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ABSTRACT: The individual and collective behavior of ions near
electrically charged interfaces is foundational to a variety of
electrochemical phenomena encountered in biology, energy, and
the environment. While many theories have been developed to
predict the interfacial arrangements of counterions, direct
experimental observations and validations have remained elusive.
Utilizing cryo-electron microscopy, here we directly visualize
individual counterions and reveal their discrete interfacial layering.
Comparison with simulations suggests the strong effects of finite
ionic size and electrostatic interactions. We also uncover correlated
ionic structures under extreme confinement, with the channel
widths approaching the ionic diameter (~1 nm). Our work reveals
the roles of ionic size, valency, and confinement in determining the
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structures of liquid—solid interfaces and opens up new opportunities to study such systems at the single-ion level.

KEYWORDS: electrical double layer, cryo-electron microscopy, single-ion imaging, ionic distribution

lectrically charged liquid—solid interfaces are ubiquitous

in nature and have been intensively studied over the last
century.”” The interplay between Coulombic interactions and
the entropy of ions and solvent molecules determine ionic
arrangements and distributions that typically span 1—100 nm
in size. These interactions govern the behaviors of colloids and
biomolecules,” the transport properties of biological and
artificial membranes,””” and the performance of various
electrochemical systems such as supercapacitors,” batteries,”"’
and catalysts.'' At a fundamental level, the ionic distributions
and the associated interfacial properties are controlled by both
the discrete nature of individual ions and their collective
interactions with (i) each other, (ii) the charged surface, and
(iii) the surrounding medium. The ability to probe such
systems with the single-ion resolution is, therefore, important
to a basic understanding of their behaviors'>™"” and the
development of new ionic technologies. There have been many
attempts to probe liquid—solid interfaces using optical or X-ray
spectroscopies,'*~>® but their spatial resolution remains
inadequate to image discrete ions. Although scanning probe
microscopy has been used to resolve ionic structures,” ° tip
convolution and disturbance of the interface can make it
difficult to interpret the observations.

In recent years, cryo-electron microscopy has been widely
used in structural biology to examine biomolecules at the
atomic scale.”’ ~** Through rapid cooling, the native states of
biomolecules are preserved in a thin layer of vitrified liquid
and, therefore, can be observed inside electron microscopes.

The utility of this technique beyond biology has enabled
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observation of a variety of interesting ionic phenomena under
hydrated conditions, such as inorganic ligand monolayers,*
host—guest chemistry,36 and crystal formation.®’

Here, for the first time, we implement cryo-electron
microscopy to directly visualize individual counterions and
their distributions at electrically charged liquid—solid interfaces
(Figure la). We observe discrete layering of multivalent
counterions, which stems from the finite ionic size and strong
13-15,22,38—46 Moreover, correlated
ionic structures under extreme confinement are revealed,
with channel widths approaching the ionic diameter (~1 nm).
This technique offers new opportunities to investigate
electrically charged liquid—solid interfaces at the single-ion
level and provides a general mechanism to validate and
improve computational and theoretical approaches.

Our samples were prepared by mixing amine-functionalized
gold nanorods into aqueous solutions of phosphotungstic acid
(H;PW,,04,) (ref 47). The nanorods are typically 20 nm in
diameter and 120 nm in length (Figure S1). The Keggin
anions ([PW,,04,]%") contain multiple high-Z tungsten atoms,
which strongly enhance the contrast in a transmission electron

electrostatic interactions.
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Figure 1. Cryo-TEM imaging of discrete ions and their distributions
at the liquid—solid interface. (a) The sample consists of amine-
functionalized gold nanorods embedded in an aqueous solution of
phosphotungstic acid (H;PW,,0,y). The amine functionalization
groups are positively charged, which attract and redistribute the
Keggin anions [PW,0,,]>". A parallel electron beam is incident into
the top surface (+z), and the exit wave produces a projected image in
the (x—y) plane. (b) A typical cryo-TEM image of the interface
between a nanorod and the electrolyte solution (dashed region in
panel a). The image contrast in the electrolyte solution is dominated
by the Keggin anions, which contain multiple high-Z tungsten atoms.
The inset shows a noise-filtered image of a single Keggin anion in
vitrified solution. The central positions of the high-intensity spots in
the red region are marked on the right. (c) Integrated image intensity
profile within 16 nm from the surface of the nanorod (red region in
panel b). The oscillatory behavior below S nm suggests that the
Keggin anions form discrete layers at the interface. The arrows
pointing down mark the positions of concentration peaks of the
Keggin anions obtained from the molecular dynamics simulation. (d)
Fast Fourier transform (FFT) profiles along the y-direction of the
image intensity for different layers of the Keggin anions (i—iv marked
in panel c). The peak features suggest spatial ionic ordering along the
interface. For comparison, the FFT for a region in the bulk solution is
plotted (v marked in panel c), which does not show a peak feature. All
curves are normalized and vertically offset. The shaded areas represent
the confidence bounds of the FFT curves (one standard deviation).
The arrows mark the positions of the radially averaged FFT peaks for
each layer of the Keggin anions obtained from the molecular
dynamics simulation.

