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Abstract

When a surface is immersed in a solution, it usually acquires a charge, which attracts
counterions and repels co-ions to form an electrical double layer. The ions directly adsorbed to
the surface are referred to as the Stern layer. The structure of the Stern layer normal to the
interface was described decades ago, but the lateral organization within the Stern layer has
received scant attention. This is because instrumental limitations have prevented visualization
of the ion arrangements, except for atypical, model, crystalline surfaces. Here, we use high
resolution amplitude modulated atomic force microscopy images to visualize in situ the lateral
structure of Stern layer ions adsorbed to polycrystalline gold, and amorphous silica and gallium
nitride (GaN). For all three substrates, when the density of ions in the layer exceeds a system-
dependent threshold, correlation effects induce the formation of close packed structures akin
to Wigner crystals. Depending on the surface and the ions, the Wigner crystal-like structure
can be hexagonally close packed, cubic, or worm-like. The influence of electrolyte
concentration, species, and valence, as well as the surface type and charge, on the Stern layer
structures is described. When the system parameters are changed to reduce the Stern layer ion
surface excess below the threshold value, Wigner crystal-like structures do not form, and the
Stern layer is unstructured. For gold surfaces, molecular dynamic simulations reveal that when
sufficient potential is applied to the surface ion clusters form with dimensions similar to the
Wigner crystal-like structures in the AFM images. The lateral Stern layer structures presented,
and in particular the Wigner crystal-like structures, will influence diverse applications in

chemistry, energy storage, environmental science, nanotechnology, biology, and medicine.
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Introduction

Surfaces in water usually become charged!. The surface charge may be acquired via the
protonation/deprotonation of surface groups, ion adsorption to or desorption from the surface,
ion exchange between the surface and the solution, or application of an external potential to an
electrode'2. In 1853, Helmholtz recognized that charged electrodes immersed in electrolytes
attract counterions and repel co-ions?, and in the 1910s, the Gouy—Chapman model introduced
the concept of a diffuse ion layer*>. In 1924, Stern combined and advanced these theories via
the Gouy-Chapman-Stern (GCS) model of the electrical double layer (EDL)%, which consists
of a surface-bound Stern layer and a near-surface diffuse layer. The final major insight came
in 1947, when Grahame defined dehydrated ions in direct contact with an electrode as
specifically adsorbed’, with their center defining the so-called inner Helmholtz plane (IHP),
parallel to the surface. By extension the outer Helmholtz plane (OHP) is defined by the centers
of solvated ions adsorbed to the electrode. However, this model of the EDL only describes the
ion density profile normal to the interface, implicitly assuming an averaged picture in any plane
parallel to the surface, including the Stern layer. The view is well accepted for dilute solutions,
and has been studied at diverse interfaces ranging from metals®, mineral oxides® (such as silica,
alumina, titania), clays'? and refractories like mica!!, to hydrophobic solids like graphite'?> and
Teflon'3, as well as soft interfaces including oil droplets'4, proteins!'®, self-assembled

surfactant'® and lipid aggregates'’, and bubbles'.

Aside from advances regarding the properties of near-surface solvent and permittivity'®, our
understanding of the structure of the Stern layer has hardly progressed over the last 75 years,
yet critical questions are outstanding?. The lateral arrangement of Stern layer ions across the

surface remains elusive. Apart from the specific case of crystalline substrates which strongly
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template ion adsorption,??2¢ it is generally assumed that ions adsorb onto irregularly spaced
surface charge sites of amorphous substrates, resulting in a laterally disordered Stern layer.?’
As a result, the impact of the lateral Stern layer structure on the interfacial properties remains
largely unexplored. Another puzzle is overcharging (also known as charge inversion or charge
reversal), where more counterions adsorb in the Stern layer than are required for surface charge
neutralization. Overcharging has been known since at least the 1960s when multivalent ions
were found to overcharge clay, latex, and mineral oxide surfaces?®-3!, and recently, monovalent
ions have been found to reverse the surface charge of titania and mica at high concentrations3?-
36, Classical GCS mean-field theory cannot account for overcharging®37-3°, and two competing
theories have emerged, referred to as the “chemical” and “physical” models. The “chemical”
model argues that overcharging is caused by specific ion adsorption driven by non-Coulombic
forces, such as chemical bonds, hydrogen bonds, complex formation and hydrophobic
interactions?37-40. On the other hand, the “physical” model argues that ion-ion correlations are
key, and that specific ion sizes and interactions must be considered, such as excluded volume
and hard-core effects®’. A consequence of this second model is that when a threshold electrolyte
concentration is exceeded, the magnitude of lateral repulsions between Stern layer counterions
is greater than surface — counterion attractions. When this occurs, it is proposed that the
counterions order into a hexagonally close packed (HCP) Wigner crystal-like structure to
minimize repulsions, and co-ions adsorb to the Stern layer to partially neutralize the excess
charge*’. While the chemical approach has received some, though not conclusive, experimental
validation3?-334142 the physical theory is controversial, and Wigner crystal-like Stern layer
structures have not been observed experimentally3’. Recent instrumental advances mean that it
is now possible to study the lateral structure of Stern layers on amorphous surfaces to probe
whether Wigner crystal-like structures form, and therefore discriminate between overcharging

mechanisms.
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Before now, lateral Stern layer structures of aqueous electrolytes have only been visualized
using atomic force microscopy (AFM) on atomically smooth, crystalline surfaces such as
mica202643.44 " calcite?? and gibbsite®>. On these surfaces, the charge site lattice of the
underlying substrate templates crystalline Stern layers: HCP on mica and gibbsite, and rhombic
on calcite. These well-defined repeating structures are ideal for AFM imaging, motivating the
focus on these crystalline surfaces in the first place. However, these Stern layers are not Wigner
crystal-like structures because ion arrangements are primarily determined by the epitaxial
effect of the surface lattice rather than lateral ion correlations. In any case, the wide
applicability of results for these crystalline surfaces is limited*® because the vast majority of
surfaces are not crystalline, but amorphous. This is true whether in the context of advanced

materials (surfaces) research and technology, or in living systems.

Here, lateral Stern layer structures were investigated on three representative surfaces: poly-
crystalline gold, amorphous silica, and gallium nitride (GaN) with an amorphous oxide surface.
Gold was studied because it is an exemplar metal electrode, silica as one of the most common
and widely studied surfaces*’, and GaN for its applications in sensing and catalysis**4°. We
show that Stern layer ions form ordered, Wigner crystal-like structures on amorphous surfaces
consistent with the “physical” overcharging model, even at low-to-moderate (including
biologically relevant’®) electrolyte concentrations once the ion adsorption density exceeds a

minimum threshold value.

Results and Discussion
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In this work, Stern layers were imaged using amplitude modulated atomic force microscopy
(AM-AFM). In AM-AFM experiments, the AFM tip and the surface are completely immersed
in the solution, and the AFM cantilever is oscillated near its resonance frequency’'. Away from
the surface, the cantilever oscillates at a free amplitude (4,), a parameter that can be adjusted
externally. As the tip approaches the surface, the vibration is damped to a reduced amplitude
A < Ay. During imaging, the oscillation amplitude is maintained at a working amplitude, Ag
below A4, by the AFM feedback control, which constantly adjusts the tip — surface distance>?.
These readjustments provide a picture of the surface topography. The phase shift of the
cantilever oscillation, acquired simultaneously with the topography, can vary freely and is
sensitive to the compliance of the material between the tip and the surface (conservative vs.
dissipative interactions). Phase images are known to be often more effective in mapping the
position and hydration status of ions in interfacial systems?3. Here we found the phase
information particularly effective for imaging anion-rich Stern layers obtained for positive
surface potentials. The topography and phase images, presented in the Supporting Information
(SI), are in excellent agreement, and the features scale correctly, eliminating the possibility of

imaging artifacts.

Gold

Fig. 1 compares AM-AFM phase images of gold surfaces in deionized (DI) water at open
circuit potential (OCP) (Fig. 1a) with 0.35 M MgCl, at OCP — 0.3 V (Fig. 1b—d). The image
of the gold surface in water (Fig. 1a) shows rows of bright spots, which the two-dimensional
fast-Fourier transform (2D-FFT) image (inset) shows to be 5.5 A apart on average with a
diffuse background indicating undulation. The root-mean-square (RMS) roughness of the gold

surface is 25 pm over the 10 nm x 10 nm area (Fig. S6). These results are consistent with a
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polycrystalline gold surface formed by reconstruction of the surface gold atoms, producing

structural defects3>4.

b c d
a Water (open circuit)  0.35 M MgCl, (- 0.3V) 0.35 M MgCl, (-0.3V) 0.35 MMgCl,(-0.3V)
10 nm x 10 nm 10n><10nm 5nmx 5nm 2nmx2nm

Fig. 1. AFM phase images of the solid/liquid interfaces of gold. The images are taken first in deionized (DI) water
at open circuit potential (OCP) (a). Then, the images are taken in 0.35 M MgCl, at —0.3V vs. the open circuit
potential (b—d). The 10 nm % 10 nm image (b) is enlarged to 5 nm x 5 nm (¢, corresponding to the dashed square
in (b)) and 2 nm x 2 nm (d, corresponding to the dashed squares in (c)). Insets: two-dimensional fast-Fourier
transforms (2D-FFT) of the corresponding images; yellow circles in the FFT images highlight the bright spots
showing repetitive patterns of the Stern layers. Red dots in the 2 nm % 2 nm images show features aligned in a

hexagonally close packed structure.

