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Abstract: Solid/liquid interfaces control many physical and chemical processes such as electrokinetic phenomena, 
dispersion of colloidal particles, heteroepitaxial growth of alkali halide, removal of toxic elements in water. The atomic 
distribution at solid/liquid interfaces is strongly correlated with these properties, and understanding these atomic 
structures is necessary in order to establish the fundamental physics and chemistry of solid/liquid interfaces. In this 
study, we investigated the structure of interfaces of mica with aqueous KI solution using surface x-ray scattering. The 
sub-angstrom-scale electron density profile of the interface is revealed as a function of the distance normal to the 
interface. The electron density of the KI solution oscillates to remain 10 Å away from the surfaces. The oscillations are 
interpreted in terms of the adsorbed hydrated K+ ions, adsorbed water molecules, and water molecules surrounding the 
hydrated ions. The adsorbed K+ ions are present as inner sphere complexes and the number is enough to compensate 
the negatively charged mica surface. No significant difference appeared between the surface x-ray scattering profiles of 
the KCl and KI solution interfaces, indicating that their interfacial structures are similar.  

Keywords: Surface X-ray scattering, Solid–liquid interface, Electron density, Potassium iodide, Molecular 
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1. INTRODUCTION 

Solid/liquid interfaces control many important 
physical and chemical processes such as electrokinetic 
phenomena, dispersion of colloidal particles, 
heteroepitaxial growth of alkali halide, removal of toxic 
elements in water, friction and lubrication between solid 
surfaces. Interfacial double layer theory has been 
applied for charged solid surfaces to understand and 
control these physical and chemical processes [1, 2]. 
The theory is based on the ion distribution near a 
charged surface and therefore the atomic distribution at 
solid/liquid interfaces should be revealed to develop the 
classical double layer theory. On a nanometric scale, 
the physical properties of liquids could differ from those 
in bulk due to the liquids’ interaction with solid surfaces 
and the effect of confinement between solid surfaces. 
Surface forces measurements using surface forces 
apparatus and atomic force microscopy have revealed 
the behavior of confined and adsorbed aqueous 
solutions [1, 3]. Aqueous salt solutions confined 
between mica surfaces show repulsive hydration forces 
at a surface separation of < 2 nm under compression 
that could not be explained by the classical electrical 
double layer theory [1]. At these interfaces, continuum  
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theory cannot be used to understand the interfacial 
structure and properties of the liquid.  

A comparison of molecular dynamics (MD) 
simulations and X-ray crystal truncation rods (CTR) 
scattering measurements has suggested the 
occurrence of excess adsorption of Cs+ and K+ on a 
muscovite surface (more than the number needed to 
compensate for the negatively charged surface) in an 
aqueous solution [4]. This might be explained by the 
co-adsorption of counter-ions and co-ions in the 
solution. Such ion-pair adsorption enhances the 
maximum number of counter ion that can be adsorbed 
on a mineral surface; therefore, it is important to 
understand its mechanism. Ions having a large ionic 
radius generally interact weakly with water molecules 
and might prefer to form ion-pairs in the solution and 
adsorb on a mica surface. This hypothesis should be 
tested systematically for various combinations of 
counter- and co-ions having different ionic radii.  

Here, we investigated the interfacial structure of 
mica/KI solution on a muscovite surface using X-ray 
CTR scattering measurements and revealed the 
structure of electrical double layer. The X-ray CTR 
scattering technique is a powerful tool for measuring 
the electron density profile of interfaces with sub-
angstrom resolution [5, 6], and it works especially well 
for mica/aqueous electrolyte solutions [5, 7-12]. A 
mineral surface yields a rod-shaped X-ray scattering 
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perpendicular to the surface called CTR scattering. The 
shape of the X-ray CTR scattering profile between the 
Bragg reflection points of the minerals is proportional to 
the Fourier transform of the electron density distribution 
around the interface. Therefore, the interfacial electron 
density distribution can be obtained by analyzing CTR 
profiles. A comparison of the electron density profiles of 
the interfaces of mica/KCl and KI solutions might 
explain the possibility of ion-pair adsorption at the 
interfaces, because iodide has more electrons than 
chloride, thereby yielding a large difference in the 
electron density at the interfaces.  

