
simulations provide a necessary framework to help improve both
experimental and theoretical transport knowledge. It is
important to emphasize that such efforts find excellent
correspondence in a variety of fields. As an example, a strategy
based on first-principles simulations, to determine ratios of
Raman scattering cross sections of aqueous species under
extreme conditions, has been presented to understand mass
transport in the Earth’s interior.473

3.2. Well-Defined Material Platforms for Studying
Transport in Confined Environments

In this section, we review substrates and materials based on
model and applied nanochannels and some of the synthetic

methods employed to generate them. As an example of confined
nanochannels, single or a few channels studies have been
conducted using CNTs (Figure 20).474 Such studies provide
unique examples of precisely controlled channel diameter
systems while employing an approach that is supported by
computational and experimental studies. In pore-blocking
events, fast proton flux through the interior of a single-walled
nanotube (SWNT) (Figure 20a) results in a high current level
(240 pA). In Figure 20b, cations (e.g., K+, Na+, and Li+) enter
the SWNT and obstruct the proton flux, resulting in a low
current level (193 pA). Once the cation acting as a blocker
diffuses through the end of the SWNT, the high current level is
rapidly restored because of the high proton concentration near
the pore mouth (Figure 20c), demonstrating nonmonotonic ion
transport with a diameter dependence in the 0.5−2 nm regime.
The efforts described above have helped generate a better

understanding of ionic conduction through highly confined
channels. However, further development of single-channel
systems is required to overcome issues related to low signal-
to-noise ratio and practical uses with inherent limitations of fast
andmass-convective flow. Efforts to develop structure−property
relationships have also been impeded by the difficulty in
quantitatively characterizing structure over accurate measure-
ment in the full range of critical characteristic dimensions.
Transport through confined channels is sensitively altered by
many parameters including geometry, charged state, and
uniformity. To address this, substrates and model systems
with identical and reliable multinanochannels will help to
improve understanding with clearer signal from multiple signal
sources. At the same time, higher porosity and precisely
distributed pore sizes in all the channels need to be managed

Figure 19. Schematic representation of ionic correlations (orange) around charged nanoparticles (blue) in the bulk and under mesoscale confinement
with surfaces of controlled charge. (a) Bulk; (b) confined; (c) confined and concentrated; (d) confined and under the influence of an applied field; and
(e) confined by a charge-patterned substrate.

Figure 20. Schematic illustration of ion transport and pore blocking in single-walled carbon nanotubes (SWNTs). (a) Proton flux, (b) ion insertion
(blocked by cations), and (c) recovery of proton flux. Reprinted with permission from ref 474. Copyright 2013 Nature Publishing Group.
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identically to remove unexpected variations. In this way, finely
tuned, small-sized, and high-density pore array fabrication and
chemical treatment methods from a variety of wall chemistries
are essential. As described below, block copolymer systems
provide one possible route for achieving this.
Ion-conducting polymers play a central role in transport for

electrochemical conversion and storage such as fuel cells,475

electrolyzers,476 and redox flow batteries.477 Bulk properties of
ion-conducting polymers such as Nafion have been studied
extensively, yet much less is known for these materials at water/
solid interfaces under confinement.478 For example, there is a
great discrepancy between bulk Nafion membranes and Nafion
thin films under confinement.478 For the commercialization of
the technologies mentioned above, it is of vital importance to
understand structure−property relationships for Nafion under
confinement to optimize the layer structure and system design.
Polymeric membrane structures, however, have inherent

challenges in the context of serving as a practical membrane.
Transport through confined channels is influenced not only by
the pore diameter but also the free energy cost associated with
dehydrating the ion. Therefore, modification of a membrane’s
surface chemistry has also attracted attention to achieve an
appropriate free-energy profile for optimal transport and
manipulate the affinity and repulsive interactions with precision
such that they can be switched or tuned for reversible
adsorption. Electrostatics, hydrogen bonding, surface chemistry,
and microstructure greatly influence interfacial affinity and the
organization of the solution’s boundary layers. Various methods
have been suggested as a post-treatment after membrane
fabrication. Post-treatment processes such as ALD and SIS, as
described previously in this Review, are promising candidates
with their uniformity, scalability, and broad options of material
selection. Especially with SIS processes, based on the interaction
between gas phase metallic precursors and polar groups on
polymer chains, it is possible to form metallic oxide membranes
from organically defined structures, and introduce engineered
surface chemistry and charge to alter the environment of the
nanochannels.230,479

At the same time, there is a general need within energy-water
systems and models to adjust not only the chemical and
geometrical properties of porous media but also the solutes
themselves to investigate how their properties influence
transport. Solute properties necessarily include a range of effects
that differ in nature from that of ions, including polydispersity
(variations in size) and more pronounced hard-core colloidal
repulsive and entropic forces. At the same time, organic and
inorganic nanoparticles are commonly observed in natural
ecosystems and industrial wastewater streams, posing challenges
to separation technologies and often causing fouling and
degradation of filtration membranes.480 In this way, engineered
nanoparticles at the nanoscale with dimensions approaching that
of porous transport media provide a powerful platform to study
various aspects of the water/solid interfaces, from fundamental
insights in the interfacial solvent restructuring481 to the
development of scalable water treatment technologies.482