The image in the presence of the electrolyte (Fig. 1b—d) is starkly different. Most notably, the
average spacing between features is 2.8 A from the FFT, close to half the distance for the
polycrystalline gold in water (Fig. 1a), so the image does not represent features of the substrate.
In AM-AFM phase images, adsorbed ions may appear as either a bright3>*¢ or dark spot*
depending on the surface and imaging conditions. Comparison of the phase images in Fig. 1
with their corresponding topography images (Figs. S5 and S9) reveals that the bright phase
spots coincide with topographical protrusions and are hence interpreted as individual adsorbed

Stern layer ions.
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Stern layer ions on the gold surface in 0.35 M MgCl, at OCP — 0.3 V (Fig. 1b) are organized
into rows of small oval features that become more obvious as the magnification is increased
(Fig. Ic, d). At the lowest resolution (10 nm x 10 nm), the dominant row direction is diagonal
in the lower left of the image (i.e. within the red square), but vertical in the top right. As the
electric field is uniform across the surface, this means the rows are not due to ions aligning in

the field direction.

The significant negative surface potential dictates that cations are enriched and more confined
in the Stern layer due to electrostatic adsorption, so the imaged features are most likely to be
Mg2* ions. Hydrated Mg2* ions are 8.6 A in diameter®’, whilst dehydrated Mg?* ions are 1.7 A
in diameter8. The size of individual features in Fig. 1 is 2.2 £ 0.4 A (determined by measuring
15 randomly chosen features in two directions each) and the spacing between features of 2.8 A
(FFT image in Fig. 1b) which suggest that Mg?" ions in the Stern layer are partially or fully
dehydrated. These structures shown in Fig. 1 were consistent when imaged with both silica and
diamond AFM tips (Figs. S9 and S10), so do not depend on AFM tip surface chemistry. The 5
nm x 5 nm (Fig. 1c) and 2 nm x 2 nm (Fig. 1d) zoomed-in regions confirm the rows of oval
features, but in the 2 nm x 2 nm image, red dots have been placed approximately in the center
of 7 features to highlight the hexagonally close packed (HCP) arrangement of the Stern layer

10ns.

This highly structured, HCP ion arrangement is consistent with Wigner crystal-like Stern layer
structures*® for 0.35 M MgCl, at — 0.3 V on gold. The presence of HCP Wigner crystal-like
structures means that the ion-ion correlations of the “physical” model must operate in the Stern
layer*®. The observation of at least partial dehydration of Stern layer ions means that specific

ion adsorption may contribute to interactions with the substrate, but do not determine the
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location or lateral arrangement in the Stern layer; specific adsorption cannot explain the Wigner
crystal-like Stern layer structures on non-crystalline surfaces, so the ion correlations of the
“physical” model must dominate “chemical” effects. A hydration network within and
immediately above the Stern layer could also contribute to lateral order in Stern layers,?? but

we are unable to image or otherwise detect water individual molecules.

Fig. 1 shows that there are ~ 9 ions / nm? for the gold electrode at —0.3 V immersed in an 0.35
M MgCl, solution. This is equivalent to a Stern layer charge density of ~18 charges/nm?
assuming Mg?" adsorption. The “physical” model states that Wigner crystal-like structures can

form at high ion concentrations when electrostatic coupling parameter, = = 2mal3z3/e,

is greater than 10%%, where o, /3, z and e are surface charge density, Bjerrum length I = e?

/(4me eokpT), ion valency and elementary charge, respectively. At 25 °C in dilute aqueous
solution (&. = 78), £ = 10 corresponds to a Stern layer charge density of 3.1 charges/nm? in a
monovalent salt, but to only ~0.4 charges/nm? for a divalent counterion. This means the
observed Stern layer charge density of ~ 18 charges/nm? in 0.35 M MgCl, far exceeds the
threshold Stern layer charge density for ion correlations, in accordance with observation of

Wigner crystal-like structures.

Wigner crystal-like structures form when the Stern layer ion surface excess is sufficiently high
to induce lateral ion — ion correlations. Conversely, when the density of Stern layer ions is
below that threshold, ions are expected to be disordered. In addition, the structure of the
adsorbed water layer and ionic species may change upon the extent of the electronic screening
inside the substrate material (as measured by its dielectric constant or by a screening length in
the framework of the Thomas-Fermi model)®%-%? as well as the applied voltage in the case of

metallic electrodes, leading to a competition between ions and water molecules to populate the
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first adsorbed layer.®> By manipulating the system conditions (bulk electrolyte concentration
and surface potential) to decrease the density of Stern layer ions until amorphous layers were
observed, the system-dependent threshold conditions for Wigner crystal-like structures could
be approximately determined. Fig. 2 presents the AFM images of Stern layers of a gold surface
immersed in MgCl, solutions of various concentrations (0.1 M, 0.2 M, 0.35 M) and surface
potentials (-0.3V,-0.2V,0V,+0.2V,+ 0.3V, all relative to OCP) together with schematic
representations of the ionic species in the Stern layer. The image presented for — 0.3 V is from
a different experiment to the data presented in Fig. 1 which gives an indication of the variability

in the Wigner crystal-like structures between experiments.

At—0.3 Vin 0.35 M MgCl,, the adsorbed ions form a Wigner crystal-like structure (Fig. 2c¢),
but reducing the concentration from to 0.2 M (Fig. 2b), decreases the crystallinity of the Stern
layer: rows form in sections of the image, but the Stern layer is less well structured, confirmed
by the vertical bands in the inset FFT. Further decreasing concentration to 0.1 M (Fig. 2a)
causes fewer ions adsorb, but the image remains different to that of the gold surface in DI
water, confirming that ions still adsorb. The random arrangement of the ions is consistent with
an amorphous Stern layer, as is the diffuse FFT image. Here the apparent larger image feature
size is consistent with a reduced surface excess consistent with more thermally mobile ions.
Under this condition, it is also unlikely that the Stern layer Mg ions overscreen the surface
charge. This means that for adsorbed Mg?" ions on polycrystalline gold at — 0.3 V, the threshold

concentration for the formation of Wigner crystal-like structures is between 0.2 M and 0.35 M.

The effect of surface potential is similar. When the potential in 0.35 M MgCl, is decreased
from — 0.3 V to — 0.2 V (Fig. 2d), the crystallinity is again disrupted. In the top-right corner of

Fig. 2d the ions remain in straight rows, but in the bottom-right corner rows are curved,
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indicating weaker ion correlations consistent with Wigner glass-like structures®+-%. As a resullt,
in the FFT image, only one pair of bright spots corresponding to the near-horizontal rows are
retained. At OCP (Fig. 2e), attraction of ions to the surface is weak, resulting in an even lower
Mg?* surface excess and a disordered Stern layer, also confirmed by the diffuse FFT image.
Here again the apparent size of each Stern layer ion is much larger than in the Wigner crystal-
like structure. This means that the threshold surface potential for a Wigner crystal-like structure
to form on polycrystalline gold lies between — 0.2 V and — 0.3 V (vs. OCP) at a MgCl,

concentration of 0.35 M.
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250 Fig. 2. 5 nm x 5 nm AFM phase images of the interfaces between a gold surface and MgCl, solutions at various

251 concentrations and surface potentials as labelled. The DI water was saturated with CO, and has a pH of ~ 5.5. No

252 acids or bases were added to the MgCl, solutions to adjust the solution pH. OCP: open circuit potential. Insets:

253 2D-FFT of the corresponding images. Also shown are simplistic schematic representations of the ionic species in

254  the Stern layers and near-surface layers for the corresponding AFM images as indicated by connecting dashed

255 lines.
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Similar trends were found when a positive bias was applied to the gold surface in MgCl,
solutions. When the gold surface is positively polarized, the Stern layer consists of adsorbed
CI- ions which are most likely the species imaged in Fig. 2f—i. Fig. 2f shows that for 0.35 M
MgCl,at + 0.2 V, the adsorbed ions form rows in the bottom-left and the top-left of the images,
but the imaged layer appears amorphous in other area. The FFT image shows two pairs of
bright spots on a strong background, so crystallinity is weak. However, when the potential is
increased to + 0.3V (Fig. 21), the ions align in rows in a large area near the center of the image,
consistent with weakly formed Wigner crystal-like structures. Higher potentials could not be
investigated due to electrochemical breakdown of water. The image is less clear than when
Mg?* ions adsorb at — 0.3 V, and there is only one pair of bright spots in the FFT. This reduced
clarity for the features in the images at positive potentials is not due to instrumental or
experimental limitations, as it could be consistently reproduced. Rather, it is attributed to a
stronger attraction between the divalent Mg?" ions and the gold surface when compared to
monovalent CI- ions at similar (but opposite sign) potentials. Consequently, compared to Mg?*,
the CI- surface excess, and therefore ion correlations, are reduced, even at twice the ion

concentration.