2. METHODS 

2.1. X-Ray CTR Scattering Measurements 

Mica (muscovite: KAl2(OH)2(AlSi3)O10) belongs to 
the group of 2:1-layer silicates and consists of an 
octahedral [AlO6] sheet sandwiched between two 
tetrahedral [(Si,Al)O4] sheets. One of the four Si atoms 
in the tetrahedron is replaced by an Al atom, thereby 
causing an overall negative charge on the layers. This 
charge is compensated for, and the layers are bonded 
together by an interlayer of K+ ions. The lattice 
constants (a = 5.1919 Å, b = 9.0114 Å, c = 20.0472 Å, 
and  = 95.762°) and the atomic coordinates of 2M1 
muscovite used in this study were determined by 
Rietveld analysis of the powder X-ray diffraction pattern 
using the RIETAN 2000 [13] program. When mica is 
immersed in a salt solution, the K+ ions on the cleaved 
surface are easily exchanged with cations [9, 14, 15]. 
In this study, the surface K+ ions would be retained on 
the surface owing to the presence of a large number of 
K+ ions in the solutions. A concentration of 0.5 molar 
(M) was chosen because it is sufficiently high to allow 
the retention of the surface K+ ions [14]. Solutions of 
KCl (pH = 5.4) and KI (pH = 5.4) were prepared using 
pure potassium chloride and potassium iodide powders 
(Merck, suprapur > 99.99%) and pure water having a 
resistivity of >18.0 M  cm. The mica crystals were cut 
into 1  1 cm2 squares and glued onto flat silica glass 
lenses. The glues were cyano-acrylate or epoxy resin. 
Fresh, clean (001) mica planes were prepared by 
peeling. The surface was immediately immersed in a 
0.5 M KCl or KI solution and kept in it for at least a few 
hours. Just before the CTR measurements, the mica 
was mounted on a thin-film liquid cell, which was 
covered by a 6-μm thick polyester film to prevent the 
solution from evaporating. The X-ray CTR scattering 
intensities were the integrated intensities by the rocking 
scans. The intensities were corrected by the scattering 
area, Lorentz factor, polarization factor, rod interception 

[16], and the attenuation factor exp( Dμ/sin ) to 
compensate for attenuation of the X-ray beam through 
the aqueous solution film. Here D is the film thickness, 
μ is the linear absorption coefficient [17] of the aqueous 
solution and polyester film and  is the incident angle of 
the X-ray beam. The film thickness was determined by 
comparing the experimentally observed scattering 
intensities near the Bragg reflection points to 
theoretical values obtained using the lattice constants 
measured for the single crystals, because it was 
difficult to measure the actual liquid thickness in this 
cell geometry. The KCl and KI solutions were 
determined to be 30 and 40 μm thick, respectively. The 
surface X-ray scattering experiments were performed 
at the Photon Factory, KEK, Japan (BL-4C) by using 
monochromatic X-rays of 11.0 keV. CTR refers to 
scattering with a momentum transfer Q vector 
perpendicular to the interface. The CTR profile was 
obtained in the range Q = 0.66–4.35 Å 1 with individual 
rocking scans at given Q values. The resolution of the 
data was approximately /Qmax, where Qmax is the 
highest Q value at which the data were obtained [5]. 
The resolution of these measurements was 0.72 Å. 

The electron density profiles of the mica/KCl and KI 
solution interfaces, which were the Fourier transforms 
of an atomistic model structure, were obtained by 
comparing the experimental and calculated CTR 
profiles. The model structure includes a fixed semi-
infinite bulk mica structure, a relaxed surface structure, 
adsorbed layers of ions and water molecules, and bulk 
water above the interface. To reproduce the 
experimental CTR profile, structural relaxation of the 
mica surface was performed at 0 to 30 Å from the 
interface. The electron densities of the adsorbed layers 
and bulk water were represented by the superposition 
of Gaussian distributions. Fitting was performed using 
a least-squares method applied by an ANA-ROD 
program [18] with a few modifications in order to 
incorporate the structure factor of liquid. The roughness 
of the mica surface was not corrected in the fitting 
procedures. 

