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ABSTRACT: The screening of surface charge by dissolved ions at solid-liquid interfaces—in the region of interfacial fluid known 
as the electrical double layer (EDL)—plays a recurrent role in surface science, from ion adsorption to colloidal mechanics to the 
transport properties of nanoporous media. A persistent unknown in theories of EDL-related phenomena is the structure of the Stern 
layer, the near-surface portion of the EDL where water molecules and adsorbed ions form specific, short-range interactions with 
surface atoms. Here, we describe a set of synchrotron X-ray reflectivity (XRR) experiments and molecular dynamics (MD) simula-
tions carried out in identical conditions, for a range of 0.1 M alkali chloride (Li-, Na-, K-, Rb-, or CsCl) solutions on the basal sur-
face of muscovite mica, a mineral isostructural to phyllosilicate clay minerals and one of the most widely-studied reference surfaces 
in interfacial science. Our XRR and MD simulation results provide a remarkably consistent view of the structure and energetics of 
the Stern layer, with some discrepancy on the fraction of the minor outer-sphere component of Rb and on the adsorption energetics 
of Li. The results of both techniques, along with surface complexation model (SCM) calculations, provide insight into the sensitivi-
ty of water structure and ion adsorption to surface topography and the type of adsorbed counter-ion. 

INTRODUCTION 

The electrical double layer (EDL) at solid-water interfac-
esthe layer of interfacial water and electrolyte ions that 
screen surface chargeis a ubiquitous feature of natural and 
engineered systems containing water and colloids, nanopar-
ticles, or nanopores. It plays important roles in 
nanofluidics,1,2 nanofiltration,3 molecular biology,4,5 colloi-
dal mechanics,6,7 catalysis,8 cement degradation,9 aquatic 
geochemistry,10,11 the phase transitions of water near solid 
surfaces,12 and the poro-mechanics and transport properties 
of soils and sedimentary rocks.13,14 

The EDL is often conceptually subdivided into two re-
gions: a Stern layer located within two water monolayers (~6 
Å) of the interface in which ions adsorb as inner- and outer-
sphere surface complexes (ISSC, OSSC) and a diffuse layer 
located beyond the first two water monolayers in which a 
diffuse cloud of ions screens the remaining uncompensated 
surface charge.15,16 The diffuse layer has been extensively 
studied and is relatively well understood: there, water has 
bulk-liquid-like properties17–20 and the distribution of ions is 
consistent with the Poisson-Boltzmann equation with correc-
tions for specific ion-ion interactions.16,21,22 Detailed under-
standing of the Stern layer remains more elusive,6,23–26 be-
cause the behavior of water and ions in this layer can be 
exquisitely sensitive to details of the surface topography, 
surface charge distribution, ion-ion correlations, and interfa-
cial hydrogen bonding arrangement.26–29 

The major challenge in developing a predictive under-
standing of the Stern layer is the difficulty of characterizing 

with Å-scale resolution the inter-related distributions of 
water molecules and electrolyte ions within 1 nm from a 
solid surface. Experimental studies of the EDL structure 
have relied extensively on indirect or aggregate measures 
such as co-ion exclusion,15 electrokinetic,30 
electrochemical,16 and second harmonic or sum frequency 
generation (SHG/SFG) measurements,31 the interpretation of 
which is sensitive to the choice of EDL model. The EDL 
structure also has been examined using high-resolution me-
chanical measurements including surface force apparatus 
(SFA),23,32 three-dimensional scanning force microscopy,33 
atomic force microscopy (AFM),26,29 and frequency-
modulated atomic force microscopy (FM-AFM) measure-
ments.34–36 Unfortunately, the EDL features revealed by 
these techniques are inherently disturbed by the measure-
ment, particularly at very short (< 1 nm) distances from the 
surface.24,37 

Direct, non-invasive measurements of the EDL structure 
have been achieved using synchrotron X-ray techniques 
including the combination of X-ray reflectivity (XRR) and 
resonant anomalous XRR (RAXR)38–41 and X-ray standing 
waves (XSW).21,42–44 Resonant anomalous XRR, in particu-
lar, has played a key role over the last decade in revealing 
sub-Å-scale resolution views of the vertical density distribu-
tions of certain electrolyte ions (e.g., Rb+, Sr2+) adsorbed at 
the negatively charged surfaces of mica,25,38,45,46 quartz,47 and 
rutile.48 