For CI- Stern layers, crystallinity decreases markedly when the electrolyte concentration is
decreased at + 0.3 V. For 0.2 M at + 0.3 V (Fig. 2h), there are multiple row directions, and the
feature size is large, consistent with weaker ion — ion correlations. These effects are more
pronounced when the concentration is further reduced to 0.1 M (Fig. 2g), and the Stern layer
becomes completely amorphous. While the threshold for Wigner crystal-like structures to form
on polycrystalline gold in MgCl, lies between 0.2 and 0.3 M Mg?" at — 0.3 V, it is somewhat

higher than 0.7 M ClI- at + 0.3V.
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Molecular Dynamics (MD) Simulations of Ion Adsorption to Gold

To gain insight into the structure of the Wigner crystal-like structures at for MgCl, solutions at
gold electrodes, MD simulations with different potentials were completed. To compensate for
the limited size and timescales available to MD, as well as the finite reservoir of ions in the
simulation box compared to a real system, ion concentration and applied potentials were

increased (see Supplementary Note 1 (SI) for simulation details).

Fig. 3a shows that in the absence of an applied potential ions adsorb mostly in isolation but
some ion pairs are present at the interface. When a potential is applied, larger ion aggregates
form, with the aggregates increase in size with both applied voltage (Fig. 3b,c) and simulation
time (Fig. 3d). These clusters generally consist of alternating Mg?*-Cl- chains (Fig. 3b—c) which
evolve into 2D structures at longer simulation time (Fig. 3d). The clusters are separated from
the surface by a water layer (Fig. 3g and the density profiles in Fig. S18a) and not in direct
contact or in registry with the gold surface lattice, meaning the ion clusters develop non-

epitaxially.

Several MgCl, concentrations were simulated (Fig. 3e—f, see Table S1 for the full dataset),
which all show the same statistical results. Firstly, the voltage-induced clusters
predominantly form at the interface rather than in the bulk, especially for larger clusters (Fig.
3e, Fig. S19¢,g). Secondly, the lifetimes of the clusters increases with the applied voltage
(Fig. 3f, Fig. S19f,h). Thirdly, the distance between (next-nearest neighbor) ions of the same
type in clusters along the interface is 2.90 + 0.18 A, and independent of cluster size (Fig.
3g,h). Fourthly, there is a minimum ion concentration for cluster formation (Fig. S20a,b).

Corresponding results were obtained for simulations performed with fluctuating charges on
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the gold surface (Fig. S18b). This shows that if the polarizability of the surface is accounted
for the voltage required for cluster formation is decreased. The lack of electron exchange in
these MD simulation shows cluster formation can occur physically under the influence of the

electric field and not via electrochemical processes.
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Fig. 3. Computer simulations of gold-electrolyte interface under applied electrical potential. For symmetry, the
MgCl, solution is placed between two gold plates located 6 nm apart (see Supplementary Note 1 in SI) with a
voltage applied between the gold plates. In a 2.85 M MgCl, solution, the number of ionic clusters forming at the
interface progressively increases with the applied potential from (a) 0 mV/A to (b) 51.09 mV/A and (c) 255.43
mV/A, and with the simulation time from (a) 10 ns to (d) 200 ns where 2D-like structures are formed. The interface
is defined as the region within 5.5 A of the gold surface for (a—c) and 7.5 A for (d). The interfacial water molecules
are shown semi-transparent in (d) with the ionic clusters highlighted using black circles. Similar results are
obtained at lower concentration (0.71 M MgCl,) with the number ratio of clusters forming at the interface and in
the bulk significantly increasing with the applied voltage (e). The voltage also stabilizes larger clusters for longer
life spans (f, see also Figs. S22 and S23 for full statistics) especially at the interface. At 0.71 M MgCl,, clusters
larger than 5 ions are not stable enough (i.e. short life span) to provide meaningful statistics. Larger clusters are
however common in 2.85 M MgCl, (Fig. S19h). The ionic distribution near the negative electrode shows the

presence of a layer of water above the electrode, and Mg?* and CI- layers further from the surface (g, see also Fig.
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S18a). The ion-ion distance is independent of the cluster size for clusters larger than 4 ions and the average
distance between the ionic layers and between neighboring Cl- ions are 0.94 = 0.21 A and 2.90 + 0.18 A,

respectively (g,h).

Ionic density profiles normal to the surface (Fig. S18a, middle and bottom panels) provide
clues to the molecular mechanism underpinning the field-induced formation of clusters. At 0
V, the CI- and Mg?* ions are preferentially located in and above the water layer, respectively.
Application of a negative potential increases the Mg?" density, resulting in a sharp peak close
to the surface in the ion distribution profile. This is accompanied by a depletion of CI-, which
instead forms a dense layer immediately above the Mg?* layer (Fig. 3g). The picture that
emerges is of Mg?* and CI- ions concentrated in two separate layers ~ 0.94 A apart (Fig. 3h),
closer together than in the absence of applied voltage, thus facilitating the formation of clusters.
Both layers are separated from the negative electrode by a water layer, which enables Mg>*—
CI' clusters to form non-epitaxially. The distance between the smallest features in the AFM
images for MgCl, on the polycrystalline gold surface (Fig. 1) of ~2.8 A is consistent with the
distance between two neighboring Mg?* or Cl- atoms in the simulation cluster of ~2.9 A. As
the number of cations and anions in clusters is approximately equal, the net charge on clusters
is positive (each Mg?* CI- ion pair has a net +1 charge) which is consistent with overcharging
of the surface by the Mg?" counterion, and the physical ion adsorption model where ion
correlations lead to Wigner crystal-like structures. AFM images did not reveal Cl- co-ions
adsorbed to the Mg?" Wigner crystal-like structures using either silica-coated or diamond-
coated AFM tips. This suggests that chloride is weakly associated with the Mg?* and displaced
by the AFM tip during imaging, and rapidly returns to the crystal surface as the tip passes. This
is not unexpected, as co-ion adsorption cannot be detected with AFM even on strongly
templating crystalline surfaces at low to moderate electrolyte concentrations.?043-67-6% At very

high electrolyte concentrations (3—5 M) on mica AFM has revealed a co-ion layer,” and
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resonant anomalous X-ray reflectivity of the interface of mica with rubidium halide solutions
revealed co-ion rich second layers.”® The authors of the latter paper concluded that anion
adsorption stabilizes the correlated cation arrangements in the Stern layer. Although for a
crystalline mica surface, these results are consistent with the Wigner crystal-like structures

proposed in this paper for disordered substrates.

As positive potential is increased, chloride remains concentrated just above the water layer on
the gold surface, followed by a Mg?" layer, and Mg?*—Cl- ion clusters also form in this this

region (Fig. S18a).

The simulations show the clusters nucleate and progressively grow (compare Fig. 3b with
longest simulation in Fig. 3d and Fig. S21¢). However, unlike in the AFM images in Figs. 1
and 2, the clusters are never observed in simulations to grow sufficiently to cover large areas
of the surface. This is likely a consequence of the simulation length and the limited

availability of ions from the solution.

The results of these simulations support the interpretation of the high-resolution AFM images
on gold as arising from Wigner crystal-like in-plane ion correlated Stern layer structures.
That these do not arise epitaxially from crystalline order in the underlying solid, and may
form above a water layer, suggests that they should also form for a variety of electrolytes on a
wide variety of amorphous substrates under suitable conditions. In order to test the generality
of the findings, we have conducted high-resolution AFM imaging of two naturally charged

amorphous surfaces in electrolytes.

High-resolution AFM of amorphous oxide interfaces
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The general agreement between the between the AFM and MD provides clear evidence for
Wigner crystal-like correlated ionic structures on gold. To investigate the generality of these
findings we performed high-resolution AFM imaging of naturally charged amorphous surfaces

in various electrolytes.

Silica

Silica is a ubiquitous amorphous substrate’! whose pH sensitive surface charge is derived from
the protonation and deprotonation of Si—OH groups. Fig. 4a compares 10 nm x 10 nm AM-
AFM phase images of silica surfaces collected in DI (CO,-satured) water with 0.38 M CacCl,
and 0.35 M CsCl at pH 9, which is far above the isoelectric point of ~ pH 2 7! (Fig. 4b—g). The
images of the silica surfaces in DI water (Fig. 4a) show randomly arranged bright spherical
features due to surface atoms on a gently undulating surface. No ordered packing could be
identified in any area at any magnification; The 2D-FFT (inset) is diffuse, which confirms that
the surface is amorphous. The RMS roughness of the silica is 15 pm across the 10 nm x 10 nm

topography image (Fig. S4), consistent with published values’?.
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i Water (pH 5.5 - 6)

Fig. 4. AFM phase images of the solid/liquid interfaces of silica. (a) Silica in deionized (DI) water. (b—d) 0.38 M
CaCl, at pH 9 (NaOH) and (e—g) 0.35 M CsCl at pH 9 (NaOH) at increasing magnification corresponding to the
dashed squares. Insets: 2D-FFT images of the corresponding images; yellow circles in the FFT images highlight
the bright spots showing repetitive patterns of the Stern layers. Red dots in the 2 nm x 2 nm images show features

aligned in (c) a hexagonally close packed structure and in (g) a square arrangement.

Fig. 4b shows an AM-AFM phase image of a silica surface in 0.38 M CaCl, at pH 9, which
reveals localized crystallinity. The FFT of the higher magnification 5 nm x 5 nm image (Fig.
4c) exhibits three pairs of bright spots consistent with a hexagonal lattice with repeat spacing
of 5.5 A. In the highest magnification 2 nm x 2 nm image red dots have been placed near the
center of seven bright features, showing hexagonally arranged ions (Fig. 4c). This indicates
that Wigner crystal-like structures of Ca?" form at the amorphous silica/aqueous solution

interface.

