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 10 

Abstract 11 

Developing an understanding of the response of mineral/water interfaces to applied 12 

electric fields is central to detecting and interpreting signatures of interfacial processes in the 13 

subsurface. Here we focus density functional theory calculations on understanding K+ cation 14 

binding and migration across the (001) surface of orthoclase feldspar under various applied 15 

electric fields with and without surface hydration. The calculations reveal how water ligands 16 

labilize surface K+ cations for migration while also increasing their sensitivity to electric field 17 

effects on the binding energy at different surface sites. The calculations also show how the 18 

direction and strength of the electric field systematically affect surface cation mobility, sorption, 19 

and hydration behavior. Specifically, electric fields directed toward the surface reduce the energy 20 

gap between the different surface potassium sites, favor hydration, and shorten K+ residence 21 

time at their crystallographic site. The findings help fill a major knowledge gap into the impact of 22 

electric fields on mineral/water interface structure and dynamics more generally, featuring in 23 

this case a commonly found type of feldspar involved in a multitude of atmospheric and 24 

geochemical processes. 25 

  26 



Introduction 27 

The organization and dynamics of ions at mineral/water interfaces control many reactions 28 

in natural and industrial systems. Depending on the pH and composition of the aqueous solution, 29 

most mineral surfaces will bear a net electrical charge due to specific ion adsorption, which is 30 

subsequently neutralized by a diffuse swarm of surrounding counterions. Stern layer ions making 31 

up the near-surface region are generally located within the first two water monolayers (~6 Å), 32 

whereas the diffuse layer lies beyond.1,2 This electrical double-layer (EDL) concept provides a 33 

useful framework for understanding interfacial properties that impact reactivity, such as the 34 

adsorption capacity, redox potential, and interparticle forces that cause them to 35 

aggregate/disaggregate.3-5 EDL properties thus play an important role in a variety of contexts 36 

including catalysis,6 cement corrosion,7 aquatic geochemistry,8,9 and the transport of metals in 37 

soil and sedimentary rocks.10,11 38 

However, current EDL models provide only a limited picture of the interface that focuses 39 

on a static one-dimensional treatment of net charge distribution averages along the surface 40 

normal direction at equilibrium. In reality, interfacial ion distributions are based on a dynamical 41 

equilibrium, one that is readily perturbed when gradients in chemical and/or electrostatic 42 

potential that drive reactions exist. Hence, ion mobilities become an important part of 43 

understanding interfacial reactions, requiring more detailed knowledge of ion-ion, ion-surface, 44 

and ion-solvent interactions that control ion dynamics in the EDL in three dimensions. Ion 45 

dynamics is particularly important under conditions of applied electric field, where current EDL 46 

models have questionable value for explaining electrokinetic phenomena.12 47 

This deficit continues to propagate into a relatively poor understanding of electrical 48 

signatures of mineral/water interfaces, such as those detected using electrical impedance 49 

spectroscopy (EIS). One form of EIS ongoing development for field-scale sensing is called spectral 50 

induced polarization (SIP). SIP is a promising method to remotely interrogate physicochemical 51 

processes occurring in subsurface environments based on measurements of the frequency-52 

dependent polarization response.13-16 Surface reactions like oxidation-reduction or the 53 

precipitation-adsorption of secondary minerals phases such as Fe(III)-oxyhydroxide that lead to 54 

changes in the electrical properties can be detected by analyzing SIP responses.17,18 55 

Unfortunately, not enough is yet known about the dynamics of EDL ion polarization and 56 

relaxation to interpret SIP signals unambiguously. 57 

Computational molecular simulations have begun to provide insight into electric field 58 

effects on EDL ions at mineral/water interfaces. Simulations based on classical force field 59 

molecular dynamics (MD) have proven especially valuable given their ability to efficiently model 60 

water and ion dynamics at nanometer scales under applied electric fields, including for 61 

quartz,19,20 clays,21 and feldspar surfaces.22,23 However, these simulations typically rely on less 62 

expensive non-polarizable, non-reactive force fields to build a response to applied electric fields.  63 