3.2.1. Block Copolymers. Block copolymers (BCPs) are
one of the promising material classes to fulfill both
manufacturing and geometrical needs for ideal nanochannel
arrays as ion- or nanoparticle-transport media. To manipulate
and investigate the flow of ionic or other species in such media, a
well-controlled and identical parallel transport environment is
required. It is also advantageous to have a large number of
channels rather than a single transport route in order to achieve
higher signal-to-noise ratio, and thus analytical clarity (which
make it detectable with conventional mass-flow analysis). Such
systems also offer the prospect of eventual practical use in
membrane applications. Membranes with these geometrical
properties are called “isoporous” membranes, and researchers
have developed many techniques to experimentally achieve
membranes approaching isoporosity across a range of pore
scales.483,484

BCPs are suitable materials to practically fabricate multi-
channel membranes with precisely controlled nanochannels that
meet these requirements (Figure 21).479,485,486 BCPs consist of
two-or-more polymer blocks that are chemically immiscible with
each other, but covalently bonded. Due to that structural
character, various self-assembled periodic structures can form,

Figure 21. Orientation of the polystyrene-block-poly(2-vinylpyridine) (PS-b-P2VP) domains relative to the hydrogen silsesquioxane (HSQ) guiding
stripes and the electrodes that form the individual trenches. Schematic and SEM micrograph of (a) connected, (b) partially, and (c) unconnected
structures. (d) Partially connected morphology SEM micrographs after image flattening and path identification where disconnected paths are labeled
gray and the connected domains are labeled blue. Reprinted with permission from ref 487. Copyright 2019 American Chemical Society.
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commonly composed of lamellar, cylindrical, or spherical
geometries with corresponding feature sizes of 5−50 nm.
Based on the structural benefits of uniform and high-density
pathways produced in a scalable manner, BCP materials appear
suitable for several membrane applications.487 Without further
modification, BCP-derived membranes will fall into the
ultrafiltration regime, separating nanoscale species. Pores in
these systems can also be scaled down via conformal coating
methods to reach into the loose-nanofiltration arena. A precisely
tunable feature size is also reproducible since it originates simply
from the polymer blocks’ molecular weight. Additionally, the
pore dimension can be further reduced to be comparable in the
size of target molecules or to the Debye screening length for
electrostatic interactions and smaller than the mean free path
between molecular collisions. This feature size reduction is
enabled with preservation of segregation strength χN with high-
χ, and has become more achievable with recent developments in
BCP design and synthesis (χ is the binary interaction
parameter). Post-treatment with ALD and other methods can
also tune down porous feature sizes. In addition, nanochannels
can be organized to form high-density arrays by directed self-
assembly (DSA), ensuring adjacent environments to generate
identical and uniform flow distribution through an entire
membrane.
Illustrating BCPs as a platform for ion transport, fully

connected (Figure 21a), partially connected (Figure 21b), and
unconnected (Figure 21c) ionic pathways of BCP with lamellar
morphology were formed via DSA of BCP containing a polymer
block of ionic conductor.488 The ion-transport properties of

such a block copolymer electrolyte (BCE) were quantified by
forming polymer thin films on interdigitated electrodes (IDEs)
with high signal-to-noise ratio in electrochemical impedance. All
ionic channels contribute equally to the overall ionic
conductivity of these BCEs. By forming thousands of identical
conducting pathways, it is possible to deconvolute the ionic
contribution from each connected pathway by analyzing
electrochemical impedance.
Excitingly, BCPs fulfill most conditions of an isoporous

membrane with a scalable and reproducible isoporous pore
geometry, a fine pore size with narrow size distribution, high
porosity, and undisrupted pathways that increase flux. In
applications, geometrical arrangement of nanochannels occurs
in a perpendicular direction overcoming the difficulty of
manufacturing high-density and highly aligned channel arrays.
From these points of view, cylinder-forming BCPs are ideal.
Meanwhile, ALD and SIS processes can serve as an effective way
for chemical and structural modification to precisely manipulate
solute transport. As an example, BCP-templated Al2O3

membranes were fabricated as a simple idealized system (Figure
22). Cylinder-forming BCPs (PS-b-PMMA) were spin-coated
and annealed on a chemically neutral surface, with BCP
membranes containing perpendicular-oriented PS cylinders
forming within the PMMA matrix. To identify the thermody-
namically favorable boundary conditions for the perpendicular
orientation, various physical parameters were considered and
investigated for continuous nanochannels throughout the entire
film. In a subsequent step, the SIS process was employed to
change the membrane chemistry, transforming the PMMA

Figure 22. (a,b) Comparison of a BCP-derived isoporous membrane and a commercial membrane made using a standard phase separation process
which has a broad dispersity of pore sizes. (c,d) Developed BCP-templated Al2O3membrane fabrication flow and themembrane geometry determined
by TEM tomography analysis. Reprinted with permission from ref 479. Copyright 2017 Wiley-VCH Publishing.