The fittings results were evaluated using the 2 and 
R-factor values, which were calculated as,  

,          (1) 

.          (2) 
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Here n is the total number of data points; Fj and  
are the structure factor and statistical uncertainty [19] 
of the j-th data point, respectively; and Ffit, j is the 
structure factor calculated using an atomistic model 
structure. Typical 2 values are ~1 to ~5 for the best-fit 
structures of high-resolution X-ray CTR data [5]. 

3. RESULTS AND DISCUSSION 

3.1. X-Ray CTR Scattering Profiles 

The measured X-ray CTR scattering profiles are 
shown in Figure 1 together with the best-fit models of 
the interfacial structure. The vertical axis was 
converted to the specular reflectivity to facilitate 
comparison with a previous result [9] for a 0.5 m KCl 
solution on a mica surface. The error bars indicate that 
the sum of statistical uncertainties [19] and errors due 
to the background definition for the integration of 
intensities. The high intensities of the CTR profile at Q 

 0.6, 1.3, 1.9, 2.5, 3.1, 3.8, and 4.4 Å 1 correspond to 
the Bragg reflection points of mica (00l, where l = 2, 4, 
6, 8, 10, 12, and 14) planes. The shape of the CTR 
profile between the Bragg points provides structural 
information on the mica/potassium halide solution 
interfaces. The intensities ranged from 10 6 next to the 
Bragg points to 10 11 at Q = 2.6 and 3.7 Å 1. As shown 
in the figure, no significant difference was observed 
within the error bars among the profiles of the 
previously reported 0.5 m KCl solution [9], and the 0.5 
M KCl and KI solutions measured in this study.  

 

Figure 1: Comparison of X-ray CTR scattering profiles for 
mica/0.5 M KCl (crosses) and 0.5 M KI (open circles) solution 
interfaces. Vertical axis represents the specular reflectivity of 
the interfaces. Previous result for 0.5 m KCl solution on a 
mica surface [9] is shown for comparison. Dashed and solid 
lines indicate the profiles calculated by a best-fit model to 
mica/0.5 M KCl ( 2 = 2.92, R-factor = 0.048) and mica/0.5 M 
KI solution ( 2 = 5.79, R-factor = 0.053) interfaces, 
respectively.  

3.2. Electron Density Profiles at the Mica/Potassium 
Halide Solution Interfaces 

The 2 and R-factor values of the best-fit models 
shown in Figure 1 were 2 = 2.92 and 0.048 for the 
mica/0.5 M KCl interface and 2 = 5.79 and 0.053 for 
the mica/0.5 M KI interface. We obtained resolution-
broadened electron density profiles (Figures 2 and 3) 
as a result of the finite resolution arising from the 
limited range of the CTR scattering data. The 
broadening procedure was performed as described in 
the literature [5]. The origin of the horizontal axis is the 
location of the outermost oxygen layer of the mica 
surface.  

 

Figure 2: Comparison of electron density profiles of mica/KCl 
solution interfaces with different salt concentrations. Solid line 
is the result of this study for a 0.5 M KCl solution. Dotted and 
dashed lines indicate the results for 0.5 m KCl [9] and 0.003 
m KCl solutions [12], respectively. Origin of the z axis is the 
position of the outermost oxygen layer of the mica surface. 

 

 

Figure 3: Comparison of electron density profiles in the liquid 
areas of mica/0.5 M KCl and mica/0.5 M KI solution 
interfaces with the corresponding MD simulations [4, 20]. 
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3.2.1. Mica/KCl Solutions 

First, we check the reliability of our measurements 
by comparing them with previous measurements. 
Mica/KCl solution interfaces have been measured for 
several different salt concentrations [9, 12], as shown 
in Figure 2. The result of our study (0.5 M KCl) 
exhibited an electron density oscillation in the liquid at 
0.0 < z < 10.0 Å. Three large peaks were observed at z 
= 1.6, 3.0, and 5.9 Å. The number of peaks their 
positions are similar with the previous results for 0.003 
m KCl [12] and 0.5 m KCl [9]. The sum of the 
integrated electron density for the first (z = 1.6 Å) and 
second (z = 3.0 Å) solution peaks were compared with 
the previous 0.5 m KCl in Table 1. The integrated 
electron density was agreed with in the error. 