They furthermore cannot account for the electronic structure at the mineral/water interface. In 64 

these regards, first-principles density functional theory (DFT) methods are desirable for their 65 



improved accuracy, albeit at the expense of much more restricted length and time scales that 66 

can be addressed. Although DFT methods have been used to quantify the impact of electric fields 67 

on physical and chemical processes such as magnetic phase transitions,24 catalytic water 68 

dehydrogenation,25 and surface diffusion,26 to the best of our knowledge this approach has yet 69 

to be explicitly directed at improving the fundamental basis for interpreting EIS/SIP observables. 70 

Because of its computational expense, however, DFT ultimately needs to be coupled to larger-71 

scale MD simulations for a more comprehensive treatment. 72 

Here we report a DFT-based modeling study of electric field effects on potassium cation 73 

(K+) diffusion dynamics along vacuum and hydrated surfaces of the common potassium feldspar 74 

mineral orthoclase (KAlSi3O8). By focusing exclusively on the Stern layer, this work is 75 

complementary to recent molecular dynamics simulations performed by Kerisit et al.23 in which 76 

field-driven ion mobilities at the stable orthoclase (001) facet in contact with a 1 M NaCl aqueous 77 

solution were examined. While the faster mobilities of fully hydrated outer-sphere Na+/K+ ions is 78 

more consistent with those that would typify cations in the diffuse layer, the slower process of 79 

field-driven displacement and diffusion of partially hydrated Stern layer cations along the surface 80 

was not specifically addressed, despite its potential importance to storage of electrical 81 

polarization energy and the subsequent relaxation response of the EDL when the field is 82 

removed. The present study therefore specifically investigates electric field effects on the surface 83 

charge density distribution and likewise the energy barriers for Stern layer K+ cations to migrate 84 

via various possible exposed lattice sites. We examine two interface systems, orthoclase 85 

(001)/vacuum and orthoclase (001)/water, to evaluate the impact of hydration on K+ surface 86 

migration. 87 

The calculations revealed that water facilitates the migration of surface K+ while 88 

increasing the sensitivity of different surface potassium sites to applied electric fields. In addition, 89 

the direction of the electric field was found to affect the diffusion, sorption, and hydration 90 

behavior of surface K+ profoundly. While the strength of the electric field applied in this work 91 

(~109 V/m) is much larger than what can typically be found in natural conditions (~100 V/m),27 it 92 

is relevant at the nanometer scale where, for example, a highly localized and directional electric 93 

field can be applied between a STM tip and a substrate.28 Our findings provide quantitative 94 

information and atomistic-level insights of the impact of electric fields at mineral/water 95 

interfaces for a commonly found type of feldspar, particularly at non-equilibrium local 96 

electrostatic conditions arising from applied fields akin to those used in electrochemical sensing 97 

measurements.29-34 98 

 99 

Computational Methods 100 

Density functional theory (DFT) simulations were carried out using VASP (Vienna ab initio 101 

simulation package).35-38 The exchange-correlation functional used the generalized gradient 102 



approximation (GGA), as parametrized by Perdew-Burke-Ernzerhof (PBE),39 and the Grimme40 103 

dispersion corrections (i.e., PBE+D3). All the calculations accounted for spin-polarization and 104 

used a cutoff energy of 520 eV. 105 

The relaxation of bulk orthoclase mineral, shown in Figure 1a, used a 1×1×2 supercell 106 

translation of the primitive cell. The orthoclase crystal structure has two tetrahedral sites 107 

referred to as T1 and T2 sites. The orthoclase supercell used the Si and Al occupations determined 108 

by Kimata et al.41 from single-crystal X-ray diffraction refinement (Al mole fractions of 0.325 and 109 

0.148 for T1 and T2 sites, respectively) and implemented in previous atomistic models.42-45 The 110 

convergence criterion for the total energy was 10-5 eV/cell and 10-4 eV/Å for the force 111 

components. A Monkhorst-Pack46 k-point mesh sampling of 8×6×6 was used, and the relaxed 112 

lattice parameters were a=8.631 Å (+0.67%), b=13.099 Å (+0.71%), c=7.244 Å (+0.74%), and 113 

β=116.05° (-0.02%), which are in good agreement with the experimental values of a=8.574 Å, 114 

b=13.006 Å, c=7.191 Å, and β=116.07°.41 115 

To model the orthoclase (001) surface, a stoichiometric, symmetric, charge neutral, and 116 

hydroxylated bilayer slab model was created in an orthorhombic periodic box of size 17.262 Å × 117 