Figure 23. (a) Examples of pore-chemistry modification. (b) Proposed approach to form well-aligned and BCP-templated membranes with DSA.
Continuum of confinement dimensions fabricated through a combination of electron beam lithography and DSA. (c) Wafer-scale isoporous
membrane with back etch process.
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matrix architecture into an inorganic (Al2O3) membrane after
removal of the organic phase (including the original PS
cylinders, which become the pores). Meanwhile, the SIS process
itself contributes to shrinking the physical pore size with
repeated cycles.479 Extensions of this study may be improved
with DSA to provide an identical environment around each
individual channel.
Aside from controlled channel geometry, it is also important

to manipulate surface chemistry to incorporate appropriate
functionalities on physically defined membranes.489 For
example, the electrical charge through Al2O3 nanochannels is
precisely tunable relying on the pH environment; therefore, the
effective pore size can be tuned to improve selectivity of
hydrated solutes.479 There are several approaches to modify
membrane surfaces including incorporating the functional
chemistries in BCP, or grafting or decorating the pore walls as
shown Figure 23a.230,490,491 From this approach, fundamental
studies of solute transport through chemically engineered
nanochannels can be elucidated. Meanwhile, ALD processes
share the processing benefits of SIS, while having potential to
manipulate nanochannel wall chemistries or even forming
asymmetric profiles (i.e., Janus architecture) based on their gas
phase precursor transport mechanism, which can be applicable
to BCP-templated isoporous membranes (Figure 23b,c).
3.2.2. Janus Membranes. Janus membranes are asym-

metric porous membranes with distinct chemical properties on
each side, such as hydrophilic/hydrophobic functionalities on
either side of the membrane.492 Janus membranes could have
impact in capturing the osmotic energy existing in seawater and
brackish water as a potentially renewable and sustainable energy
source,493 improving emulsification/demulsification processes,
fog harvesting, and may other applications. Ion-selective Janus
membranes allow for spontaneous transport of certain ions
through the membrane, converting the free energy difference to
electrical energy via a net diffusion current.494 The change of
conductance originates from the originally asymmetric cation/

anion distribution on each side of the individual nanopores
under equilibrium conditions.495 When an external electrical
field is applied, the ion current is proportional to the original
equilibrium ion concentration. The membrane efficiency can be
optimized through the surface charge profile and pore geometry.
A diffusion-controlled ALD approach has been utilized to

fabricate Janus membranes with control of the depth extent. In
this study, hydrophobic poly(propylene) (PP) membranes were
secured in a custom-machined aluminum fixture to limit
exposure of the reactant vapors to one face of the membrane
(Figure 24a). By precisely manipulating precursor expose time,
cycle number, and precursor density, researchers demonstrated
how a hydrophilic/superaerophobic Al2O3 layer coated on PP
membranes could dramatically reduce the size of pressurized air
bubbles released into a column of water in an aeration
experiment.496 Fine-bubble aeration processes can significantly
reduce the energy demand of aerobic digesters in wastewater
treatment plants. The cross-sectional SEM image of this
membrane, shown in Figure 24b, reveals a highly polydisperse
networked and tortuous pore path morphology. Figure 24c
shows the diffusion and nucleation of the precursor and growth
of the Al2O3 coating. Such studies indicate a complex chemical
grafting approach that is cost-effective, fast, and controllable, and
could be further implemented to fabricate large-scale Janus
membranes targeting many of the applications outlined above.

3.2.3. Customized Nanoparticles as Tailored Solutes.
From a fundamental point of view, the effects of water/solid
interfaces are amplified in nanoparticle systems due to large
surface-to-volume ratios. The properties of such interfaces have
been extensively studied in the context of interparticle forces,
colloidal stability, and ion adsorption.497 At low ion concen-
trations, the nanoparticle/water interface can be described
within classical Gouy−Chapman−Stern double layer theory.498
However, qualitatively different behaviors emerge in concen-
trated electrolyte solutions where ionic correlations can extend
far beyond the electrostatic Debye screening length.499,500

Figure 24. (a) Schematic of the physical housing of the membrane which isolates the front face for vapor diffusion. (b) Cross-sectional SEM of the
poly(propylene) reveals the tortuous porosity that leads to diffusion-controlled ALD; scale bar is 80 μm. (c) Vapor diffuses through the pore volume
from the front side. Nucleation occurs more quickly near the surface due to greater concentration of reactants closer to the front surface. After
nucleation, growth proceeds to form a coating with decreasing coverage through the membrane. Reprinted with permission from ref 496. Copyright
2018 Wiley-VCH Publishing.
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Layering of water molecules501 and formation of alternating
layers of positive and negative ions can cause oscillatory pair
potentials between nanoparticles,499,502 not accounted by
traditional double-layer approaches.503 The fundamental under-
standing of water/solid interfaces at high ion concentrations
represents an intriguing unsolved problem.504

Nanoparticles are often used to study transport of nanoscale
objects in confined environments; however, the picture remains
incomplete. The traditional mean-field approaches, such as
Fick’s laws of diffusion, fail to correctly predict transport on
length scales comparable to the dimensions of a diffusing object,
calling for experimental studies and further developments of
theoretical and computational methods. The experimental
studies of transport in nanoconfined environments require
nanoscale probes with precisely engineered size, shape, and
surface properties. Recent developments of nanoparticle
synthesis505 and surface chemistry506 facilitated development

of such probes for biological imaging507 and other fields (Figure
25).
In one set of examples, nanoparticle inorganic cores can be

made fluorescent, like in the case of semiconductor quantum
dots (QDs). Excitation by blue photons generates emission in
green, red, or infrared parts of the spectrum. QD size can be
controllably varied from about two to tens of nanometers
without compromising uniformity and optical properties.
Moreover, specially designed nanoparticles (e.g., NaYF4 nano-
crystals with Yb3+ and Er3+ dopants) can efficiently up-convert
photon energy generating strong anti-Stokes emission in the
visible upon two-photon excitation with near-IR photons.508

Photon upconversion improves signal-to-noise ratio for optical
tracking in transport studies. In general, luminescent nano-
particles are significantly more stable against photobleaching
compared with organic dyes, and positions of individual
fluorescent nanoparticles can be followed in real time over

Figure 25. Engineered nanoparticles, for which the shape and capping species can be tailored, are used as tools for fundamental studies of the structure
of water/solid interfaces and transport through nanoporous membranes. Nanoparticles are also used in real-world water treatment technologies.