Concurrently with the experimental studies highlighted 
above, molecular dynamics (MD) simulations have emerged 
as a useful tool for predicting the distribution and dynamics 
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of ions and water molecules on charged surfaces.19,49–52 Mo-
lecular dynamics simulations are well suited for examining 
EDL properties, because they probe the range of length and 
time scales (up to tens of nanometers and hundreds of nano-
seconds) on which the behavior of individual molecules 
gives rise to collective structure and dynamics near charged 
surfaces.  Molecular dynamics and ab initio MD simulations 
powerfully complement synchrotron X-ray techniques by 
providing an atom-by-atom view of the time- and space-
averaged coordination structures revealed by X-rays.50,53,54 
Comparisons of XRR and MD simulation results have the 
potential to help quantify the accuracy of both techniques: in 
the case of MD simulations, the main source of uncertainty 
is the choice of inter-atomic potential parameters;55,56 in the 
case of XRR analyses, challenges are associated with the 
finite resolution of the experimental measurement, the diffi-
culty of creating atomically smooth surfaces, and the chal-
lenge of interpreting XRR data in the context of atomic-scale 
density profiles due to the phase problem of crystallog-
raphy.57 To date, few direct comparisons of XRR and MD 
simulation results have been carried out, so that the absolute 
accuracy associated with each technique has not been quanti-
tatively assessed through stringent cross-validation of the 
two methodologies.49,56,58–61 

Here, we present new MD simulation and XRR results on 
the structure of the EDL formed by alkali chloride solutions 
on the basal surface of muscovite mica, an atomically-
smooth surface isostructural to many clay minerals62 and 
widely used as a reference system in interfacial 
science.26,32,34,50,63–65 Our MD simulations were carried out 
using inter-atomic potential parameters known to accurately 
describe the structure and dynamics of water and ions in clay 
and silica nanopores.55,56,66–69 Synchrotron XRR measure-
ments were carried out at the Advanced Photon Source 
(APS) using well-established methodologies.25,46 Our exper-
imental and simulation results were obtained at identical 
conditions, namely for 0.1 M MCl aqueous solutions (M = 
Li, Na, K, Rb, or Cs) on the basal surface of muscovite mica 
at ambient conditions. The present study, to our knowledge, 
is the first to show that MD simulations can accurately pre-
dict XRR data for ion adsorption at charged mineral-water 
interfaces. Our results provide a detailed view of the struc-
ture of the Stern layer at mica-water interfaces and its de-
pendence on the type of adsorbed cation. 

METHODOLOGY 
Molecular dynamics (MD) simulations were carried out on 

the supercomputers at the National Energy Research Scien-
tific Computing Center (NERSC) using the code 
LAMMPS.70 Briefly, we simulated a 60-Å thick slab of mica 
in contact with a 120-Å thick slab of liquid water in a 52.1 × 
45.2 × 180.0 Å3 simulation cell with periodic boundary 
conditions (Fig. 1). A muscovite mica crystal of the 2M1 
polytype with unit cell formula KAl2(Si3Al)O10(OH)2 was 
constructed based on neutron diffraction data.71 Isomorphic 
substitutions of Si by Al were randomly distributed in the 
mica structure with the constraint that substitutions did not 
occur in neighboring tetrahedra. Interatomic interactions 
were described using the SPC/E water model,72 the CLAYFF 
model for mica,73 and the Dang model of chloride and alkali 
metal ions.74,75 Interatomic interactions were resolved in real 
space up to a distance of 12.0 Å. Long-range Coulomb inter-
actions beyond 12.0 Å were resolved in reciprocal space 

using the particle-particle/particle-mesh (PPPM) technique 
with an accuracy of 99.99 %. The mica slab was modeled as 
a rigid entity with the exception of structural H atoms and 
interlayer K ions. The number of water molecules in the 
simulation cell was such that pressure equaled zero in the 
bulk-liquid-like water region in the simulation with adsorbed 
Na. Each system was equilibrated for 2 ns, and then simulat-
ed for 10 ns with a 1 fs time step in the NVT ensemble at T = 
298 K. 

 

Figure 1. Snapshot of our MD simulation of a 0.1 M NaCl 
solution in contact with mica. Atoms in the mica structure are 
shown as yellow (Si), pink (Al), red (O), white (H), and light 
blue spheres (K). Water molecules are shown as transparent red 
and white sticks. Ions are shown as dark blue (Na) and orange 
spheres (Cl). 

In addition to our standard MD simulations, we used the 
thermodynamic integration (TI) technique to examine the 
energetics of cation exchange at the mica-water interface.76,77 
Briefly, our TI calculations consisted in modeling a Cs-
bearing mica at zero ionic strength (no chloride co-ions). 
Then, we slowly morphed the adsorbed Cs ions into Rb, K, 
Na, and eventually Li by linearly adjusting their Van der 
Waals interatomic potential parameters in a series of 75 
small transformations. Each small transformation step was 
followed by 0.2 ns of equilibration and 0.8 ns of simulation 
in the NPzT ensemble at T = 298 K and Pz = 0 bar. The free 
energy change associated with each small transformation 
was calculated using established methodologies as described 
in the Supporting Information (SI). The resulting free ener-
gies (∆F) are not strictly equivalent to measured Gibbs free 
energies (∆G), because our TI simulations were carried out 
in the NPzT ensemble (constant pressure in the z direction, 
but fixed simulation cell size in the x and y directions). Nev-
ertheless, our predicted values of ∆Faq