13.099 Å × 34.0 Å, as shown in Figure 1b. The Monkhorst-Pack k-point mesh sampling used for 118 

surface calculations was 4×6×1. In all the simulations using a slab model, only the top layer atoms 119 

were allowed to relax, while the bottom layer atoms, highlighted by the grey area in Figure 1b, 120 

were kept in their relaxed bulk positions. Periodic images of the orthoclase slab were separated 121 

by a vacuum space of at least 19 Å. A top view of the orthoclase (001) surface, shown in Figure 122 

1c, highlights the two surface sites, labelled #1 and #2, that were investigated in this study as 123 

sites K+ ions would hop to, from their crystallographic site, to diffuse on the surface. The non-124 

crystallographic #1 and #2 surface K+ sites are still located in a cavity formed by eight Al/Si 125 

tetrahedra and were chosen based on the local geometry of the cavity. Two systems were 126 

considered in this work, an orthoclase (001)/vacuum and orthoclase (001)/water interface. The 127 

latter was obtained by adsorbing one monolayer (1 ML) of water molecules on the orthoclase 128 

(001) surface. The initial positions of the water molecules were extracted from a previous MD 129 

simulation.42 The structure of the hydrated slab model used is provided in supplementary 130 

information. 131 

To explore the effects of electric fields on the surface structure and potassium migration, 132 

a uniform electric field, 𝐸, was applied perpendicular to the slab surface in directions pointing 133 

either toward the surface (i.e., 𝐸 < 0) or away from it (i.e., 𝐸 > 0). The electric field intensity 134 

was limited to ±0.3 eV/Å. As previously noted,25,26,47 care is needed to perform simulations with 135 

electric fields. In VASP, external electric fields are applied following the approach of Neugebauer 136 

and Scheffler, in which an artificial dipole sheet is introduced in the middle of the vacuum space.48 137 

This method requires enough vacuum space to prevent the artificial dipole sheet and the charge 138 

density of the slab from overlapping.26 In our systems, the separation distance between the 139 



surface and the dipole sheet was about 9.5 Å and the work function was 6.16 eV. This suggests 140 

that the charge density decays by 1 order of magnitude every 0.87 Å and is thus negligible at the 141 

location of the dipole sheet. However, when the vacuum size is too large, electrons at the Fermi 142 

level of the surface can tunnel to the vacuum resulting in field emissions.25,26 To avoid electron 143 

tunneling, the distance between the surface and the dipole sheet should not exceed 
Φ

𝐸
 where Φ 144 

is the work function (6.16 eV) and 𝐸 is the electric field (≤0.3 eV/Å), yielding a maximal distance 145 

of about 20.53 Å. 146 

The energy barriers along the migration path of surface K+ and the Bader charges of the 147 

species were calculated, respectively, using the climbing image nudged elastic band (CI-NEB) 148 

method49 with the Quick-Min algorithm and default parameters, and the Bader code,50-53 both 149 

available from the VASP transition state theory (VTST) website.54 150 

 151 



 152 

Figure 1: (a) Orthoclase crystal structure. (b) Lateral view of the slab used to model a 153 

hydroxylated orthoclase (001) surface. The greyed area shows the atoms that were kept fixed in 154 

a bulk-like configuration. (c) Top view of the orthoclase (001) surface. Purple, dark blue, light 155 

blue, red, and pink spheres represent K, Si, Al, O, and H species, respectively. 156 

 157 

Results and Discussion 158 

 Effect of electric fields on electron density and charge. Two systems were considered to 159 

quantify the effects of electric fields and the presence of water on the electronic structure of the 160 

orthoclase (001) surface and the dynamics of K+ surface migration. The first system is an 161 

orthoclase (001)/vacuum interface, shown in Figure 2a, and the second system is an orthoclase 162 

(001)/water interface, shown in Figure 2b, in which the orthoclase surface is in contact with 1 163 



monolayer (ML) of water molecules. For each system, Figure 2 shows the electron density 164 

difference at constant potential calculated for an electric field intensity of 0.1 eV/Å and 0.3 eV/Å 165 

normal to the surface. Stronger redistributions of the electronic density around atoms are 166 

obtained for electric fields with higher intensities. 167 

 168 

 169 

Figure 2: Electron density differences at the orthoclase (001) surface in (a) vacuum and (b) in 170 

contact with 1 ML of water, calculated for different electric field intensities normal to the surface. 171 