Figure 26. (a) Semiconductor quantum dots (QDs) are convenient fluorescent labels for imaging fluid flows through confined environments, in this
case microvascular networks. (b,c) QD probes can be used to measure local fluid velocities and generate flowmaps. The scale bars are 300 μm, and the
units for velocity are μm/s. Reprinted with permission from ref 509. Copyright 2017 Nature Publishing Group.
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extended periods of time using confocal microscopy for imaging
flow maps and local fluid velocities (Figure 26).508,509

The nanoparticle shape can be varied as shown in Figure 25.
Switching from spherical to anisotropic fluorescent probes can
provide additional information because the photons emitted by
nanostructures with anisotropic shape carry information about
the orientation of the emitter,510 providing information not only
on the position but also on the orientation of the diffusing or
drifting particles. For example, anisotropic rod-like particles
spontaneously align in a direction of flow511 and emit light
linearly polarized along the long rod axis,512 which allows using
photon polarizations to reconstruct additional details of the
flows patterns.
Fluorescent quantum dots represent just one example of

nanoscale probes to study diffusion and transport through slits,
pores, and nanofiltration membranes. Similar libraries of
nanoscale probes containing high-Z elements (Pt, Au, Bi, etc.)
can be used for in situ electron microscopy and X-ray
tomography studies.513 Nanoparticles with superparamagnetic
cores (e.g., FePt, Fe3O4) are useful as the T2 contrast agents for
in situ position tracking by magnetic resonance imaging.514

Besides inorganic cores, the nanoparticle surfaces can be
designed to control charge, zeta-potential, hydrophilic and
hydrophilic interactions, as well as other characteristics imposed
by experimental needs.506 Typically, this is achieved by organic
or inorganic surface ligands containing surface anchor groups
covalently bound to other functional groups as shown in Figure
25.
On the applied side, scalable synthesis, engineerability,

relatively low costs, and chemical stability make nanoparticles
competitive for real-world water treatment technologies.482,515

For example, titania and hydrous iron oxide nanoparticles are
used in commercial products for removal of arsenic and heavy
metals from drinking water.516 The antibacterial properties of
silver nanoparticles have been employed for water disinfec-
tion,517 while the photocatalytic properties of titania nano-
particles enable efficient removal of organic pollutants.515

Besides individual nanoparticles, nanoparticle films have been
successfully explored as nearly isoporous ultrafiltration mem-
branes with the efficient rejection cutoff based on the ion size,
charge, and polarizability.489,518

3.3. Transport Characterization Methods

A comprehensive understanding of ionic and molecular flow
through porous media is central to our understanding of
transport in confined geometries. Important examples include
materials for filtration and capture, selective permeation barriers
and catalysis, and biological membranes. Transport studies
involving macroscopic membranes are informative, yet lack the
detailed multiscale information that governs molecular flux
spanning atomic, nano, and meso length-scales. Such
information is crucial in energy-water systems as we seek to
design more energy-efficient and selective water filtration
membranes, with important knowledge still needed for
modeling neutral and charged molecular and particulate flow
proximal to solid−water interfaces.
The characterization tools employed in transport must

necessarily take into account a range of spatio- and dynamic
features with sufficient resolution and accuracy. Such features
include flows and transport through porous media with a proper
treatment of charges, long-range electrostatic and hydrodynamic
interactions, and others, particularly in the immediate vicinity of
surfaces and pore walls. As described above in the case of BCPs,

IDEs provide a means by which self-assembled alternating
conducting and insulating domains with dimensions from 5−20
nm (or larger) can be probed over the entire area of the film and
through its thickness. Placing the film on an IDE allows for
characterization of transport properties by electrochemical
impedance spectroscopy, which in turn can be directly
compared to simulation and theory.
In nanochannels, the qualitative visualization of flow is by

itself a challenging task; quantitative measurement is even more
so, as it requires a thorough characterization of all parameters
associated with the experiment in order that measurements and
theoretical models can be validated against one another. As
described below, electron microscopy is one particular tool that
could be of great utility, but liquid-based studies remain in their
infancy. Advancements in electron microscopy have employed a
simple sandwich liquid cell configuration composed of two
opposing silicon nitride (SiNX) windows meticulously separated
by a fixed spacer through which media is infused. To enable
measurements, researchers much accurately know the inelastic
mean free path (IMFP) of electron scattering in water. As
described in a recent study, it is important to understand
potential differences in the IMFP as measured in water versus
crystalline solids.519 The IMFP for water is an essential
parameter for any study that uses electron scattering to study
materials in water-based systems. In parallel with electron
microscopy cell development, new data acquisition systems to
track nanoparticle coordinates during time-resolved flow can be
used to understand important time-resolution limits. Current
temporal resolutions are limited to ∼30 frames/sec in low-
resolution modes and ∼3 frames/sec in higher-resolution
operations. These data rates are limited by the detector
technology with improvements necessitated to better under-
stand and unlock insights to highly dynamical behavior.