Cs/Rb = -26.6 ± 0.2 kJ 
mol-1, ∆Faq

Cs/K = -42.5 ± 0.3 kJ mol-1, ∆Faq
Cs/Na = -113.4 ± 0.9 

kJ mol-1 and ∆Faq
Cs/Li = -242.8 ± 1.4 kJ mol-1 are close to the 

experimental values of ∆Gaq
Cs/i (-25, -45, -115, and -225 kJ 

mol-1, respectively)78 except in the case of Li. 
X-ray reflectivity measurements were carried out at beam-

line 6-ID-B, Advanced Photon Source (APS), Argonne Na-
tional Laboratory. Gem-quality muscovite crystals (Ashe-
ville-Schoonmaker Mica Company) in a dimension of 25  
25  0.2 mm3 were cleaved using tape to expose fresh basal 
planes. The cleaved crystals were rinsed with deionized 
water and then mounted in an X-ray thin-film cell.39,46 Aque-
ous solutions (0.1 M MCl, where M = Li, Na, K, Rb, or Cs) 
were prepared by dissolving ≥99% alkali-metal chloride salts 
in deionized water. One of these experimental solutions was 
injected into the thin-film cell containing a mica crystal, 
which was allowed to react with the solution for about 30 
minutes. After the reaction, the extra solution was drained by 
gravity, and the cell maintained a several-μm-thick solution 
film on top of the mica surface.39,46 The sample cell was 
mounted in a 6-circle Huber diffractometer for X-ray reflec-
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tivity experiments. A monochromatic X-ray beam [at a pho-
ton energy of either 16 keV (for Li, Na, K, and CsCl experi-
ments) or 17 keV (for the RbCl experiment)] reflected from 
the mica surface was collected using an X-ray CCD 
detector79 as a function of momentum transfer q, defined as q 
= 4πsin(2θ/2)/λ where 2θ is the angle between the incident 
and reflected X-ray beams and λ is the wavelength of X-rays 
(λ = 0.775 and 0.729 Å at 16 and 17 keV, respectively). 
Resonant anomalous X-ray reflectivity measurements are 
reported for a 3 mM RbCl solution. Briefly, the elastic re-
flectivity signal measured as a function of photon energy 
near the Rb K-absorption edge energy (Eo = ~15.21 keV) at 
selected q provides additional sensitivity to the element-
specific distribution of the adsorbed Rb ions.46 The XRR and 
RAXR data were analyzed following methodologies de-
scribed in the Supporting Information (SI). 

RESULTS AND DISCUSSION 
Vertical density profiles of the electrical double layer. 

A key output of both XRR experiments and MD simulations 
is the electron density profile in the direction normal to the 
interface.61 In Fig. 2, we compare our predicted (MD) and 
measured (XRR) electron density profiles for 0.1 M alkali 
chloride solutions on the mica basal surface. Distances are 
normalized such that z = 0 corresponds to the average height 
of basal surface O atoms.39,50 The expected location of the 
first, second, and third water monolayers (zW1 ≈ 3.0 ± 1.5 Å, 
zW2 ≈ 6.0 ± 1.5 Å, zW3 ≈ 9.0 ± 1.5 Å) are indicated on the 
figure based on the known thickness of a water monolayer in 
the interlayer nanopores of swelling clay minerals (≈3.0 
Å).69,80,81 The curves shown in Fig. 2 reflect a weighted sum 
of the atomic density distribution of all atoms, with a 
weighting factor of the atomic number to reflect the profile 
that is probed by XRR. The curves primarily reflect the 
density profile of water O atoms and of the heaviest ad-
sorbed ions (Cs, Rb, K). 

 

Figure 2. Electron density profile (normalized to the value in 
bulk liquid water) as a function of distance from the mica sur-
face as determined by a conventional model fit to our XRR data 
(blue lines) or predicted by MD simulation (black lines). 