The electronic changes are shown for an iso-density value of 2.7×10-3 e-/Å3. The gain and loss of 172 

electrons is respectively symbolized by cyan (δ-) and yellow (δ+) iso-surfaces. The direction of the 173 

electric field, 𝐸 (>0), is indicated by the green arrow. 174 

 175 

 In addition to the 3D electron density difference plots, the Bader charges of surface 176 

species were calculated as function of electric field intensity. Table 1 lists the average Bader 177 

charges for both interface systems for electric fields oriented upward or downward along the 178 

surface normal direction. In Table 1, the labels Oa and Ob refer to oxygen atoms bonded to Al or 179 

Si atoms, and to protons (hydroxyl oxygens), respectively (Figure 2). A negligible variation of the 180 

Bader charges is obtained for each species (Table 1), indicating that the atomic charges are not 181 

sensitive to the electric field intensity. Overall, the electron density difference plots and the 182 

negligible variation of the Bader charges indicate that electric fields polarize the electronic clouds 183 



of the atoms, thereby inducing bond polarization, without inducing charge transfer between 184 

atoms. 185 

 186 

Electric field 
magnitude in (eV/Å) 

0.0 |0.1| |0.3| 

Species Orthoclase (001)/Vacuum 

K 0.89 0.89 0.90 
Al 2.44 2.44 2.44 
Si 3.15 3.15 3.14 
Oa -1.60 -1.60 -1.60 
Ob -1.45 -1.44 -1.43 
H 0.65 0.64 0.63 

Species Orthoclase (001)/Water 

K 0.89 0.89 0.89 
Al 2.44 2.44 2.45 
Si 3.15 3.15 3.16 
Oa -1.60 -1.60 -1.60 
Ob -1.46 -1.46 -1.47 
H 0.66 0.66 0.65 

Table 1: Average Bader charges (in e‒) as function of the electric field intensity for the species at 187 

the orthoclase (001) surface in vacuum and in contact with 1 ML of water. The species labels are 188 

shown in Figure 2. 189 

 190 

 Effect of electric fields on the relative energy of surface K+ sites. Next, we characterize 191 

the impact of electric fields, with and without water present, on the relative energetics of three 192 

surface potassium sites: its crystallographic surface site and two neighboring surface sites labeled 193 

site #1 and #2 in Figure 1c. The most stable surface site for K+ is its crystallographic site (Figure 194 

1c) across the full range of electric field intensities investigated (i.e., from -0.3 eV/Å to 0.3 eV/Å) 195 

and for both systems. Therefore, the energies of sites #1 and #2 are reported relative to the 196 

energy of the crystallographic surface site (Figure 3a and 3b). The relative energies at each value 197 

of the electric field were calculated for both an unrelaxed interface and for a geometry-optimized 198 

interface (Figure 3a and 3b). In the former case, the system was first optimized without an applied 199 

electric field and then kept fixed when the electric field was applied. In the case of the orthoclase 200 

(001)/vacuum interface (Figure 3a), the structural optimization of the surface yields a slightly 201 

lower energy than that of the unrelaxed surface and this energy gain increases as the absolute 202 

value of the applied electric field increases. This result indicates that an applied electric field 203 

induces structural relaxation of the orthoclase (001)/vacuum interface. However, in the case of 204 

the orthoclase (001)/water interface (Figure 3b), the effect of structural relaxation on the relative 205 



energies of sites #1 and #2 is much less noticeable as the relative energies of the unrelaxed and 206 

optimized interface systems are almost identical across the range of electric field intensities 207 

investigated. For both cases, details of the structural relaxations involved will be discussed later. 208 

While a potassium cation located in its native crystallographic surface site is the most 209 

energetically favorable position, Figure 3 also shows that for both interface systems, orthoclase 210 