microscope (TEM). The pH of the solution was adjusted to
1.2 £ 0.2 by hydrochloric acid (HCI) to stabilize the Keggin
anions.”® After mixing, a few microliters of the solution were
applied to a lacey carbon TEM grid, and the excess liquid was
blotted away from both sides with filter papers.”’ The grid was
then rapidly cooled to 90 K inside liquid ethane for vitrification
to occur. Finally, samples were transferred into a TEM and
imaged under a low electron dose (~100 e/A%) at 100 K to
reduce electron beam damage.”® With an under-defocus of
~250 nm, we obtained adequate image contrast that resolves
individual Keggin anions in the vitrified solution (see
Supporting Information for details).

Figure 1b shows a representative cryo-TEM image of the
interface between a positively charged nanorod and the
electrolyte solution. In general, such interfaces can be divided
into two characteristic regions. At the nanorod surface, the
Keggin anions accumulate and form a dense and ordered
structure. Beyond this dense structure, a homogeneous bulk
solution appears, in which the Keggin anions are more sparsely
distributed. To reveal the ionic distribution perpendicular to
the interface, we integrate the image intensity along the length
of the nanorod (y-axis), as shown in Figure lc. The emergence
of four distinct peaks along the x-axis indicates that the Keggin
anions form four discrete layers at the interface, with an
averaged separation of 1.3 nm, which is slightly larger than the
diameter of a dehydrated Keggin anion (1.1 nm). The
prominence of the first peak suggests that the Keggin anions
are densely packed in the first layer next to the surface.

We further study the spatial ionic ordering along the
interface (y-axis) by performing the fast Fourier transform
(FFT) of the image profile for each layer of the Keggin anions.
We observe an FFT peak in all of the four layers at the
interface, in sharp contrast to a region in the bulk solution,
which does not show an FFT peak (see Figure 1d). In
particular, all of the peak positions are in the same spatial
frequency range of 0.6—0.7 nm™', which corresponds to the
spatial periodicity range of 1.4—1.7 nm. We note that such
spatial periodicity along the y-axis is slightly larger than the
averaged periodicity of 1.3 nm along the x-axis. This
asymmetry suggests that the Keggin anions are pushed onto
the surface of the nanorod because of their attractive
interaction with the surface charge. In addition, the FFT
peaks become broadened from the first layer to the fourth
layer, indicating that the ionic distribution becomes less
ordered with increasing distance from the charged surface.

The layered distribution of the Keggin anions can be
generally explained as an interplay between the finite ion size,
the high surface charge density, and the high ion valency. We
perform molecular dynamics simulation in order to understand
the ionic structure. To capture the essence of the physical
mechanism, we represent the problem with a primitive model,
where the solvent is described as a structureless continuum
with a fixed dielectric constant, and the ions interact via
electrostatic and hard-sphere interactions. The curvature of the
nanorods is neglected in the simulations (see Supporting
Information for details). In the simulation, the effective
diameters of the Keggin ions (1.5 nm) include the first
hydration shell,” and the monovalent counterions (CI~) are
excluded. With an experimentally relevant surface charge
density of 4.5 ¢/nm? (ref 50), the simulation shows four layers
of the multivalent counterions at the planar interface (Figure
2a), while the hydronium co-ions are repelled from the
layering structure (Figure S2). The simulated concentration
distribution of the Keggin anions is plotted in Figure 2b. The
peak positions of the concentration profile agree well with the
peak positions of the integrated image intensity profile (see
arrows in Figure 1c). Such an oscillatory concentration profile
of multivalent counterions cannot be described by the classical
mean-field Poisson—Boltzmann theory (inset of Figure 2b). In
order to theoretically capture the layering behavior, the
excluded volume of the ions must be considered in their
chemical potential,*® either in terms of local ionic densities or
integral-weighted ionic densities,””~** as shown by the inset of
Figure 2b.
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Figure 2. Molecular dynamics simulation of ionic distributions at the liquid—solid interface. (a) A snapshot view in the molecular dynamics
simulation showing the Keggin anions form four discrete layers at the interface with a surface charge density of 4.5 e/nm” (b) Concentration
distribution of the centers of the Keggin anions obtained from the simulation (solid red curve). The dashed curve shows a smoothed concentration
profile (convolved with a Gaussian). The peaks of these profiles are presented as downward pointing arrows in Figure lc. The inset shows
theoretical predictions of the counterion concentration with the Poisson—Boltzmann equation (PB), weighted-density approximation (WDA), and
local-density approximation (LDA). The latter two include the excluded volume effect for the counterions (see Supporting Information for details).
(c) Cross-sectional snapshots (slices in the y—z plane) for each layer of the Keggin anions in the simulation. The ionic structures become less
ordered from the first layer to the fourth layer. The Keggin anions are presented in space by Gaussian spheres with a variance of a half ionic radius.
(d) Time-averaged two-dimensional FFT profiles of the cross-sectional slices of the ionic layers. (e) Radially averaged FFT profiles for all ionic
layers. The shaded areas represent one standard deviation of the FFT curves. The peaks of these profiles are presented as down-pointing arrows in
Figure 1D.
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Figure 3. Correlated ionic structures under extreme confinement. (a, b) Cryo-TEM images of the ionic solution confined between aggregated
parallel nanorods. (c) Integrated image intensity profiles of the regions between the nanorods (top, panel a; bottom, panel b). The profiles confirm
that the Keggin anions form monolayer and bilayer structures with respect to different channel widths. The zero positions are marked by the arrows
in panels a and b. (d) FFT profiles of the image intensity for different layers of the Keggin anions (i—iii marked in panel b). The peak features
suggest the spatial ordering of the ions along the interface. All curves are normalized. The shaded areas represent the confidence bounds of the FFT
curves (one standard deviation).