The XRR and MD simulation results shown in Fig. 2 
agree on several features. Both techniques indicate that water 
density layering extends roughly three water layers from the 

mica surface, in agreement with previous studies of mica-
water58,82 and other solid-water interfaces.17,52,83 In the sec-
ond water layer (z = 4.5 to 7.5 Å), both techniques predict 
similar density profiles in the case of Li, Na, and K counter-
ions. In the first water layer (z < 4.5 Å), both techniques 
roughly agree on the regions of greater electron density, but 
the MD simulations systematically predict a more structured 
electron density profile, partly because the experimental 
curves are inherently broadened by the finite resolution (~0.6 
Å) of the XRR measurements.46,59 

To compare more directly our XRR and MD simulation 
results, we used our MD simulation results on the structure 
of interfacial water (black lines in Fig. 2) to calculate the 
associated XRR data.61 The relaxation of the mica structure 
near the interface was modeled using standard XRR data 
analysis methodologies (SI). The resulting comparison pro-
vides a stringent test of the ability of the inter-atomic poten-
tial models used in our MD simulations to accurately predict 
the structure of interfacial water. The comparison between 
measured and MD-predicted XRR data is shown in Fig. 3. 
The results are consistent across the full range of momentum 
transfer for all five counter-ions with quality of fits that are 
commensurate with that obtained with the fitting routine 
used in our previous XRR studies46 as described in the Sup-
porting Information. The good agreement between our XRR 
and MD simulation results in Fig. 3 provides a strong cross-
validation of the consistency of our experimental and simula-
tion methodologies. 

 

Figure 3. In-situ XRR data at the muscovite (001) – 0.1 M 
alkali chloride solution interfaces. The solid lines are calculated 
using the MD-derived water profiles,84 as described in the Sup-
porting Information. Each dataset is scaled vertically for clarity.  

Structure of the Stern layer. Our MD simulation results, 
validated by our XRR data, provide a detailed view of cation 
adsorption in the Stern layer. All alkali metals adsorb pre-
dominantly (90 to 99 %) as two types of inner-sphere surface 
complexes (ISSC1, ISSC2). The height of each ISSC species 
above the mica-water interface increases with ionic radius, 
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as expected if this height is controlled by short-range repul-
sion between the adsorbed ion and surface O atoms.45 The 
only exception is in the case of the ISSC1 species of lithium 
(Fig. 4). The first type of complex (ISSC1) is strongly fa-
vored by large cations (Cs, Rb, K), but not by small cations 
(Na, Li). To determine the identity of the two types of ISSC, 
we calculated two-dimensional maps of the distribution of 
ISSC1 and ISSC2 species on the mica surface. The results 
(illustrated in Fig. 5 in the case of Cs) indicate that the first 
type of surface complex, ISSC1, corresponds to cations 
located at the center of the ditrigonal cavities of the siloxane 
surface, particularly those cavities that are bordered by two 
or more isomorphic substitutions of Si by Al. The second 
type of surface complex, ISSC2, corresponds to cations that 
sit directly above a structural charge site, on a so-called 
“triad” of surface O atoms.65,85 The two types of complexes 
have previously been noted in studies of K and Cs in smec-
tite interlayers85 and of K on mica surfaces.58 Our finding 
that Li and Na prefer the triad site (ISSC2) whereas larger 
alkali metals prefer the cavity site (ISSC1) is consistent with 
AFM maps of the distribution of adsorbed alkali metals at 
the mica-water interface.26,65 The preference of Li and Na for 
the triad site likely reflects the preference of the small alkali 
metals for an oxygen coordination number NO smaller than 
six.86 Density maps of Li ISSC1 (Fig. SI2) confirm that 
lithium does not fit snugly in the center of the cavity: in-
stead, it adopts an off-center position near an edge of the 
cavity. 

 

Figure 4. Left: MD simulation prediction of the density profile 
of the five alkali metals at the mica-water interface. Right: z-
coordinate of ISSC density peaks, plotted as a function of the 
first-shell metal-oxygen distance in liquid water rM-Ow. 

Our MD simulation results also provide insight into the 
structure of water in the Stern layer. In Fig. 6, we show the 
density profiles of water O atoms as a function of distance 
from the surface for mica in contact with Na-, K-, Rb-, and 
Cs-containing solutions. With all five counter-ions, water 
exhibits a strong density layering at the mica surface with a 
periodicity of 3.02 ± 0.03 Å. This periodicity is identical to 
that derived from our XRR data in conditions where the 
XRR signal most directly reflects the water structure (2.81 ± 
0.28 Å, on average, for mica with adsorbed Li and Na). It 
also agrees with the values obtained from MD simulation 
studies of water on the surfaces of other minerals including 
quartz (3.0 ± 0.4 Å)18 and smectite (3.1 ± 0.3 Å).14 However, 

it is significantly larger than the values indirectly derived 
from the mechanical properties of water films confined 
between mica surfaces (2.5 ± 0.3 Å by SFA63 and 2.65 ± 
0.25 Å by shear force microscopy).87 Water density between 
z = 3 and 7 Å is significantly affected by the type of ad-
sorbed cation, with no clear trend, whereas water density 
layering beyond the first two monolayers (z > 7 Å) becomes 
insensitive to the choice of cation. This observation is con-
sistent with experimental results showing that ions have little 
impact on the structure and dynamics of liquid water beyond 
their first solvation shell88 and, also, with the suggestion that 
the Stern layer can be viewed, to some extent, as a distinct 
fluid phase.28,89,90 