(001)/vacuum and orthoclase (001)/water, having a potassium in site #2 is less energetically 211 

favorable than in site #1. This is in part due to fewer K—O contacts with orthoclase surface, as 212 

shown in Figure 3c. To understand the role of hydration on K+ ion binding in various positions on 213 

the surface, Figure 3c shows the coordination shell of surface K+ ions at the crystallographic site, 214 

site #1, and site #2 when 1 ML of water is present at the interface but at zero applied electric 215 

field. In the crystallographic site, site #1, and site #2, K+ ions adopt a partially hydrated inner-216 

sphere complex and are respectively coordinated with 6, 7, and 4 oxygen atoms when 1 ML of 217 

hydration is available. In the crystallographic site K+ is bonded to only two water molecules with 218 

bond lengths of 2.92 Å and 2.83 Å, and is also in contact with 3 surface O atoms with bond lengths 219 

ranging from 2.93 Å to 3.0 Å. At sites #1 and #2, K+ is bonded to three water molecules with 220 

shorter bond lengths (2.73-2.88 Å) in the case of site #1 than for site #2 (2.90-2.97 Å). Hence the 221 

availability of hydration water can be expected to play an important role in ameliorating 222 

differences in site binding energetics. 223 

 Interestingly, an electric field directed toward the surface (i.e., 𝐸 < 0) tends to reduce 224 

the energy gap between all sites, that is, sites #1, #2, and the crystallographic site, while an 225 

electric field directed away from the surface (i.e., 𝐸 > 0) tends to increase the energy gap 226 

between all sites. This suggests that for a strong enough electric field directed toward the surface, 227 

all the surface potassium sites of orthoclase (001) would ultimately be of similar energy. While 228 

most of the calculated data sets can be fitted with a linear equation, as shown in Figure 3a and 229 

3b, with a resulting goodness-of-fit (R2) being 1.0, the two data sets for the optimized structures 230 

of site #1 and #2 in vacuum have been fitted with a second order polynomial expression each 231 

giving a goodness-of-fit of 1.0. While it would be interesting to use the fitting equations for 232 

optimized interfacial structures to determine by extrapolation the electric field strength at which 233 

all the surface potassium sites would be iso-energetic, care should be taken as the induced 234 

structural relaxations make the effects of electric fields on the relative energy deviate from a 235 

linear dependance. This is especially the case for the optimized orthoclase (001)/vacuum 236 

interface for which a second order polynomial expression has been used. While the fits obtained 237 

for structurally optimized orthoclase (001)/vacuum interface are good mathematical fits, it is 238 

unclear if they also provide a good physical and chemical description of the interface as electric 239 

fields induced structural relaxations can reach a breaking point where the surface ion desorbs (as 240 

discussed in the next section). Therefore, for both interfaces (i.e., orthoclase (001)/vacuum and 241 

orthoclase (001)/water) we propose to use the linearly fitted data set for unrelaxed relative 242 



energy changes, which would provide an extrapolated upper limit of the electric field strength 243 

required to have iso-energetic surface sites. For the orthoclase (001)/vacuum interface, site #2 244 

will be iso-energetic with site #1 for 𝐸=-0.61 eV/Å, and site #1 and site #2 will be iso-energetic 245 

with the crystallographic surface site when 𝐸=-4.45 eV/Å and -2.73 eV/Å, respectively. For the 246 

orthoclase (001)/water interface, site #2 will be iso-energetic with site #1 for 𝐸=-0.52 eV/Å, and 247 

site #1 and site #2 will be iso-energetic with the crystallographic surface site when 𝐸=-0.73 eV/Å 248 

and -0.62 eV/Å, respectively. While those extrapolated electric field strengths are large, it is 249 

interesting to note that the presence of water makes the surface potassium sites more sensitive 250 

to electric fields. This is indicated by the slope of the linear fits, which is larger in the case of the 251 

orthoclase (001)/water interface than for the orthoclase (001)/vacuum interface (Figure 3a and 252 

3b). 253 

 254 



 255 



Figure 3: Energy of two K+ surface sites, labeled #1 and #2 in Figure 1c, relative to that of the 256 

crystallographic K+ surface site as function of electric field intensity for the orthoclase (001) 257 

surface in (a) vacuum and (b) in contact with 1 ML of water. For each data set the fit is shown by 258 

a dashed line and the goodness-of-fit (R2) is provided in the legend. (c) For the case where 1ML 259 

is present, at zero applied field, the coordination shell of the surface K+ ions at the 260 

crystallographic site, site #1, and site #2 is shown, along with the K—O bond lengths (in Å). For 261 

sake of clarity, some surface atoms and too distant water molecules have been removed. 262 