3.3.1. Ion Transport. Membranes innately contain a
distribution of pore sizes, structural inhomogeneities, and
compositions that can notably influence the emanating fluxes
of species in liquid environments. Here, we describemethods for
the quantitative measurements of ion transport at the level of a
single pore. Building upon the development of scanning
tunneling (STM) and atomic force (AFM) microscopy, we
describe incisive local probe chemical tools based on scanning
electrochemical microscopy, SECM,520−522 and the powerful
variant, SECM-AFM.523,524 These methods offer unique
capabilities for nondestructive quantitative measurements of
transport at the level of a single pore, as well as imaging local
dynamic changes to membranes under in operando conditions
in solution. Critically, suchmeasurements allow one to break the
spatial averaging that occurs in more traditional macroscopic
measurements where transport is examined globally through
membranes sampling a wide palette of pore sizes, geometric
shapes, and chemical decoration.
SECM is a scanning probe technique that provides local

surface electrochemical information from monitoring reactions
between a microelectrode probe and redox mediators in
solution. This technique has been widely used to image
transport through porous structures. However, SECM is limited
by the convolution of the topographic and current signals: The
microelectrode probe typically held at a fixed height above the
sample surface without accounting for topographic variations in
the sample; these variations are therefore reflected in the
measured current. Combining SECM with AFM allows for
decoupling of the topography and current signals by first
acquiring an AFM topographic scan, then retracing this
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topography at a constant distance above the surface while
measuring the current signal. Combined SECM-AFM can thus
provide current measurements that are more representative of
the sample surface, enabling more complex characterization of
membrane activity. Essential features of the overall electro-
chemical setup in SECM-AFM are shown schematically in
Figure 27a, applicable to conducting as well as insulating
materials. Here, we discuss a selection of literature highlighting
the use of both SECM and SECM-AFM to characterize
transport through porous media.
SECM studies allow for the examination of a single pore or

well-characterized membrane regions,525−529 providing infor-
mation for direct comparison with theory and simulations that
seek to model transport on the atomic and nanoscales, the key
length-scales that govern mass transport through such media.530

Figure 27b illustrates the ability to locate and sample fluxes

emanating from a single pore. The voltage bias between the
sample working electrode and probe working electrode can be
adjusted to measure diffusive or iontophoretic transport. In
diffusive transport, the voltage on the sample and probe working
electrodes are the same magnitude but of opposite signs,
allowing measurement of the diffusion of redox mediators
through a pore. Iontophoretic transport is driven by an applied
voltage gradient. Further extension of these methods allows one
to examine, for example, nanotextured electrodes,531 single-
nanoparticle catalysis,532 channeled transport architectures,533

and transport through pores in biologically relevant mem-
branes.534−536

In addition to providing a clear assessment of the relative
contributions arising from diffusive and iontophoretic transport,
SECM offers another key advantage: It offers chemical
selectivity due to the ability to sweep operative electrode

Figure 27. (a) Schematic showing the SECM-AFM: The sample and probe have integrated working electrodes, and an applied bias voltage is set with
respect to the reference electrode. Dual SECM-AFM probes allow for integration with an AFM to correlate EC data with local topography. (b)
Detection of transport through a single pore by SECM: A porous sample separates a receptor solution from a donor solution containing reduced redox
mediators, creating a concentration gradient. Mediators are reduced at the sample working electrode (yellow) and oxidized at the probe working
electrode (blue), where they are detected. (c) Topography (left) and current (right) images of redox mediator transport through a PETmembrane. Of
the eight pores identified in the topography image, only four (numbered and circled in black) were active to transport as shown by the current
measurements. This study demonstrates the power of localized imaging acquired by SECM-AFM in characterizing transport through membranes.
Reproduced with permission 523. Copyight 2005 Elsevier B.V.
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potentials, a capability not intrinsic to another incisive method,
scanning ion-conductance microscopy (SICM).537 There are
other notable advantages that the local nature of SECM
measurements provide to studies of transport that go beyond
new information on flow in confinement. The local nature of
SECM allows decoupling of the intrinsic effects of nanoconfine-
ment from the redox activity due to surface geometry.531

Additionally, utilization of this technique, and extension into
combined SECM-AFM, allows for characterization of active
pore densities of typical and novel filtration membranes.
Membrane features that appear to be pores active to transport
in AFM topography images do not necessarily correspond to
active pores by SECM current measurements, as shown in an
example of combined SECM-AFM images of membranes in
Figure 27c.523 Mapping active versus inactive pores on a given
membrane surface provides valuable information on where
synthesis methods can be improved for the development of
more efficient membranes. Combined SECM-AFM is highly
applicable to more broadly characterizing filtration selectivity
and understanding the effect of novel film architectures designed
for improvements in efficient flow while maintaining desired
species rejection rates and sensitivity to fouling. In sum, SECM
in concert with correlated AFM imaging provides an arguably
unique information-rich probe of flows emanating from isolated
pores and well-characterized local regions of membrane
materials. These data on chemically and structurally specific
structures allow for critical tests of our fundamental under-
standing of transport in nanostructures and confinement.
3.3.2. Electron Microscopy. The study of particles in