Table 1: Integrated Electron Densities at the Liquid Area 
of Muscovite/0.5 M KCl and 0.5 M KI Interface. 
The Results of Previous Experiments [9] and 
MD Simulations [4, 20] are Shown for 
Comparison 

Integrated electron density 
(e /Å2)  

Sum of the first and second 
peaks  

0.5 M KCl  1.56  

0.5 m KCl [9]  1.77 ± 0.26  

0.5 M KI  1.57  

MD [4, 20]  1.40  

 
The difference of the peak positions among the 

previous data for a 0.5 m KCl solution [9] and our data 
might be the measured small range of Q values (0.66 ~ 
4.35 Å 1) in this study compared to the previous study 
(0.25 ~ 5.0 Å 1) and the result of different modeling and 
fitting procedures, as suggested by the high 2 value 
(15.6) of the previous study, because there was no 
significant difference among the X-ray CTR profiles 
within the error bars as shown in Figure 1.  

The peak height, positions, and periodicity of our 
data were almost the same as the results of our 
previous MD simulations [4, 20], as shown in Figure 3. 
In the MD simulations, “K-mica” denotes a condition in 
which many K+ ions are present in the water, indicating 
that this condition corresponds to a highly concentrated 
salt solution in contact with a mica surface. The MD 
results could be a plausible model for explaining the 
species adsorbed on the interface. The first maximum 
in the simulations at z = 1.7 Å was explained as 
adsorbed potassium ions and water molecules; the 
second peak at z = 3.4 Å represented hydrated water 
molecules around the K+ ions; and the third peak at z = 
6.1 Å was the subsequent density oscillation of water.  

3.2.2. Mica/KI Solution 

The obtained electron density profile for the 
mica/0.5 M KI solution interface is shown in Figure 3. 
As we determined qualitatively by comparing the X-ray 
CTR profiles of the KCl and KI solutions, the peak 
positions and heights were almost the same for both 
solutions. The integrated electron densities are shown 
in Table 1 as sums of the first and second peaks. If 
many iodide ions were present near the surface, the 
electron density should be larger than that for the KCl 
solution because of the large number of electrons in 
iodide relative to that in chloride ions. The integrated 
densities of the 0.5 M KCl and KI solutions were almost 
equal indicating that potassium–halide ion-pair 
adsorption on a negatively charged mica surface 
cannot be stressed only by the x-ray CTR scattering 
method. The slightly smaller value obtained in the MD 
simulation might be attributable to the absence of the 
halide ions in the simulations. In future, the difference 
should be discussed in detail using simulations that 
include halide ions. 

3.3. Implications for the Electrical Double Layers of 
Potassium Halide Solutions on a Mica Surface 

The comparison of specular x-ray CTR 
measurements and previous MD simulations revealed 
that the electrical double layers of KI solution on a mica 
surface. The electron density oscillations of KI solution 
perpendicular to a mica surface correspond to the 
adsorbed K+ ions, hydrated water molecules around K+ 
ions, and surrounding water molecules. The K+ ions 
would be present as inner sphere complexes on a mica 
surface and the number of adsorbed K+ ions as inner 
sphere complexes is enough to compensate the 
negatively charged mica surface. We had expected 
that considerable ion-pair adsorption might occur on a 
mica surface in the KI solution. The experimental 
results in this study demonstrated that potassium–
halide pair adsorption on a mica surface should be 
minor even in presence of weakly hydrated iodide ions 
in the solution. However the ion-pair adsorption should 
be carefully investigated in the future by using a 
combination of different experimental and theoretical 
approaches. 

4. CONCLUSIONS 

In this study, we revealed the sub-angstrom-scale 
structure of mica/KI solution interface by using X-ray 
CTR scattering measurements. The electron density of 
the KI solution observed using these measurements 
oscillated to remain at 10 Å from the surface. A 
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comparison with previous MD simulations indicates that 
the oscillation corresponds to hydrated K+ ions, 
adsorbed water molecules, and water molecules 
surrounding the hydrated ions. The adsorbed K+ ions 
are present as inner sphere complexes and the number 
is enough to compensate the negatively charged mica 
surface. No significant difference was observed in the 
interfacial densities of the KCl and KI solutions. The 
results imply that potassium–halide ion-pair adsorption 
on a negatively charged mica surface is minor even in 
presence of iodide anions, which interact weakly with 
water molecules.  
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