 263 

 Effect of electric fields on the local structure of K+ ions. To further understand the effects 264 

of electric fields on surface potassium binding, a bond length analysis was performed for 265 

potassium atoms located in sites #1 and #2 (Figure 4). For each calculated data set, a linear fit 266 

has been performed, as shown by the dashed lines, and the goodness-of-fit (R2) is provided in the 267 

Figure legend. In Figure 4b, the value of R2 for the average data is closer to zero (R2=0.240) 268 

because the fit is essentially a constant value. At the orthoclase (001)/vacuum interface, the bond 269 

lengths between K+ ions at both sites and nearby surface O atoms (labeled Os) decrease for 270 

electric fields directed away from the surface (i.e., 𝐸 > 0) and increase for electric fields directed 271 

toward the surface (i.e., 𝐸 < 0), compared to the bond lengths obtained when no electric field is 272 

applied. This suggests that the direction and intensity of electric fields can be used to facilitate 273 

either adsorption or desorption of surface K+ species. A similar but slightly more complex trend 274 

is predicted at the orthoclase (001)/water interface for sites #1 (Figure 4b) and #2 (Figure 4c). 275 

Those figures display the distances between K and Os atoms and between K and water O atoms 276 

(labeled Ow) as well as the average K—O bond lengths. The average K—O distance is only slightly 277 

affected by the direction and intensity of the electric field at site #1 (Figure 4b) and site #2 (Figure 278 

4c), however, this is the result of opposing trends in the dependence of K—Os and K—Ow bond 279 

lengths on the electric field. While the K—Os bond length follows a similar trend than previously 280 

described for the orthoclase (001)/vacuum interface, the K—Ow bond lengths follow the opposite 281 

trend, in which the hydration shell of surface K+ atoms is more tightly bounded for electric fields 282 

directed toward the surface (i.e., 𝐸 < 0) and is more loosely bounded for electric fields directed 283 

away from the surface (i.e., 𝐸 > 0). The opposite trends obtained for K—Os and K—Ow suggest 284 

that the direction and intensity of the electric field can facilitate either desorption or dehydration 285 

of surface K+ ions. In the case of K+ in site #2, the linear fit of the data in Figure 4c did not include 286 

the values at 0.3 eV/Å because they correspond to a change in the bonding pattern of surface K+ 287 

which cannot be described by a linear fit. To help visualize the discontinuity, full lines have been 288 

plotted between 0.1 and 0.3 eV/Å, providing a guide to the eye, while the fitted data are 289 

represented by dashed lines. Figure 4c shows that a more abrupt increase of the distance 290 

between K and Ow is obtained for electric fields directed away from the surface and higher than 291 

0.1 eV/Å. This could suggest the beginning of the loss of the hydration shell of surface K+ cations 292 



in favor of a stronger adsorption at this site. This also suggests that a potassium cation located in 293 

site #2 could more easily lose its hydration shell than a potassium cation located in site #1. 294 

 295 

 296 

Figure 4: (a) Average distance (<dK—O>) between surface K+ at sites #1 and #2, and surface O, as 297 

function of electric field intensity for the orthoclase (001)/vacuum interface. (b) Average distance 298 

(<dK—O>) between surface K+ at site #1 and first neighbor surface and water oxygen atoms, 299 

respectively labeled Os and Ow, at orthoclase (001)/water interface as function of electric field 300 

intensity. The black data represents the average of K—Os and K—Ow bond lengths. (c) Similar 301 

bond length analysis than (b) reported for surface K+ cation in site #2. For each data set the fit is 302 

shown by a dashed line and the goodness-of-fit (R2) is provided in the legend. 303 

 304 

 Impact of electric fields on the migration energy barrier surface K+ ions. All the electronic 305 

and structural changes described have an impact on the migration of surface K+ cations to 306 



neighboring sites. To quantify the effects of electric field intensity and direction on surface 307 

diffusion, CI-NEB calculations were performed to determine the migration energy barrier of 308 

surface K+ ions from their crystallographic site, labeled Kc, to sites #1 and #2 respectively labeled 309 

K#1 and K#2 in Figure 5. A representation of the migration path to sites #1 and #2 is shown in 310 

Figures 5a and 5b, respectively. At both interfaces, the energy barrier for surface K+ migration is 311 

reduced for an electric field directed toward the surface, while it is increased for an electric field 312 

directed away from the surface (Figures 5c and 5d). Combining these results with the changes 313 

obtained for the bond lengths indicates that an electric field directed toward the surface (i.e., 314 