liquids has involved a variety of traditional experimental
protocols538−540 over the years, the majority of these assessing
macroscopic properties by measuring ensembles of particles
using spatially averaging probes with dimensions in excess of 100
nm. While these techniques give insight into macro-to-
mesoscopic behavior, ultimately it is the individual nanoparticle,
defined by its size, shape, chemistry, and its interaction with its
local environment, that controls the interactions of interest. The
goals of the transport experiments described herein are to study
the dynamics of diffusion and flow of precharacterized particles
during controlled/restricted flow in micro-to-nano scale pores
and channels at high spatial resolution and sensitivity.
Characterizing individual nanoparticles has for decades been a

key strength of scanning, transmission, and analytical electron
microscopy (SEM, TEM, AEM), where micro-to-nano-to-
atomic scale resolution of materials is routine. Until recently,
this level of resolution has only been achieved under conditions
involving high vacuum due to the inherent scattering of
electrons through “media,” a clear impediment to studies in
liquids using electrons. With the development of ultrathin
(∼40−80 nm) silicon nitride windows and liquid cells for TEM,
environmental studies of nanoparticles in media have been
realized.541 The SiNx windows and correspondingly thin liquids
surrounding the nanoparticles allow the electron beam to
propagate with minimal scattering and enable high-resolution
imaging and characterization of the particles within the enclosed
environment (gaseous or liquid). This facilitates either static or
dynamic studies where the nanoparticles are completely
suspended or encapsulated between the windows.542−547 An
example is shown in Figure 28 where 15 nm Au particles and
their motion in water are illustrated. This state-of-the-art
experimental technology is challenging, because of the need for
absolute characterization of the nanoparticles as well as their
immediate environment.548−553 To this end, a custom nano-

channel microarray system has been developed for use in the
PicoProbe AEM Instrument of Argonne National Laboratory.
These SiNx window nanochannel arrays (Figure 29) are

lithographically engineered into silicon wafers554 and can have
configurations that consist of linear, nonlinear, and/or
intersecting chambers (1−5 μm wide ×300 μm long × (30−
200) nm high). Selected nanomaterials and media can be flowed
or mixed in these channels through the judicious use of external
feed lines. In contrast to the two-chip sandwich style in situ
holders or graphene liquid cell systems, the nanochannel system
is fully characterized and allows one to elicit quantitative
measures of Brownian motion, flow, diffusion, and interactions
and aggregation of the selected nanoparticle systems. A further
enhancement that is implementable is the coating of the walls of
the nanochannels using ALD, thus enabling the study nano-
particle/interface chemical interactions. Through the use of the
advanced analytical detectors on the PicoProbe, one can
monitor elemental redistributions that may (intentionally or
otherwise) occur during extended investigations.548,553

In preliminary studies, the mean inner potential of liquid
water (Vo,1 = +4.48 ± 0.19 V) was measured,555 as well as the
inelastic mean free path of electrons in water (Em,water = 7.5± 0.2
eV @ E0 = 300 keV).519 Flow and diffusion measurements on
spherical and complex structured nanoparticles are ongoing,
with indications of interactions with the nanochannel walls
being important. Such measurements provide critical baseline
data that feed into theory and modeling operations of confined
geometric transport, as well as the in situ liquid cell EM
community worldwide.
3.4. Simulations of Transport in Confined Environments

To date, predictive models are not able to explain the entire
range of flow and transport phenomena that arise in porous

Figure 28. Time sequence of TEM images of 15 nm Au particles in
liquid water. In this three-frame sequence, the majority of the Au
nanoparticles are static as they have become tethered to the silicon
nitride window. In the center (b) and right (c) sequence of two
consecutive frames, an isolated Au particle is tracked moving across the
field of view under the influence of a generated liquid pressure wave at a
rate of ∼2.5 μm/s.

Figure 29. Schematic cross-section of nanochannel silicon chip.
Nanochannels are shown in blue (filled with water), silicon nitride in
brown, silicon in gray, and the electron beam in red. Dimensions and
configurations of the nanochannel are lithographically defined and
range from 1 to 5 μm wide, 100−300 μm long, 30−200 nm high.
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media, particularly when charges play a significant role. Efforts to
develop structure−property relationships have also been
severely impeded by the difficulty in quantitatively characteriz-
ing structure over (1) macroscopic sample volumes over which
transport properties may be measured, (2) the full range of
critical characteristic dimensions within that volume that span
the molecular to nanometer to micron to millimeter length
scales, and (3) the challenges associated with sampling the
relatively small flow rates that are routinely accessed in
experiments. Statistical or averaged structural descriptions of
porous media are inadequate to capture the essential roles
played by pore connectivity, defects, topology, roughness,
chemistry, and charge distribution at all the relevant length
scales.
Fueled by recent advances in sampling techniques, numerical

methods, and computer power, it is now possible to address
some of the questions outlined in this Review at the level of
atomistic and coarse-grained molecular dynamic simulations
(MD). As an example, Figure 30 shows a representative
configuration of an aqueous electrolyte solution flowing through
the pore of a Janus membrane. The implementation of MD
simulations in the context of the transport phenomena reviewed
in this section have been proven to be beneficial, as exemplified
below, to scrutinize and improve mean-field theoretical
approaches or to resolve transport mechanisms that are able
to explain experimental observations.
3.4.1. Atomistic and Mean-Field Simulations. As