The FFT for the 5 nm x 5 nm image (Fig. 4c) shows the centers of Ca”" ions are on average
5.5 A apart, and measurements of individual features show they are 3.0 = 0.3 A in diameter.

This is much smaller than hydrated Ca2* (8.2 A7) so, like Mg2?* on gold, these features likely

20
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correspond to dehydrated Ca?* ions, which is consistent with recent vibrational sum frequency
spectroscopy measurements for 0.1 M CaCl, on silica’. These images show that there are 4.25
Ca?" ions/nm? (8.5 charges/nm?) on silica, which exceeds the maximum possible ionized OH
group density (Kiselev-Zhuravlev constant) 4.9 OH/nm? 74. The Stern layer Ca’" ions thus
overscreen the silica surface charge, which is consistent for conditions on gold for the
formation of a Wigner crystal-like structure, and with results for silica particles under similar

conditions’3.

At 0.1 M CaCl,, no evidence for Wigner crystal-like structures could be identified on silica
(Fig. S4). This is likely because the Ca?* surface excess at 0.1 M is too low for ion correlations

to operate despite = > 10 for 0.1 M CaCl,. This point is expanded upon below.

Although monovalent, Cs* is a weakly hydrated cation, which is expected to favor strong
surface adsorption, facilitating AFM imaging. Indeed, AFM images of 0.35 M CsCl at pH 9
(Fig. 4e—g) show clearer features than CaCl,, corresponding to Cs* adsorption on negatively
charged silica. Strikingly, both the FFT insets in Fig. 4f and 4g, as well as the visible
arrangement of the ions in Fig. 4g, reveal square packing of Stern layer Cs™. The square packing
does not persist uninterrupted across the entire image; Fig. 4f and 4g show regions with
different symmetry axis directions converge. A square lattice Cs* packing is consistent with
the primitive cubic crystal structure of solid CsCl but the observed center-to-center distance
between Stern layer Cs* ions is 8.7 A, which is more than double the CsCl lattice constant of
4.1 A. Images for 4 M CsCl at pH 10 on silica (Fig. S5) show that this lattice persists even at
very high concentration square Cs*, with only a modest decrease in center-to-center distance

between Stern layer Cs* of 8 A.
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The images for Cs* differ from those for Ca?* in other important ways. The diameter of the
features for Cs*is 4.1 £ 0.6 A compared to 3.0 = 0.3 A for Ca?*, consistent with the larger ionic
radius of Cs*. The 4.1 £ 0.6 A feature diameter is also measurably larger than chloride which
confirms the Stern layer is Cs* enriched. The larger feature size and center-to-center spacing
means that 17 cesium ions are packed further apart and further from the surface than the smaller
Ca?" ions. The Stern layer ion (and charge) density is 3.25 Cs* ions/nm?, which corresponds to
a much lower charge density than Ca?* (8.5 charges/nm?). This is similar in magnitude to that
expected for the silica surface, and slightly greater than the 3.1 charges/nm? required for £ to
reach 10.7> Wigner crystal-like structures for 1* ions have not theoretically been predicted,
although overcharging by monovalent ions has been reported3>=¢. This result shows that
Wigner crystal-like Stern layer structures can form for 1* ions even when the surface is not

(significantly) overcharged.

The conditions and type of crystal structure adopted by Stern layer ions is expected to depend
on the counter ion charge, surface excess, and hydration, the size difference between the
counterion and co-ion, the properties of the surface, and the solid crystal structure of the parent
electrolyte. Images for 0.1 M KCl at pH 9 (Fig. S8) clearly different from that for silica in
water, confirming K* adsorption, but no obvious row directions cannot be identified and the
diffuse FFT indicate a lack of crystal order. At high magnification (Fig. S8c) there are hints of
local hexagonal close packing (indicated by the red dots on features) but this structure does not
persist over large areas. We find no evidence for Wigner crystal-like structures in KCl at
concentrations up to 1 M (the highest K™ concentration examined). The fact that Wigner
crystal-like structures can be found for Cs* but not K™ is primarily attributed to strong K*

hydration leading to weaker surface adsorption, but other factors may contribute.
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GaN

When GaN is exposed to air an oxide layer forms instantaneously, producing a hydroxylated
surface’®”’. The native oxide layer is amorphous’® due to oxidation-related surface defects and
surface reconstructions leading to atomic vacancies, lattice distortion and surface atoms
relocating or switching sites’. Because the addition of a hydroxyl group to surface Ga is
energetically favorable®?, most surface Ga atoms are hydroxylated and, as with silica, pH-
dependent protonation and deprotonation produces the surface charge. It would thus be
expected that there would be similarities between GaN and silica when imaging in DI water.
This can be seen to be true in the image of the GaN surfaces in DI water (Fig. 5a) which consists
of randomly arranged spherical features due to surface atoms on an uneven background. The
inset 2D-FFT image is diffuse as expected for an amorphous surface. However, the GaN
surface RMS roughness is ~49 pm over the 10 nm x 10 nm topography image (see Fig. S1),

which is around 3 times higher than silica.

b c d
a Water (pH 5.5 - 6) 0.1 M KCI (pH 10) 0.1 M KCI (pH 10) 0.1 MKCI (pH 10)
10 nm x 10 nm 10 nm x 10 nm

Fig. 5. AFM phase images of the solid/liquid interfaces of gallium nitride (GaN). The images are taken first in
deionized (DI) water (a). Then, the images are taken in 0.1M KCl at pH 10 (NaOH) (b—d). The 10 nm x 10 nm
image (b) is enlarged to 5 nm x 5 nm (c, corresponding to the dashed square in (b)) and 2 nm X 2 nm (d,
corresponding to the dashed squares in (¢)). Insets: Corresponding 2D-FFT images; yellow circles in the FFT
images highlight the bright spots relating to repetitive patterns of the Stern layers. Red dots in the 2 nm x 2 nm

images emphasize features aligned in a hexagonally close packed structure.
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Like gold and silica, the GaN surface when imaged in the presence of electrolyte is strikingly
different to that in water. Fig. 5b presents 0.1 M KCl on GaN at pH 10, which is far above its
isoelectric point of ~ pH 5.571:81:82 and so the surface is strongly negatively charged. A clear
HCP arrangement of circular features is visible, confirmed by the three pairs of bright spots in
the FFT images (inset). This HCP structure is also visible when enlarged to 5 nm % 5 nm (Fig.
5¢), and FFT of this higher resolution scan area produces an image almost identical to that at
larger scale. The circular features are interpreted to be K™ ions in the Stern layer of the strongly
negatively charged GaN surface®!:82, In Fig. 5b, the circular features appear 3.4 = 0.4 A in
diameter, and the average distance between K* ions from the FFT is also 3.4 = 0.5 A. This
feature size is consistent with the average feature size of K* on silica of 3.3 = 0.2 A and once
again similar to bare K* ions (3.0 A %), but much smaller than the fully hydrated K* diameter
(6.6 A 57), consistent with a dehydrated and tightly bound layer. The 5 nm x 5 nm (Fig. 5¢) and
2 nm x 2 nm (Fig. 5d) zoomed in regions more clearly show the HCP organization of the ions
within the Stern layer. The Stern layer ion (charge) density is 5.5 K*/nm?. The pH-dependent
surface charge of surface-oxidized GaN is comparable to that of titania.®* Therefore, for a rough
comparison, the surface charge density of rutile in 0.3 molal of NaCl at pH 1034 is ~ 2.25 e/nm?,

which is consistent with the K™ Wigner-crystal-like structures overcharging the GaN surface.

GaN immersed in 0.1 M CaCl, solution at pH 10 (Fig. 6¢) also yields a Stern layer with the
same HCP crystallinity, but the 2.8 + 0.4 A feature size is smaller. Similar to the case of K*,
this is consistent with a partial dehydration of the Ca®* ions. Such a high packing density of
both ions leaves no space for hydrating water molecules, which can only reside above or below

the plane of the ion centers.

Page 24 of 47



Page 25 of 47

508
509
510
511
512
513
514
515
516
517
518
519
520

521

Although packing densities of 4.5 ions/nm? and periodicity of 3.6 = 0.1 A (FFT Fig. 6¢) are
both lower for the Ca?* than K* in the Stern layer on GaN, the Stern layer charge density is
higher for Ca?* (9.1 charges/nm?) than K* (5.5 charges/nm?). This means there must be
substantial overcharging by Ca?*, requiring Cl- ions to be associated with the upper surface of

the Wigner crystal-like structure as seen for simulations of Mg?* on gold.

The distance between Stern layer Ca?* ions on GaN is smaller than on silica. This means that
the ion surface excess is higher on GaN, even though the solution concentration is lower (0.1
M vs. 0.38 M). This is attributed to GaN having a higher negative charge density at pH 10 than
silica at pH 9, so more counterions are attracted into the Stern layer. Stronger ion correlations
on GaN gives rise to better defined Wigner crystal-like structures than on silica, and explains
why the Ca?" features are smaller for GaN than silica: the volume available for Ca?" vibration

(which is what the AFM image measures®’) is reduced when the interstitial distance is smaller.
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Fig. 6. 10 nm % 10 nm AFM phase images of the interfaces between a gallium nitride (GaN) surface and various
solutions as labelled. NaOH was used to achieve alkaline pH. Insets: Corresponding 2D-FFT images for each

AFM phase image.