We now apply the simulation results to examine the ionic multivalent counterions (Figure 2c). Within the simulation size
distributions within each layer. Because of the reduction of the (lateral dimension 15 X 15 nm?), the ionic distributions in the
electrostatic interaction with the surface, the ionic structures first two layers possess a hexagonal symmetry, as shown by the
become less ordered from the first layer to the fourth layer, as two-dimensional FFT profiles (Figure 2d). On a larger scale
revealed by the two-dimensional cross-sectional maps of the beyond the simulation, polycrystalline structures could emerge,
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and therefore, the two-dimensional FFT profiles would
become isotropic. For this reason, we perform radial averaging
on the two-dimensional FFTs to represent the ionic ordering
along the interface for each layer of the Keggin anions (Figure
2e). The peak positions of the radially averaged FFTs agree
well with the peak positions of the FFTs of the image intensity
profiles (see arrows in Figure 1d). The above simulation
captures the room-temperature interfacial ionic arrangements
controlled by electrostatic and excluded volume interactions,
supporting the main observations from our cryo-TEM imaging.

The cryo-imaging technique also allows us to visualize ionic
distributions under confinement. In the solution, the multi-
valent anions mediate an “anomalous” attraction between the
positively charged surfaces (so-called like-charge attrac-
tion),'®*" which leads to aggregation of the nanorods (Figure
S3). Such aggregation gives rise to extreme confinement of the
electrolyte solution, as shown by the cryo-TEM images in
Figure 3a,b. With different confinement widths of 1.3 and 2.5
nm, the Keggin anions form monolayer and bilayer structures
between the parallel nanorods, as confirmed by the integrated
image intensity profiles in Figure 3c. A variation of the number
of layers is also observed in unconfined configuration (Figure
S4), suggesting a variation of surface charge density in the
sample. The FFT profiles of the image intensity for each layer
are plotted in Figure 3d. For all layers, an FFT peak emerges in
the spatial frequency range 0.7—0.8 nm™’, corresponding to a
spatial periodicity of 1.2—1.4 nm. The observed monolayer and
bilayer correlated ionic structures resemble a series of
repulsively interacting systems under confinement, such as
colloids®* and dusty plasmas.>

In cryo-TEM, the sensitivity of vitrified water to an electron
beam restricts the electron dose to ~100 e/A?, which limits the
imaging spatial resolution by electron shot noise.”* On the
basis of the signal-to-noise analysis of our experiment with
Keggin ions, we estimate that the smallest diameter of a heavy
metal particle that can be resolved is ~0.7 nm (Figure SS). In
biological samples, this limitation can be overcome by aligning
and averaging numerous low dose images of highly similar
biomolecules. Such an averaging method has resolved
individual monatomic ions that bind to biological chan-
nels.”>¢

Another question regarding cryo-TEM is whether the
vitrification preserves the intrinsic ionic arrangements. From
a macroscopic view of heat and mass transfer, the thermal
diffusivities in gold and water are over 2 orders of magnitude
higher than the ion diffusivity in water, suggesting that freezing
occurs much faster than ionic motion. This is supported by the
homogeneity of vitrified ionic solutions, which are super-
saturated at cryogenic temperatures’’ (Figure S6). Moreover,
based on previous research in biology, molecular structures can
be preserved by vitrification down to the atomic scale.’’ ~**
This fact is consistent with the compatibility between our
experimental observation and the theoretical description of
room-temperature electrical double layers.

In conclusion, we have presented, for the first time, cryo-
TEM images of discrete counterions in electrical double layers.
The distribution of the multivalent Keggin anions at the highly
charged surface exhibits discrete layering and strong three-
dimensional ordering. The utility of cryo-TEM provides new
opportunities to explore the liquid—solid interfaces at the
single-ion level. Furthermore, it offers a mechanism to validate
and improve theoretical models. Finally, the ability to resolve
ionic structures under extreme confinement provides a new

route to explore nanofluidic devices and nanostructured
electrochemical materials.
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