 

Figure 5. Graph: electron density profile as a function distance 
from the mica surface (black line) and contribution from the 
counter-ion (purple line) predicted by MD simulation in the case 
of Cs-bearing mica. The figure on the left and inset on the right 
show xy density maps of ISSC1 and ISSC2 species on one of the 
mica surfaces (purple), overlaid on an image of surface O atoms 
(red spheres) and underlying Si and Al atoms (yellow and blue 
spheres). Regions where Cs atomic density ρCs > 0.5 × ρOw,bulk 
and > 3 × ρOw,bulk (ρOw,bulk being the density of O atoms in bulk 
liquid water) are shown in light and dark purple, respectively. 

The first water monolayer contains three well-defined sub-
layers at different distances from the surface: zW1.1 = 1.73 ± 
0.04, zW1.2 = 2.62 ± 0.01, and zW1.3 = 3.1 to 3.9 Å. In the case 
of sub-layer W1.3, distance from the surface increases with 
the size of the adsorbed cation. Snapshots of the interfacial 
water structure show that the three sub-layers correspond to 
first-layer water molecules that donate two, one, or no hy-
drogen bonds to the siloxane surface, respectively, as previ-
ously noted for water on mica and smectite surfaces.19,50,58,91 
The existence of at least two sub-layers within the first water 
monolayer on mica, at least one of which has an epitaxial 
relation with surface O atoms, is consistent with scanning 
polarization force microscopy (SPFM) studies of sub-
monolayer water films adsorbed at mica-air interfaces.64  The 
peak positions (z values) and relative amplitudes of layers 
W1.1 and W1.2 are close to those measured by neutron 
diffraction with isotopic substitution (NDIS) for the interlay-
er nanopores of Li-vermiculite (where zW1.1 = 1.93 and zW1.2 
= 2.85 Å).92 Maps of water O density in planes parallel to the 
surface (Fig. 6) show that first layer water molecules are 
strongly templated by the O atoms of the siloxane surface: 
W1.1 molecules occupy ditrigonal cavities that are not occu-
pied by ISSC1 cations, W1.2 molecules sit directly atop 
basal O atoms, and W1.3 molecules are loosely localized 
above rings of surface O atoms, in agreement with high-
resolution AFM and FM-AFM images35,64 and previous MD 
simulations.37,50 The first two peaks of the water O density 
profile are almost identical in the case of the mica surface 
with adsorbed Na, K, Rb, and Cs, indicating that the struc-
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ture of W1.1 and W1.2 water is primarily dictated by the 
surface (more precisely, by surface O atoms), not by ad-
sorbed cations. With adsorbed Li, the first density peak is 
significantly taller, because Li has a much smaller tendency 
than other cations to occupy the hexagonal cavities. Our 
results confirm previous findings that hydrogen bonding 
with surface O atoms plays an important role in controlling 
near-surface water structure.50,93 They also indicate that this 
hydrogen bonding can be patchy, because of heterogeneous 
charge distribution in the mineral structure, and sensitive to 
the type of adsorbed counter-ion, because the preferred co-
ordination structures of different ions are unequally accom-
modated by the surface topography. 

 

Figure 6. Top left: water O density profile as a function of 
distance from the mica surface for Na-, K-, Rb-, and Cs-bearing 
mica. Bottom left: MD simulation snapshot of the mica-water 
interface (same color scheme as in Fig. 1, except that water 
molecules in sub-layers W1.1, W1.2, and W1.3 are shown as 
red, orange, and yellow spheres). Right: xy density maps of 
water molecules in sub-layers W1.1, W1.2, and W1.3 on a 
portion of one of the mica surfaces (red: ρOw > ρOw,bulk; black: 
ρOw > 3 × ρOw,bulk). 

Sensitivity of interfacial structure to MD simulation 
parameters. Comparison of our simulation predictions with 
those of previous MD or Monte Carlo (MC) simulations 
(Table SI3) indicates that the coordination of adsorbed ions 
is particularly sensitive to surface topography and to the 
extent of delocalization of the negative charge arising from 
isomorphic substitutions. The first point is illustrated by the 
difference between our MD simulation results and those of 
other studies that used the CLAYFF model.50,94–96 Previous 
simulations with the CLAYFF model used a flexible mica 
structure and are known to predict an unphysical relaxation 
of the ditrigonal cavities. As shown in Table SI3, this relaxa-
tion causes ISSC1 ions to penetrate more deeply into the 
cavities, particularly in the case of the smallest ions, Li and 
Na. The second point is illustrated by the difference between 
our results, those obtained with the Skipper force field 
(SFF),58,91,97–99 and those obtained with the Kawamura force 

field (KFF).51,59,60 The relative stability of ISSC1 species is 
greatest in the KFF model, whereas the relative stability of 
ISSC2 species (where the cation is located further from the 
bulk solid structure, but closer to the nearest isomorphic 
substitution) is greatest in the SFF model. These differences 
reflect the increase (from 0.15 to 0.525 and 1.0 on the KFF, 
CLAYFF, and SFF models, respectively) in the fraction of 
negative charge arising from isomorphic substitutions that 
remains localized on the metal site. 