To put these numbers in perspective, it is useful to estimate the surface charge of GaN. While
no reported values are directly available as a function of pH and ion concentration, AFM
imaging of surfactant adsorption to GaN and related materials®?8> suggest a similar surface
charge to titania (TiO;) at pH 10. The isoelectric points and surface charging mechanisms® of
GaN and titania are similar, indicating that the pH-dependent surface charge densities of GaN
and TiO, are comparable. The surface charge density of the rutile form of titania is ~ 2.25
charges/nm? in 0.3 m NaCl at pH 10, and 1.75 charges/nm? in 0.03 m NaCl at pH 10 84 It is

reasonable to assume the surface charge density of GaN to lie between these two values. By
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comparison, the derived Stern layer charge densities for K* (5.5 charges/nm?) and Ca?* (9.1
charges/nm?) on GaN at pH 10 are at least twice as high, this means the K* Stern layer
overcharges the GaN surface so, again, chloride must be associated with the upper surface of
the Wigner crystal-like structure. For the Ca?" systems, &> 10, so Wigner crystal-like
structures of the divalent ions are expected to form. For the 0.1 M K* systems, the existence of
Wigner crystal-like structures clearly shows strong correlation, but = < 10. Therefore,
considering = also fails to predict the non-crystalline Stern layer on silica in 0.1 M CaCl, at pH
9, this parameter should only serve as an indicator rather than a determiner of whether ion
correlations operate in the Stern layer. This shows that the physical mechanism alone is
insufficient to explain the formation of Wigner crystal-like structures, and aspects of the

chemical model, especially relating to ion surface excess, may apply.

Next the effect of ion species and concentration, and the surface charge, is probed for Stern
layers on GaN. For KCI on GaN at pH 10, Wigner crystal-like structures form for 0.1 M KCl
but not for 0.01 M KCI (Fig. 6e shows an amorphous Stern layer), so the threshold
concentration for the formation of Wigner crystal-like structures lies within these two
concentrations at pH 10. Similarly, for 0.1 M KCl, Wigner crystal-like structures are observed
at pH 10 but the Stern layer is disordered at pH 9 (Fig. 6f). Some rows of aligned ions are still
observed, which leads to the weak spots in the FFT images. This means for 0.1 M KCl on GaN,
the threshold surface charge for Wigner crystal-like structures is achieved between pH 9 and

pH 10.

Fig. 6a—c shows 10 nm x 10 nm images for 0.001 M, 0.01 M and 0.1 M CacCl, on GaN at pH
10. Even for 1 mM, HCP Wigner crystal-like structures can be discerned (Fig. 6a), confirmed

by the three pairs of bright spots marked with yellow circles in the FFT insets. Images of 0.1
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mM CaCl, on GaN (not shown) have the same appearance of GaN in water. This shows the
threshold CaCl, concentration for Wigner crystal-like structures on GaN at pH 10 is between
0.1 mM and 1 mM. The presence of Wigner crystal-like structures at pH 10 in 0.01 M CaCl,
but not 0.01 M KCl is due to electrostatic attractions between charges on the GaN surface and
divalent Ca®" ions being stronger than for monovalent K*, similar to the case on the silica

surface discussed above.

Stern layers of C1- (0.11 M CI- in total: 10 mM HCI1 + 100 mM KCIl) and SO,4* (0.1 M SO4* in
total: 5 mM H,SO4 + 95 mM Na,SO,) on GaN at pH 2 are presented in Fig. 6g,h. The Stern
layers are amorphous, but notably the size difference between CI- ions (3.6 = 0.4 A) and SO,>
ions (5.2 £ 0.9 A) is clear in the phase image, and consistent with reported ion diameters of 3.6
A and 4.8 A 57, respectively. This further confirms our hypothesis that the Stern layer ions are
imaged. The lower crystallinity of the Stern layer CI- ions and SO4* ions is primarily attributed
to the lower magnitude of the positive surface charge at pH 2 than at pH 10. For the monovalent
CI- ions, the weaker electrostatics due to its lower valency may also contribute to the reduced

Stern layer crystallinity, such as for Cl- adsorption to gold at positive potentials.

Combined, the AFM results for gold, silica and GaN for a wide range of solution conditions

show that Wigner crystal-like structures only form above a threshold Stern layer ion surface

excess. Below this threshold, the Stern layers are amorphous.

Conclusions

In situ AM-AFM images have been used to reveal the structure of Stern layer ions at the

interface of electrolyte solutions with polycrystalline gold, and amorphous silica and GaN
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surfaces. When the density of ions in the Stern layer is low, unstructured Stern layers form.
However, when the density of ions in the Stern layer exceeds a system dependent threshold
value, the magnitude of lateral repulsions between Stern layer counterions is greater than
surface — counterion attractions, and the ions form Wigner crystal-like structures to minimize
repulsions. In most cases the Wigner crystal-like structures are hexagonally close packed, but
square and worm-like structures were also found. The type of crystal structure adopted by Stern
layer ions is likely affected by the properties of the surface, the size difference between the
counterion and co-ion, the counter ion charge, surface excess, and hydration, and the solid

crystal structure of the electrolyte.

Above the threshold, the charge per area of the Wigner crystal-like structures is much higher
than that of the surfaces, which means the surfaces are overcharged. This also means there must
be a significant concentration of ions (co-ions to the substrate) associated with the upper
surface of the Wigner crystal-like structure. The threshold depends on the surface charge

density and, the concentration and valence of the counterion.

Molecular dynamic simulations of the MgCl, at a gold electrode show that when sufficiently
high potential is applied to the surface ion clusters form with dimensions similar to the Wigner
crystal-like structures in the AFM images. Mg?" and CI- ions are concentrated in two separate
layers ~ 0.94 A apart (Fig. 3h) separated from the negative electrode by a water layer, which
enables Mg>*—Cl- clusters to form non epitaxially. The distance between two neighboring Mg>*
or CI- atoms in the simulation cluster is consistent with the space between the smallest features
in the AFM for the corresponding system. The of cations and anions in clusters is

approximately equal so the net charge on clusters is positive. This is therefore consistent with
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overcharging of the surface by the magnesium counterion, and the physical adsorption model

in which ion correlations lead to Wigner crystal-like structures.

Wigner crystal-like structures have been observed for gold, silica and GaN surfaces, for a
variety of ions of different sizes and valence, suggesting it is likely that Wigner crystal-like
structures naturally exist at many surfaces in electrolyte solutions. Experimental confirmation
of Wigner crystal-like structures resolves a decades-old argument between chemists and

physicists regarding the mechanism of surface overcharging in favor of the physical model.

The ability to image Stern layer ions on amorphous surfaces, and in particular the presence of
Wigner crystal-like structures for high electrolyte concentrations and surface charges,
represents a step change in our understanding of the overcharging phenomenon, and of the
nature of solid / liquid interfaces in general. The type of ions, their concentrations and the

surface potentials explored in this study reflect countless real-life systems. We therefore expect

our findings to impact across diverse fields including energy storage®6-38, biology/medicine®-%,

chemistry®81-93 engineering®-°1-%4, environmental science®>-%, and nanotechnology®®°’. For
example, for supercapacitors, a better understanding of the Stern layer can help develop
strategies to increase interfacial charge storage density®® such as by using a mixture of ions
with different sizes. For CO, reduction, a better understanding and control of the Stern layer
structure can help maximize the available surface reaction sites, and thus significantly improve
the kinetics of the process®. For ion-sensitive field-effect transistors (ISFETSs), increasingly
used as chemical and biochemical sensors, the Stern layer on the active gate area controls the
device conductivity and hence affects the sensitivity, so a better understanding of the Stern
layer can help improve their sensitivity'%. Understanding the lateral Stern layer structure could

help better regulate interactions between protein surfaces to prevent coalescence, aiding the
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development of stable protein-based pharmaceutical products in liquid form such as vaccines

and antibody drugs'?.

Experimental Section

Preparation of the GaN surface

A c-plane Ga-polar gallium nitride (GaN) sample of a thickness of ~ 2 um grown on sapphire
(0001) substrates using metal-organic chemical vapor deposition (MOCVD) acquired from
Technologies and Devices International, Inc. was used. Before the sample was used, the sample
was immersed in acetone and isopropanol at 60 °C for 5 minutes each to remove any organic
contamination on the surface and then rinsed in deionized (DI) water for 5 minutes; next, to
remove the produce a fresh native oxide layer on the GaN surface, the sample was immersed
in 32% hydrochloric acid (HCl) for 5 minutes and rinsed in DI water for 5 minutes. Prior to
each AFM experiment, the GaN surface was cleaned with detergent, rinsed with DI water,

ethanol, acetone, isopropanol and DI water again, and then dried with compressed air.

Preparation of the silica surface

A silica sample grown on a silicon wafer was sourced from Silicon Valley Microelectronics
CA, USA. The surface roughness of the wafer is 5 + 3 A. Before use, the silica surface was
immersed in concentrated NaOH solution for 5 minutes and rinsed with DI water. Prior to each
AFM experiment, the silica surface was cleaned with Odetergent, rinsed with DI water, cleaned
in a UV/ozone cleaner for ~ 15 minutes, rinsed with ethanol and DI water again, and then dried

with compressed air.