discussed earlier, the application of a voltage across Janus
membranes such as the one illustrated in Figure 30 can be used
to extract energy relying on the flows and inhomogeneities that
arise in such a system. At the length scales of interest, the

aqueous solvent can no longer be represented as a hydro-
dynamic continuum. The hydrogen-bonding network of the
solution is disrupted not only by the ions, which adopt distinct,
inhomogeneous profiles, but also by the presence of the
confining charged walls. However, because of the large design
space for ion-rectifying Janus membranes (pore geometry,
surface charge density, charge gradient shape, etc.), it is still
impractical to rely exclusively on full MD simulations to explore
the entire range of possibilities. Under these conditions, MD
simulations could be used as a benchmark for the validation of
mean-field simulations which can, in turn, be applied to a more
systematical exploration of the design space.
As summarized in Figure 31, mean-field simulations applied

to the study of Janusmembranes like the one illustrated in Figure
30, provide a qualitative level of agreement with simulations at
the atomic level. Specifically, the agreement is almost
quantitative for the static distribution of charges in the system
as well as for the current rectification and ion selectivity
capabilities. Solving Poisson−Nernst−Planck (PNP) alone,
without considering the convection effect introduced by the
asymmetrical ion mobility, fails to accurately describe the
“active” version of the rectifying membrane. Comparison
between MD and continuum simulations has also shown that
even when the coincidence is greatly improved if PNP is coupled
with Navier−Stokes equations, there are still some potentially
important discrete effects that are not captured in the continuum
model. Remarkably, most of the ionic conduction seen in the
MD simulation occurs near the walls of the pore, but that is
precisely the region that is most poorly depicted by the
continuum model. Molecularly, ionic conduction is strongly
directed by the influence of the preferential solvent structuring

Figure 30. Representative configuration of an aqueous electrolyte solution flowing through the pore of a Janus membrane. Ions sizes in green and blue
are exaggerated to enhance visibility, explicit water molecules are rendered in red.

Figure 31.Comparison betweenMD and continuum calculations. a) Ionic current rectification, full lines/markers represent Poisson−Nernst−Planck
coupled with Navier−Stokes, while empty markers/dashed lines are MD results. Ionic concentration profile for the active (b) and inactive version of
the pore (c), normalized by the concentration in the reservoir. Here lines correspond to the continuummodel and empty circles toMD. The light-blue
background depicts the reservoir of the system, while the pink and green correspond to the positively and negatively charged walls regions, respectively.
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and orientation imposed by the surface, and the effect of the
finite size and correlations between the particles of the walls, the
solvent, and the ions. On the other hand, in the continuum, not
only is the molecular description missing, but the enforced
boundary conditions might not be entirely appropriate. In the
case study of nanometric Janus membranes, the apparent
exceedingly good agreement between MD and mean-field
simulations is partially due to a cancelation of errors where the
continuum overestimates ion concentration near the walls but at
the same time enforces zero velocity at the boundary.
3.4.2. Ion-Conducting Polymers. All-atoms molecular

dynamic simulations have proven to be extremely valuable for
elucidating the mechanisms of ionic transport, which ultimately
leads to elements for rational design of materials. As mentioned
along the corpus of this Review, ionic transport properties are
very sensitive to the local environment of the charges. This is
especially important, but extremely challenging to model in
systems of strongly confining, heterogeneous settings like the
ones we find in self-assembled polymeric matrices.
A beautiful example of how experimental and simulation

techniques complement one another is provided by the
disambiguation of the underlying mechanism for the ionic
mobility enhancement in poly(2-vinylpyridine)(P2VP) func-
tionalized with N-methylpyridinium iodide (NMP+I−)a
system of particular interest due to its amenability in
applications involving directed self-assembly556 (Figure 32).

Experimental evidence has shown that functionalized P2VP
matrices exhibit improved ionic conduction when the water
content of the sample is increased from 0 to around 25%.
Interestingly, under the same conditions of the experiment, the
glass transition temperature of the sample is shown to
concomitantly decrease with the water content. In such
circumstances, one can arguably attribute the increment of
ionic conduction simply to the enhanced polymer dynamic due
to the plasticizing effect of the water addition. The MD
simulations, however, revealed that, even though water indeed
lubricates the contact between the polymer chains and reduces
the glass transition temperature of the polymer, ionic
conduction is actually improved due to the reduced interaction
time between the diffusing ions and the polymer, as a
consequence of a more abundant ion−water interaction in the
swollen sample.556