With regard to the structure of Stern layer water, all mod-
els predict the existence of three ordered water layers, with 
the first layer consisting of two or three sub-layers. The 
locations of individual water peaks are broadly consistent 
between these studies, the main difference being the disap-
pearance of the W1.3 peak in SFF model predictions. The 
relative amplitudes of the first-layer water peaks, however, 
are highly sensitive to the choice of water model. In particu-
lar, surface coverage associated with the main water O densi-
ty peak (sub-layer W1.2) ranges from about 0.05 to 0.13 
atoms per Å3, depending on the choice of force field, for 
mica with adsorbed K. The amplitude of this peak tends to 
increase with the similarity between the partial charges of O 
atoms in water and on the siloxane surface, in agreement 
with the expectation that the surface may have less tendency 
to disrupt the hydrogen-bond network of water if surface O 
atoms are more similar to water O atoms. 

Energetics of Stern layer adsorption. To further cross-
validate our XRR and MD simulation methodologies, we 
compared measured and predicted energetics of ion ex-
change at the mica-water interface. Experimental data on the 
Gibbs free energies of cation exchange at the mica-water 
interface were reported by Lee et al.25 based on resonant 
anomalous X-ray reflectivity (RAXR) measurements of ion 
exchange isotherms on a mica basal surface using Rb as a 
probe ion. Our predictions of the free energy of exchange 
(relative to Cs) between the solution and the mineral surface 
are remarkably consistent with the measured values for all 
ions except Li (Fig. 7). In the case of Li, our simulations 
overestimate the relative affinity of Li (vs. Cs) for water vs. 
the mica-water interface by 20.3 kJ mol-1. This discrepancy 
is close to that by which our simulations overestimate the 
free energy of hydration of Li relative to Cs (17.8 kJ mol-1), 
suggesting that the Li-water interaction potential parameters 
used in our simulations may be a significant source of error. 

The relatively worse prediction of the solvation and ad-
sorption energetics of Li compared to the other alkali metals 
is not entirely surprising for two reasons. First, the coordina-
tion structure of Li+ in water is known to be challenging to 
reproduce in classical MD simulations.100 Second, the Li-
water interatomic potential parameters used in the present 
study were initially developed for use with a polarizable 
water model.74 Nonetheless, the Li potential parameters used 
here are routinely used in conjunction with the non-
polarizable SPC/E water model and this combination is 
known to give a reasonable prediction of the four-fold coor-
dination structure of Li+.101,102 

The stronger adsorption of large alkali metals (K, Rb, Cs) 
relative to smaller metals (Li, Na) was previously interpreted 
as reflecting the formation of different types of surface com-
plexes (e.g., inner- vs. outer-sphere surface complexes) 
controlled by the hydration free energy of cations.25 The 
present study, instead, reveals that significant adsorption 
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selectivity can result from small differences in the ability of 
different ions to fit the topographic features of the siloxane 
surface, associated with adsorption as ISSC1 vs. ISSC2. Our 
results, as noted above, are broadly consistent with the con-
ceptual view of ion exchange as a partitioning between bulk 
liquid water and a “sub-aqueous” Stern layer water phase 
that selectively adsorbs cations of lower hydration energy.90 
However, the non-monotonic nature of the simulation pre-
dictions in Fig. 7 paints a more complex picture in which 
selectivity is significantly modulated by the ability of surface 
sites to accommodate the preferred coordination number of 
each ion. 

 

Figure 7. Free energy of cation exchange at the mica-water 
interface (relative to Cs), plotted as a function of the free energy 
of hydration (relative to Cs). Yellow circles are experimental 
Gibbs free energies.25 Large red squares are free energies pre-
dicted with the thermodynamic integration (TI) technique. Small 
red squares show intermediate stages of the TI calculation. Red 
crosses are potential energies at each stage of the TI calculation. 