Preparation of the gold surface
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Au(111) films of a thickness of 300 nm deposited on mica substrates with atomically smooth
surfaces were purchased from Georg Albert PVD — Beschichtungen, Germany. Prior to each
AFM experiment, the gold surface was cleaned in a UV/ozone cleaner for ~ 15 min, rinsed
with ethanol and DI water, and dried with compressed air. An electrode is attached to the gold
surface using MG Chemicals silver conductive epoxy adhesive 8331 so that the surface is also

used as a working electrode during AFM imaging.

AFM experiments

AFM imaging in this work was achieved using a Cypher VRS system (Asylum Research,
Oxford Instruments, USA) with a liquid perfusion cantilever holder and a heater-cooler sample
stage. Silica AFM probes FS-1500AuD (Asylum Research, USA) and Arrow UHFAuD
(NanoWorld, Switzerland) with spring constants ranging between 5 and 11 N/m were used at
resonance frequencies ranging from ~ 300 kHz to ~ 600 kHz in aqueous solutions. Diamond
AFM probes (Adama Super Sharp AD-2.8-SS, Ireland) with spring constants around 1.7 N/m
were used at the second eigenmode (~ 110 kHz). The cantilevers were calibrated using the

thermal method!°!.

For the AFM experiments with a gold surface, a simple electrochemical cell was built based
on the Cypher perfusion cantilever holder: the gold surface acted as the working electrode; a
platinum wire was fed through the liquid exchange ports on the liquid perfusion cell and acted
as the counter electrode and pseudo-reference electrode. The AFM experiments were
conducted within the electrochemical window of the liquid, so no appreciable current was

observed.

Page 32 of 47



Page 33 of 47

682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705

706

Prior to each AFM measurement, the AFM probe was cleaned using a UV/ozone cleaner for ~
10 minutes; the cantilever holder was cleaned with ethanol and DI water and then dried with
ultra-high-purity nitrogen. 40 — 80 pL of the liquid to be tested are added to the AFM tip and
the surface so that the tip and the surface are fully immersed in the liquid. After a liquid is
added to the system, the AFM was left for at least 20 minutes to reach thermal equilibrium.

Then, AFM images of the Stern layers were captured.

All the high-resolution AFM images presented were captured in amplitude modulation (AM)
mode with the cantilever and the sample surface immersed in aqueous solutions at 25 °C. In
AM mode, the AFM cantilever was excited photothermally and oscillated. Free amplitude (4)
is an amplitude at which the AFM tip oscillates near its resonance frequency in the liquid with
no influence from the surface. 4, can be adjusted by the user through a drive amplitude which
controls the intensity of the laser exciting the AFM cantilever. The tip gradually approaches
the surface, causing the oscillating amplitude of the cantilever to decrease due to tip—surface
interaction until reaching a user-defined working amplitude (4) at which the AFM images are
captured. The 4/A, ratio was kept between 0.4 and 0.6. At a higher 4/4 ratio, the tip—surface
distance is too great, and the force applied on the tip is insufficient to capture the Stern layer
structure at an acceptable resolution; at a lower A4/4 ratio, the tip displaces the adsorbed ions
with high force, and the bare sample surface is imaged®?. At an extremely low 4/4, ratio, the
tip will be almost in contact with the surface, resembling contact-mode imaging.
Representative images are presented in the article. All the images have been treated with the
Gwyddion software using the following series of data processing operations: level data by
mean plain subtraction, align rows using polynomial (degree 3), remove polynomial
background (horizontal and vertical polynomial degrees 3) and then adjust the color range with

tails cut off.
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Supporting Information

The Supporting Information is available free of charge at [URL].

Simulation details; Further details on AFM phase and topography images; Further details on
AFM images acquired with different AFM probes and different solvents; Discussion on the
role of solvent in ion adsorption; Details on the surface excess and percentage by volume of

adsorbed ions; Supplementary AFM images; Simulation setup and results (PDF)
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Supplementary Notes

Supplementary Note 1. Simulation Details

Two types of molecular dynamics (MD) simulations were conducted to explore the underlying
mechanism of ionic cluster formation and confirm the experimental findings.

a. MD simulations with non-polarizable force field

First, two (111) gold facets with lateral dimensions of 6 nm x 6 nm and thickness of ~ 1.4 nm
were placed ~ 8 nm apart (see Fig. S16). 9000 flexible SPC water molecules (SPC/Fw)* were
then added to the simulation box in such a way so that half of them occupy the region between
the plates. The Mg?* and CI- ions required to reach specific MgCl, concentration were then
added to the simulation box with the same number of ions inside and outside the region between
plates (Fig. S16). Interactions between gold atoms and water were calculated through the non-
polarizable interface forcefield parameters for gold?. After an energy minimization of several
hundred steps, several short equilibration runs of 1000 steps were conducted under the NPT
ensemble to reach an equilibrated water density and eliminate large variations along the length
of the simulation. Then, the main equilibration sequence was conducted, consisting of a 10 ns
simulation, prior to the main simulation where electric potentials are applied. The potential was
imposed between the gold plates as a constant (DC) electric field (see Fig. S16). Each time step
of the equilibration and simulation represents 1 fs. All the simulations were carried out at
temperature and pressure of 310 K and 1 atm respectively employing a Nose-Hoover
thermostat and barostat. The long-range electrostatic interactions were calculated through the
PPPM method with an energy tolerance of 1e-4 3. Some control simulations were run for 200
ns after the equilibration phase to ensure minimal evolution of the system with the results
showing the formation of clusters as large as 20 ions at the interface in the expense of the

number of smaller clusters. All the analysis was conducted with bespoke python routines



(freely available on GitHub?) aimed as quantifying ionic clusters at the interface and in the bulk
liquid. Two adjacent ions were counted as part of a same cluster if their center-to-center
distance is less than 4.147 A, 35% more than the van der Waals radius for Mg-Cl interactions.
The distinction between interfacial and bulk clusters was achieved using a threshold distance
from the gold surface: any clusters with at least one ion within 5.5 A of the surface was counted
as interfacial. The threshold of 5.5 A was chosen based on the location of first peaks for Mg®*
and CI layers under 4 V (see Fig. S3a). The details of each simulation including the number of
atoms, number of ions, number of water molecules, average MgCl, concentration, applied

voltage and length of simulation are summarized in the Table S1.

Table S1. Details of the simulations done in the current study.

MgCl; Electric field Gold Simulation Number of
Mg?* CI Total time (ns)
concentration (mV/A) voltage (V) time (ns) simulations
0 0 10 3 30
25.54 2 10 3 30
2.85 (M) 462 924 51.09 4 10 3 30
255.43 20 10 3 30
51.09 4 210 1 210
0 0 10 3 30
0.71M 116 232 51.09 4 10 3 30
255.43 20 10 3 30
1.425M 230 460 51.09 4 10 3 30
0.175M 30 60 51.09 4 10 3 30
Accumulated simulation time (ns) 480




b. MD simulations with fluctuating changes on the gold surface

Classical MD simulations at a fixed potential difference of 0, 1, 2, and 4 V were performed
with the MetalWalls code®. The system was made of 9000 H.O molecules, 462 Mg?* ions and
924 CI" ions in between two Au(111) electrodes, each with 3528 atoms distributed in 7 planes.
A representative snapshot of the system is shown in Fig. S17. The force field parameters were
the same as the ones used for the MD simulations with non-polarizable force field. In addition
to the Lennard-Jones, gold atoms were modelled using Gaussian charge distributions, with

Gaussian width of 1.17 A according to °.

The system was simulated in the NVT ensemble with a timestep of 1 fs, for a total of 13 ns.
The Nosé-Hoover thermostat chain was used with a time constant of 0.5 ps to maintain a
temperature of 298 K. 2D periodic boundary conditions were employed, with no periodicity on
the direction normal to the Au surface. The electrode charges were calculated at each time step
using a matrix inversion method to enforce both the constant applied potential between the two
electrodes and the electroneutrality constraints on the charges. The first 3 ns (until the total
charge on the electrode reaches a plateau, as shown in Fig. S17) were considered as

equilibration, followed by 10 ns production.



Supplementary Note 2. AFM phase and topography images

In this study, AFM phase images and topographical images are used to show adsorbed ions, as
is a common practice for similar studies presenting high-resolution AM-AFM images’°. In
particular, phase images show the subtle changes in the compliance of the imaged surface!!:
dark and bright spots on a phase image indicate relatively compliant and non-compliant spots
on the surface, respectively. Occasionally, the atoms on sample surfaces and the surface-
adsorbed ions may not differ significantly in height due to the small scale of atoms/ions, but
the surface and the ions may present different mechanical properties which can cause a phase
shift for the AFM tip, and ion adsorption can then be uncovered in the phase images. Therefore,
phase images are shown in the main article below, while topography images are included as
supplementary figures to support the phase images. For the systems imaged in this study, scan
sizes of both 5 nm x 5 nm and 10 nm x 10 nm were captured. Images of one size are presented
in the main article below and images of the other scan size are presented as supplementary
figures. The images features scale correctly to the scan size, suggesting that the features are

real and not artifacts or noise.