4. CONCLUSION
This Review has highlighted the importance of interfaces, and
specifically interfacial interactions, in water-energy systems, and
how by controlling these interactions, one can influence three
important areas of fundamental and applied significance: (i)

adsorption, (ii) reactivity, and (iii) transport. Such phenomena
are central to a broad array of scientific and technological
processes in disciplines as varied as heterogeneous catalysis and
electrochemistry, life sciences and biomedical applications,
environmental and geosciences. While researchers continue to
make important progress in advancing our understanding of
such phenomena, driving new technological developments in
AdvancedMaterials for Energy-Water Systems, much remains to
be learned. Numerous fundamental questions remain unan-
swered despite decades of study into the central role of water/
solid interfaces. From molecular-scale questions involving the
nuances of water’s hydrogen bonding at interfaces with
electrolyte solutions, to the interfacial transfer of energy in the
form of protons and electrons, to the adsorption and chemical
reactivity of solutes at structured and confined interfaces, and
many other particulars connected to water, the solid−water
interface is undoubtedly complex. As this Review has illustrated,
unraveling these complexities in their entirety is only possible
when synthesis, characterization, and simulation/theory are
combined synergistically.
Further advances that improve our understanding and

efficient use of water and energy will remain of critical
importance, and developing a deeper understanding of the
molecular- and mesoscale phenomena at water/solid interfaces
is an essential activity for driving future innovation and
addressing grand challenges in supplying sufficient fit-for-
purpose water in the future. As noted by Leonardo da Vinci,
“water is the driving force of all nature.”557 In this Review, we
have focused on interfaces as a central governing principle and
how much of the unique behavior of water and aqueous systems
stems from what happens at interfaces. With the emergence of
newfound capabilities to experimentally probe and computa-
tionally model these complex systems, the chemistry, physics,
and materials science of aqueous solution/solid interfaces has
become one of the most exciting fields in science.
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Anorg. Allg. Chem. 1937, 234, 311−336.
(53) Hummers, W. S.; Offeman, R. E. Preparation of Graphitic Oxide.
J. Am. Chem. Soc. 1958, 80, 1339−1339.
(54) Marcano, D. C.; Kosynkin, D. V.; Berlin, J. M.; Sinitskii, A.; Sun,
Z.; Slesarev, A.; Alemany, L. B.; Lu, W.; Tour, J. M. Improved Synthesis
of Graphene Oxide. ACS Nano 2010, 4, 4806−4814.
(55) Eda, G.; Yamaguchi, H.; Voiry, D.; Fujita, T.; Chen, M.;
Chhowalla, M. Photoluminescence from Chemically Exfoliated Mos2.
Nano Lett. 2011, 11, 5111−5116.
(56) Chhowalla, M.; Shin, H. S.; Eda, G.; Li, L.-J.; Loh, K. P.; Zhang,
H. The Chemistry of Two-Dimensional Layered Transition Metal
Dichalcogenide Nanosheets. Nat. Chem. 2013, 5, 263−275.
(57) Lei, W.; Mochalin, V. N.; Liu, D.; Qin, S.; Gogotsi, Y.; Chen, Y.
Boron Nitride Colloidal Solutions, Ultralight Aerogels and Free-
standing Membranes through One-Step Exfoliation and Functionaliza-
tion. Nat. Commun. 2015, 6, 1−8.
(58) Naguib, M.; Kurtoglu, M.; Presser, V.; Lu, J.; Niu, J.; Heon, M.;
Hultman, L.; Gogotsi, Y.; Barsoum, M. W. Two-Dimensional
Nanocrystals Produced by Exfoliation of Ti3alc2. Adv. Mater. 2011,
23, 4248−4253.
(59) Anasori, B.; Lukatskaya, M. R.; Gogotsi, Y. 2d Metal Carbides
and Nitrides (Mxenes) for Energy Storage. Nature Reviews Materials
2017, 2, 1−17.
(60) Coleman, J. N.; Lotya, M.; O’Neill, A.; Bergin, S. D.; King, P. J.;
Khan, U.; Young, K.; Gaucher, A.; De, S.; Smith, R. J.; et al. Two-
Dimensional Nanosheets Produced by Liquid Exfoliation of Layered
Materials. Science 2011, 331, 568−571.
(61) Nicolosi, V.; Chhowalla, M.; Kanatzidis, M. G.; Strano, M. S.;
Coleman, J. N. Liquid Exfoliation of Layered Materials. Science 2013,
340, 1226419.
(62) Coleman, J. N. Liquid Exfoliation of Defect-Free Graphene. Acc.
Chem. Res. 2013, 46, 14−22.
(63) Kim, J.; Kwon, S.; Cho, D.-H.; Kang, B.; Kwon, H.; Kim, Y.; Park,
S. O.; Jung, G. Y.; Shin, E.; Kim, W.-G. Direct Exfoliation and
Dispersion of Two-Dimensional Materials in Pure Water Via
Temperature Control. Nat. Commun. 2015, 6, 8294.
(64) Luo, W.; Wang, Y.; Hitz, E.; Lin, Y.; Yang, B.; Hu, L. Solution
Processed Boron Nitride Nanosheets: Synthesis, Assemblies and
Emerging Applications. Adv. Funct. Mater. 2017, 27, 1701450.
(65) Zeng, Z.; Yin, Z.; Huang, X.; Li, H.; He, Q.; Lu, G.; Boey, F.;
Zhang, H. Single-Layer Semiconducting Nanosheets: High-Yield
Preparation and Device Fabrication. Angew. Chem., Int. Ed. 2011, 50,
11093−11097.
(66) Su, C.-Y.; Lu, A.-Y.; Xu, Y.; Chen, F.-R.; Khlobystov, A. N.; Li, L.-
J. High-Quality Thin Graphene Films from Fast Electrochemical
Exfoliation. ACS Nano 2011, 5, 2332−2339.
(67) Parvez, K.; Li, R.; Puniredd, S. R.; Hernandez, Y.; Hinkel, F.;
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