Importance of OSSC on mica. A long-standing question 
in studies of the EDL on mica is the relative importance of 
inner-sphere surface complexes vs. longer-ranged adsorption 
mechanisms (outer-sphere surface complexes, diffuse layer 
adsorption) in screening the surface charge of mica. As noted 
in Table SI3, MD simulations with a range of force fields 
(including those obtained in the present study) predict that 
alkali metals adsorb predominantly as ISSC. This prediction 
is consistent with FM-AFM data obtained with Li- and Na-
bearing mica65 and with water vapor adsorption measure-
ments showing that adsorbed ions influence only the first 
water monolayer.103 However, electrokinetic measurements 
in alkali chloride solutions, when extrapolated to the condi-
tions of our study (0.1 M), yield a zeta potential ζ ≈ -60±20 
mV in the case of Li- and Na-bearing mica and ζ ≈ 0±20 mV 
in the case of K- and Cs-bearing mica,104 indicating a weaker 
screening of surface charge by the smaller alkali metals. 
Measurements of the swelling properties of alkali-metal-
exchanged vermiculite, as well as atomistic-level structures 
determined by NDIS, suggest that Li has a significant ten-
dency to form OSSC in vermiculite interlayer nanopores, 
whereas other alkali metals form primarily ISSC.92 Surface 

force apparatus measurements of the normal and shear forces 
across thin water films between parallel mica surfaces 
showed a similar behavior between Na- and K-bearing mi-
cas105 but a very different behavior between Na- and Cs-
bearing mica23,32 and between Li- and Cs-bearing mica,106 
results interpreted as indicating that Cs forms primarily 
ISSC, whereas Na, Li and, by extension, K form primarily 
OSSC.23,106  Finally, RAXR results suggested that Rb adsorbs 
85-90 % ICCS from a 3 mM RbCl solution, the rest being 
adsorbed as OSSC species.46 In short, different observations 
provide sharply differing views of the importance of alkali 
metal OSSC and diffuse layer species at mica-water interfac-
es. 

In an attempt to shed light onto the disagreements outlined 
above, we compared the vertical density profile of Rb de-
rived from our MD simulations with that from element-
specific in-situ RAXR data measured in a 3 mM RbCl solu-
tion.46 Both results show that Rb adsorbs dominantly as 
ISSC, whereas the experimental data also show a minor 
fraction (10-15%) of Rb OSSC (Fig. 8a). The RAXR spectra 
calculated from the MD-derived Rb profile are compared 
with the experimental data in Fig. 8b. Overall, there is good 
agreement between the simulated and measured values. 
Some differences are observed at several q values, including 
q = 0.85 and 1.76 Å-1.  Variations of the amplitude (AR) and 
phase (ΦR) of the element-specific structure factor of Rb46,107 
more clearly show the differences as a function of q (Figs. 8c 
and d). The calculated AR values are larger than the measured 
values at low q.  This indicates that the calculated Rb cover-
age is larger than the measured coverage, which can be in 
part due to the difference in Rb concentration (100 mM vs. 3 
mM). From the phase plot, the ΦR/q at low q corresponds to 
the average height of adsorbed Rb distribution. The calculat-
ed ΦR values at low q are smaller than the measured values, 
indicating that the simulation underestimates the fractional 
coverage of OSSC determined by our previous RAXR meas-
urements.46  
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Figure 8. (a) Vertical density profile of Rb counter-ions derived 
from the conventional model fit of our previously obtained 
RAXR data46 and from MD simulations (this study). The MD-
derived profile is resolution-broadened and shifted by ΔzMD of 
0.32(2) Å from the original profile, as described in the Support-
ing Information. (b) RAXR data analyses using a conventional 
model fit46 and the Rb distribution derived from MD simula-
tions. The data are offset vertically (see the dotted lines as the 
reference) for clarity. Variation of the amplitude, AR, (c) and 
phase, ΦR, (d) as a function of q for the element-specific struc-
ture factor of Rb adsorbed at the muscovite (001) – 3 mM RbCl 
solution interface. 

One potential source of this discrepancy is the exact com-
position of the mica samples used. For example, the mica 
used by Scales et al.104 was reported to have a unit cell for-
mula of K0.84Na0.12(Al1.93FeII

0.06Mg0.04)(Si3.04Al0.96)O10(OH)2, 
i.e., 9 % of the structural charge resulted from isomorphic 
substitutions in the octahedral sheet. Molecular dynamics 
simulation studies of smectite clay minerals indicate that Li 
and Na form ISSC on tetrahedral charge sites and OSSC on 
octahedral charge sites, whereas K, Rb, and Cs form ISSC 
on all charged surface sites.62,85,108  The mica crystals used 
for both our previous46 and current X-ray studies also have a 
chemical composition that deviates slightly from an ideal 
mica crystal.39 While the good agreement between our simu-
lations and experimental results provides strong evidence 
that Rb adsorb predominantly as ISSC, it does not preclude 
the possibility that a fraction of the other metal ions adsorb 
as species other than ISSC at natural mica-water interfaces. 