Supplementary Note 3. AFM images acquired with different AFM probes and different
solvents

To further confirm the reproducibility of the AFM results and exclude the effect of AFM tips
on the results, Figs. S8-S11 compare AFM images of Stern layers acquired with AFM tips with
different coatings (silica and diamond) for various ions on gold and silica surfaces. Also, Fig.
S12 presents AFM images of the Stern layers at gold/KCI solutions interfaces with water or
dimethyl sulfoxide (DMSO) as the solvent. Only gold surfaces were used to avoid the complex
determination of solution pH with a non-water solvent. The images features are in broad
agreement when different tips or solvents are used. That is, the crystallinity of Stern layers is
retained at high ion concentrations and high surface charge. There are subtle differences
between images acquired in water and in DMSO due to the different ion hydration states. This

will be explained further in Supplementary Note 4.



Supplementary Note 4. Role of solvent in ion adsorption

As discussed in the main article, a hydration network may facilitate ordered ion adsorption®®.
To further explore this mechanism, we conducted a set of experiments comparing the
adsorption of a moderate concentration of K* in different solvents, namely water and dimethyl
sulfoxide (DMSO), to a gold surface with adjustable surface potential (see Methods). Fig. S12

presents the results.

At open-circuit potential (OCP), a negligible number of K* ions from the aqueous solution
adsorb to the gold surface, as evidenced by the almost featureless image of the surface. In
contrast, in DMSO, despite a slightly lower ion concentration, spherical features corresponding
to adsorbed K* ions can be observed. The features (0.5 — 0.8 nm in diameter) may seem very
large for K* ions (0.3 nm in diameter for bare ions'?). This is most likely due to the low
magnitude of surface potential causing a weak electrostatic attraction which in turn means the
adsorbed ions can move relatively freely. In the case of aqueous solution, the K* ions may
adsorb as hydrated ions, whose size (0.66 nm in diameter®) is comparable to the image features.
The AFM tip, which is relatively slow compared to the ion movement, captures the average
position of the ions4, so the imaged ions appear larger than the real ion size. The difference
between the adsorption features for the aqueous solution and the DMSO solution is most likely
resulted from the different hydration statuses for the K™ ions. In the aqueous solution, the K*
ions are hydrated, and the loosely adsorbed hydrated ions are easily displaced by the AFM tip.
In comparison, without a hydration shell in the DMSO solution, the K* ions are able to be
closer to the surface and be more strongly attracted to the surface, and thus less likely to be

displaced by the AFM tip.



When the surface is negatively biased, attracting a significant number of K* ions, however, the
adsorbed K* ions appear clearer and more densely packed in the aqueous solution than in
DMSO. This indicates that the ion adsorption is stronger in the agueous solution at this negative

surface potential.

The difference in the relative amount of ion adsorption at different surface potentials may seem
surprising at first glance, considering the hydration status of the individual ions in both solvents
remain mostly unchanged: K* ions are mostly likely adsorbed to the surface in an outer-sphere
configuration in the aqueous solution and without a hydration shell in DMSO. Therefore, there
must be more influencing factors. And the greater surface excess increase in the aqueous
solution than in DMSO with increasing surface potential magnitude is most likely to be caused
by the different global hydration landscapes for the two solvents. The DMSO is aprotic and
lacks a bulk structure such as a hydrogen bond network. As a result, the dehydrated K* ions
adsorb to the gold surface almost via electrostatic attractions alone, and there is negligible
solvent-mediated correlation of the surface adsorbed ions. On the contrary, in the aqueous
solution, water molecules can drive a more attractive correlation between neighboring ions,
and hence a hydration network can stabilize more ions at the same surface potential'?, causing

a higher surface excess with a significant amount of initial ion adsorption.



Supplementary Note 5. Surface excess and percentage by volume of adsorbed ions

To characterize the ion adsorption more quantitively, the surface excess and percentage by
volume for the adsorbed ions were calculated. Unlike highly smooth surfaces commonly used
for AFM studies such as mica and calcite, GaN and silica surfaces are not atomically flat. As a
result, determining adsorbed ions on an image with undulating surface structures is difficult.
To address this issue, for the calculation of surface excess of ions, three 2 nm? square-shaped
regions with relatively small height variation and clear surface features are chosen for each
liquid system, and the adsorbed ions in the areas are counted as a representation of ion
adsorption on the whole surface. In Figs. S9 and S10, adsorbed ions are marked using red
circles with size corresponding to the dehydrated ion size. The bright features are counted as
adsorbed ions because they are consistent with the bright (raised) features in the height images
(Figs. S1-S5), and the feature sizes broadly match the diameters of dehydrated ions. Only
globular features that can fill a circle are counted as adsorbed ions. Imperfect features are
unlikely to be the result of ion adsorption, since the images presented in this study are the
representative images with the best imaging quality among tens of images acquired across
different experiment days. For example, the ion counts within the three selected 2 nm? areas in
Fig. S9(a) are 4, 4 and 5, respectively. This method may result in a slight overestimation of the
surface excess, because surface regions with no ion adsorption due to a lack of charged sites
and/or surface hydrophobicity may be underrepresented in the selected areas. However, this
potential error is minimized through averaging the results for the three different regions.
Therefore, the surface excess values deduced from the AFM images here should serve as a
good indication of the surface charge and the density of surface-adsorbed ions. The values of
ion count per 2 nm? are converted to surface excess values. For example, for an ion count per

2 nm? area of 9:



1
surface excess = ion count /nm? X —

Ny
1 (10°)2 nm?  10° pmol
=9/2nm 2 X X X
/2 nm 6.02 X 1023 /mol m? mol
= 7.5 umol/m?

Table S2 summarizes the calculation results. The results show that as the ion concentration
increases exponentially, the surface excess of adsorbed ions also increases exponentially, but
by a different factor. For example, for GaN, at pH 10, when the CaCl, concentration increases
from 1 mM to 10 mM and from 10 mM to 100 mM, the surface excess of adsorbed Ca?* ions
increases by 1.32 and 1.38 times, respectively. This trend is consistent with previous reported
surface excess data measured with potentiometric titrations®. The result also shows that when
the pH is reduced from 10 to 9, thus reducing the negative surface charge, the surface excess

of adsorbed K* ions decreases significantly by ~ 40%.

Table S2. Summary of quantitative analysis of images for GaN and silica.

lonic strength  Imaged Surface excess lon
Surface Solution pH
M ions /(umol/m®)  diameter/nm
10 mM KCI +
10 0.010 3.6+05
0.1 mM NaOH
100 mM KCI + .
10 0.10 K 6.9+1.0 0.30
0.1 mM NaOH
100 mM KCI +
GaN 9 0.10 42+0.8
0.01 mM NaOH
1mM CaCl,+0.1
10 0.0030 44+05
mM NaOH -
Ca 0.23
10 mM CaCl, +
10 0.030 5.8+0.8
0.1 mM NaOH

10



100 mM CaCl, +

10 0.30 8.0£0.5
0.1 mM NaOH
100 mM KCI +
2 0.11 cl 3.6x05 0.36
10 mM HCI
95 mM Na,SO, + )
2 0.30 SO, 2805 0.48
5mM H,SO,
0.10 M KCI+
9 0.10 3.3+x0.8
NaOH
0.20 M KCI+ .
9 0.20 K 4.2 0.30
NaOH
1.0 M KCI+
NaOH
0.10 M CaCl, +
9 0.30 5.0£0.8
NaOH 24
Ca 0.23
0.38 M CaCl, +
9 1.14 6.6 +1.7
NaOH

11

ions in the Stern layer is significantly higher than in the bulk solution.

For the systems showing crystalline ion adsorption, their bulk solution concentrations may
seem surprisingly low for causing such ordered ion adsorption, but as counterions are

concentrated near the surface in an electrical double layer?®, the concentration of the adsorbed

This effect of ion valency on the surface excess is also reflected by anion adsorption. The
surface excess of SO4% is only slightly lower than CI- (Table S1). However, CI" is monovalent,
while SO4% is divalent. More accurately, in 5 mM H2SO4 + 95 mM Na2SO4, HSO4™ behaves as
a weak acid, and all the H* ions should be bound with either the GaN surface or SO4> ions
under the experimental condition’. As a result, on average, each SO+ ion carries at least 1.9
elementary charges for this system. Therefore, the result indicates that at the same pH, more

negative charges adsorb to the GaN surface from divalent SO4? than from monovalent CI,



meaning that there is a stronger attraction between the GaN surface and SO4% ions at the same

pH and similar anion concentrations.
Similar to GaN, the surface excess of adsorbed ions increases with increasing ion concentration

for both K* and Ca?* (Table S2). However, this increase is not linear, likely because the surface

is almost fully neutralized by counterions at such high solution concentrations.
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Supplementary Figures
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Fig. S1. AFM topography and phase images of the interfaces between a gallium nitride (GaN) surface

and various liquid systems as labelled. The deionized (DI) water was saturated with CO,and has a pH

5.5. NaOH was used to adjust solution pH.
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10 nm x 10 nm 5nm x 5nm 5nmx5nm
topography

0.001 M CaCl,
(pH 10)

0.01 M CaCl,
(pH 10)

0.1 M CaCl,
(pH 10)

Fig. S2. AFM topography and phase images of the interfaces between a gallium nitride (GaN) surface

and CacCl, solutions at different concentrations as labelled. NaOH was used to adjust solution pH.
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10 nm x 10 nm 5nm x 5nm 5nm x5 nnm
topography

10 mM HCI +
100 mM KClI

5 mM H,SO, +
95 mM Na,SO,

Fig. S3. AFM topography and phase images of the interfaces between a GaN surface and two liquid

systems showing anion adsorption as labelled.
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Fig. S4. AFM topography and phase images of the interfaces between a silica surface and various
liquid systems as labelled. The deionized (DI) water was saturated with COzand has a pH of ~ 5.5.

NaOH was used to adjust solution pH.

10 nm x 10 nm 5nm x 5 nm 5nm x 5 nm
topography topography phase

0.35 M CsCl
(pH 9)

4 M CsCl
(PH 9)

Fig. S5. AFM topography and phase images of the interfaces between a silica surface and 0.35 M as
well as 4 M systems as labelled. The deionized (DI) water was saturated with CO.and has a pH of ~

5.5. NaOH was used to adjust solution pH.
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10 nm x 10 nm 5nm x 5 nm 5nm x5 nm
topography topography

Fig. S6. AFM topography and phase images of the interfaces between a gold surface and deionized

(DI) water as labelled. The DI water was saturated with CO;and has a pH of ~ 5.5.
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Fig. S7. 10 nm x 10 nm AFM phase images of the interfaces between a gold surface and MgCl.

solutions at various concentrations as labelled. No acids or bases were added to the MgCl; solutions to

adjust the solution pH. OCP: open circuit potential.

Fig. S8. AFM phase images of the interface between silica and 0.1 M KCI. Insets: 2D-FFT images of
the corresponding images. Red dots in the 2 nm x 2 nm images show features partially aligned in a

hexagonal structure.
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g 10 mM HCI + h 5mM H,SO, +
95 mM Na,SO,

Fig. S9. 5 nm x 5 nm AFM images of the interfaces between a gallium nitride (GaN) surface and
various liquid systems as labelled. The red squares correspond to the 2 nm? regions where adsorbed
ions are counted. The red circles indicate adsorbed ions, and the circle sizes are scaled according to

the diameters of dehydrated ions.
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Fig. S10. 5 nm x 5 nm AFM images of the interfaces between a silica surface and various liquid
systems as labelled. The red squares correspond to the 2 nm? regions where adsorbed ions are
counted. The red circles indicate adsorbed ions, and the circle sizes are scaled according to the

diameters of dehydrated ions.

22



OCP + 0.3V

OCP - 0.3V

OCP

topography

silica tip

topography

diamond tip

_ wb

4ol .r Al A

W'y

phase

ip

.

silica t

phase
diamond tip

interfaces between a gold surface and 0.35 M MgCl. at

Fig. S11. 10 nm x 10 nm AFM images of the

1500) and a diamond

various surface potentials captured using a silica AFM tip (Asylum Research FS

tip (Adama Super Sharp) as labelled. No acids or bases were added to the MgCl, solution to adjust the

solution pH. OCP: open circuit potential.
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Fig. S12. 5 nm x 5 nm AFM images of the interfaces between a gold surface and 0.35 M MgClI; at
various surface potentials captured using a silica AFM tip (Asylum Research FS-1500) and a diamond
tip (Adama Super Sharp) as labelled. No acids or bases were added to the MgCl, solution to adjust the

solution pH. OCP: open circuit potential.
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Fig. S13. 5 nm x 5 nm and 10 nm x 10 nm AFM phase images of the interfaces between a gold
surface and 1.0 M CsCl aqueous solution at various surface potentials captured using a silica AFM tip
(Asylum Research FS-1500) and a diamond tip (Adama Super Sharp) as labelled. No acids or bases

were added to the KCI solution to adjust the solution pH. OCP: open circuit potential.
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Fig. S14.5 nm x 5 nm and 10 nm x 10 nm AFM phase images of the interfaces between a silica
surface and 1.0 M KCI at pH 9 (NaOH) captured using a silica AFM tip (Asylum Research FS-1500)

and a diamond tip (Adama Super Sharp) as labelled.
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Fig. S15. 5 nm x 5 nm and 10 nm x 10 nm AFM phase images of the interfaces between a gold
surface and KCI dissolved in water and DMSO at various surface potentials captured using a silica
AFM tip (Asylum Research FS-1500) as labelled. No acids or bases were added to the KCI solution to

adjust the solution pH. OCP: open circuit potential.
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Initial Voltage

Z-coordinate

Fig. S16. Details of the simulation setup: (a) the simulation box containing two gold plates and

various concentrations of MgCl, solvated in SPC/Fw water molecules; (b) the interfacial region

defined as 5.5 A above and beneath each gold plate with the arrow indicating the gold surface from

which the snapshots were taken for Fig. 3; (c) voltage (when applied to the system) vs. Z-coordinate

profile.
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Fig. S17. Details of the setup for the MD simulations with fluctuating charges in the gold electrodes:
(a) the simulation box containing two gold plates and a 2.87 M MgCl; solution (SPC/F used for water
molecules); (b) time evolution of the total charge on the negative electrode for an applied potential

difference of 0 V (black), 1 V (red), 2 V (green) and 4 V (blue).
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Fig. S18. Computer simulations with fluctuating charges in the gold surface for the 2.85 M MgCl;
solution (see Supplementary Note 1). (a) Density profiles in the direction perpendicular to the
electrode (vertical coordinate z) for various applied voltage: water (top), Mg?* ions (middle) and CI-
(bottom). Negative and positive electrodes are shown in the left and right panels, respectively. (b) MD
snapshot for the 4V simulation, with Mg?* ions in purple and CI-ions in green. The ionic clusters are

highlighted by black circles.
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Fig. S19. Simulation results for the 0.71 M MgCl. solution under various electric potentials.

Simulation snapshots of the interface (defined here as the 7 A from the gold surface) with (a) 0 mV/A,

(b) 51.09 mV/A, and (c) 255.43 mV/A. lonic clusters are shown with black circles. (e) The

interface/bulk concentration ratio for clusters formed in the interface to the bulk for 0.71M MgCl,

solution showing an increase for all the cluster sizes illustrating that the cluster formation is enhanced

in the interface. (f) The life span of clusters formed in the interface shows that higher voltage leads to

the formation of more stable clusters in the cluster size range studied here. For comparison, the same

data as (e) and (f) is given in (g) and (h) for the 2.85 M MgClI; solution. Larger clusters form stably in

the higher ionic concentration, but the voltage-induced extension of the cluster’s life span is less

obvious (although still visible for clusters made of 3 and 5). This is because 2.85 M MgCl.

representing 50% of the salt saturation concentration, more clusters form naturally also in the bulk,

making statistics less clear for intermediate voltages/durations.
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Fig. S20. Simulation results for the MgCl; solutions with various ionic concentrations under a 51.09
mV/A electric field. Interfacial ionic clusters can form at concentrations lower than 2.85 M . The
simulation snapshots (a) of the interface defined as the 7 A distance from the gold plate for various
solutions. (b) The number of clusters with various sizes in the interface and the bulk showing the
cluster formation at lower ionic concentrations showing requirement of minimum ionic concentration
for cluster formation. The cluster numbers have been scaled according to the ratio of the bulk

concentration to the bulk concentration of 2.85 M MgCl. solution.
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Fig. S21. Time evolution of the number of clusters with various sizes formed in the 5.5 A interface.
The clusters are stable for (a) 2.85 M and (b) 0.71 M solutions of MgCl. under various external fields.
(c) The time evolution of the clusters formed in the interface suggests that even for the lower voltage
of 51.09 mV/A larger clusters made of 9 and 10 ions can form in the expense of lower number of
smaller clusters (210 ns vs. 10 ns). For longer simulations even the formation of clusters as larger as
20 ions was observed. This is consistent with the idea of nucleation and growth of ionic clusters at the

interface. Longer simulation runs are however costly and the associated statistics are limited.
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Fig. S22. Statistic of the lifespan of interfacial ionic clusters as a function of ionic concentration. Data
from three simulations with a different seed number are shown in each panel (three base colors). For
each simulation the lifespans of ten clusters with longest lifespan are shown with different shades of

the base color. Lifespans of clusters formed in (a) 2.85 M and (b) 0.71 M MgCl; solution under

different electric fields show an increase in the cluster life with increasing the electric field. (c)

Average lifespan for four clusters with highest lifespan. At 0.71 M, increasing the field from 0 mV/A
to 255.43 mV/A leads to an increase in the lifespan of all the cluster sizes while at the higher ionic

concentration of 2.85 M the lifespan of clusters made of 3 and 5 ions increases with the similar

increase in the
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Fig. S23. Statistics of the lifespan of clusters formed in the bulk of the MgCl; solution, between gold
plates. Data from three simulations with a different seed number are shown in each panel (three base
colors). For each simulation the lifespans of ten clusters with longest lifespan are shown with different
shades of the base color. (a) Clusters in the 2.85 M MgClI; solution show an increase in lifespan under
electric fields. (b) Lifespans of clusters formed in the of 0.71 M MgCl., shows no effect of electric

field on the lifespan of the clusters. (c) Average lifespan for four clusters with longest life.
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