Surface complexation modeling. As a final test of the 
consistency of our XRR and MD simulation results, we 
developed a surface complexation model of alkali metal 
adsorption at the mica-water interface based on a simplified 
version of the three plane model (TPM) formalism.109,110 
Briefly, we modeled alkali metal surface complexes as form-
ing in three planes at z = 1 Å (plane 0), 2 Å (plane 1), and 4 
Å (plane 2). We assumed that the dielectric constant in the 
stern layer equals about half of that of bulk liquid water 
(εStern = 39.2).18,109 Based on this assumption, the capacitanc-
es of the inter-plane regions were estimated as Cp = 
εSternε0/∆xp, where ε0 = 8.85419 × 10-12 F m-1 is the permittivi-
ty of vacuum and ∆xp is the distance between planes p and p-
1, which yields C1 = 3.47 F m-2 and C2 = 1.74 F m-2. The 
fraction of mica structural charge screened by counter-ion 
adsorption and co-ion exclusion in the diffuse layer (beyond 
plane 2) was arbitrarily set to 0.05. The resulting TPM (de-
scribed in the Supporting Information) has 15 unknown 
parameters: the equilibrium constants KM,p for the adsorption 
of the five alkali metals M in the three planes p. We deter-
mined the values of these constants by fitting the model to 
two datasets: MD simulation prediction of the fraction of 
alkali metals adsorbed at z ∈ [0 Å; 1.5 Å], z ∈ [1.5 Å; 2.5 
Å], and z ∈ [2.5 Å; 6 Å] in 0.1 M alkali chloride solutions 
(Fig. 4); and XRR data on the adsorption of Rb in 10-3 M 
RbCl-MCl solutions (M = Li, Na, K, or Cs) with a range of 
Rb:M ratios.25 Model predictions show that the TPM formal-
ism is able to describe our XRR data on the cation adsorp-
tion selectivity and our MD simulation results on the cation 
density profiles in a mutually consistent manner (Fig. 9a,c-f). 
Our surface complexation model predicts that the coexist-
ence of several adsorption planes makes cation exchange on 
mica non-ideal (Fig. 9b), a finding consistent with the non-
ideal behavior observed during ion exchange reactions be-

tween Na, K, and Cs on micaceous minerals (reactions that 
control the global biogeochemical cycle of potassium and the 
migration of cesium radioisotopes in the environment).111-113 

 

Figure 9. Triple plane model (TPM) calculations compared 
against XRR and MD simulation results. (a) Fraction of the 
mica surface charge compensated by counter-ion adsorption in 
Stern layer planes 0, 1 and 2 in 0.1 M MCl solutions (M = Li, 
Na, K, Rb, Cl). (b) Free energy of M-Cs exchange (from the 
TPM prediction of the ion exchange selectivity coefficient, Kv = 
aMΓCs/aCsΓM, where ai is the activity of species i in solution and 
Γi is the mole fraction of species i on the surface) plotted as a 
function of ΓCs. (c-f) Fraction of the mica surface charge com-
pensated by Stern layer Rb in 0.003 M RbCl-MCl aqueous 
solutions (M = Li, Na, K, Cs), plotted as a function Rb concen-
tration in solution [symbols: XRR measurements;25 lines: TPM]. 

As an additional constraint on our surface complexation 
model, we attempted to fit our MD simulation predictions on 
the fraction of mica structural charge screened by the diffuse 
layer in 0.1 M MCl solutions. This attempt was unsuccessful, 
because within the framework of the TPM, stronger charge 
screening in the Stern layer invariably implies stronger ad-
sorption, whereas according to our MD simulations the most 
weakly adsorbed cations (Li, Na) have the strongest tenden-
cy to screen the mica structural charge within the Stern layer 
(Fig. SI4). This discrepancy suggests that charge screening at 
the mica – 0.1 M alkali chloride solution interface may be 
significantly impacted by specific ion-ion interactions in the 
EDL (e.g., the formation of adsorbed metal chloride ion 
pairs), in agreement with the existence of a pronounced 
chloride density peak at z ~ 4 Å for all counterions except Li 
(Fig. SI4). 
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Concluding remarks. Our XRR and MD simulation re-
sults provide a mutually consistent view of the structure and 
energetics of the Stern layer at mica-water interfaces that 
also agrees with high-resolution AFM data.26,35,64,65 Overall, 
our results show that the first water monolayer is primarily 
structured by its interactions with the surface (it contains 
three types of water molecules that donate two, one, or zero 
hydrogen bonds to the mica surface). The second water 
monolayer is significantly impacted by its interaction with 
adsorbed ions. Water beyond the first two monolayers exhib-
its density layering (up to ~10 Å from the surface), but no 
evidence of sensitivity to short-range interactions with either 
the surface or adsorbed ions. Alkali metals adsorb primarily 
as two types of inner-sphere surface complexes, the relative 
stability of which is determined by the ability of the surface 
to satisfy the preferred coordination number of each metal. 
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