𝐸 < 0) will favor desorption and facilitate surface migration, while an electric field directed away 315 

from the surface (i.e., 𝐸 > 0) will favor sorption (or dehydration) and slow surface migration. 316 

The result of a linear fit of the energy barriers obtained as function of the electric field 317 

intensity is also displayed for each case in Figure 5. The energy barrier variations induced by the 318 

electric field are smaller at the orthoclase (001)/vacuum interface than at the orthoclase 319 

(001)/water interface. This result indicates that the presence of water increases the sensitivity of 320 

surface K+ migration to applied electric fields and facilitates the migration of surface K+ cations 321 

because the energy barriers calculated at the orthoclase (001)/water interface are generally 322 

smaller than those obtained at the orthoclase (001)/vacuum interface. 323 

It is interesting to estimate the electric field strength at which the surface migration of K+ 324 

ions occur without energy barrier (i.e., 0 eV). Based on the linear fit obtained for each case (Figure 325 

5), for path #1 and #2 at the orthoclase (001)/vacuum interface, the extrapolated electric field 326 

would be -3.28 eV/Å and -3.36 eV/Å respectively, and in the case of the orthoclase (001)/water 327 

interface, the extrapolated electric field strength would be -1.01 eV/Å and -0.74 eV/Å 328 

respectively. However, as shown earlier, electric fields directed toward the surface (i.e., 𝐸 < 0) 329 

induce a desorption of surface K+ (Figure 4) and, at these electric field strengths, the extrapolated 330 

bond length between K+ and surface O atoms would increase to 3.26 Å and 3.22 Å for site #1 and 331 

#2 at the orthoclase (001)/vacuum interface, respectively. For site #1 and #2 at the orthoclase 332 

(001)/water interface, the K—Os bond lengths would increase to 2.97 Å and 3.09 Å, respectively. 333 

While these bond lengths are longer than the sum of the covalent radius of each species (2.69 Å) 334 

but shorter than the sum of their van der Waals radius (4.23 Å), the strength of the electric field 335 

could play a role in the competition between surface K+ migration and desorption. 336 

 337 



 338 

Figure 5: Representation of the two migration paths investigated for surface K+ at the orthoclase 339 

(001) surface. (a) Top and side views of the migration path #1 from surface crystallographic site, 340 

labeled Kc, to surface site #1, labeled K#1. (b) Top and side views of the migration path #2 from 341 

surface crystallographic site, Kc, to surface site #2, labeled K#2. (c) Variations of the migration 342 

energy barrier for path #1 and #2 as function of electric field intensity for K+ migration at 343 

orthoclase (001)/vacuum interface. (d) Variations of the migration energy barrier for path #1 and 344 

#2 as function of electric field intensity for K+ migration at orthoclase (001)/water interface. For 345 

each data set the fit is shown by a dashed line and the goodness-of-fit (R2) is provided in the 346 

legend. 347 

 348 

Impact of electric fields on the residence time of surface K+ ions. The calculated energy 349 

barriers, 𝐸𝑎, can be used to estimate the residence time, 𝜏, of surface K+ ions at their 350 

crystallographic sites. Using statistical thermodynamics, Vineyard55 has shown that the jump 351 

rate, 𝜔, which is the number of jumps per second, has an Arrhenius-type dependence on 352 

temperature and can be written as:  353 

𝜔 = 𝜈0e
−
𝐸𝑎
𝑘B𝑇,   (1) 354 

where 𝜈0, 𝑘B, and 𝑇 are respectively the attempt frequency, which is typically of the order of the 355 

Debye frequency, ranging from 1012 to 1013 s-1 for practically all solids,56 the Boltzmann constant 356 

(in eV.K-1), and the temperature (in K). By fixing 𝜈0 to 1013 s-1, the residence time (in s) has been 357 

calculated as 𝜏 =
1

𝜔
 and shown in Figure 6. The calculated residence times for the orthoclase 358 

(001)/vacuum and orthoclase (001)/water interfaces have been fitted with an exponential 359 

equation which yielded a goodness-of-fit close to 1. Figure 6 clearly shows that the residence 360 

time at the orthoclase (001)/water interface is more affected by electric fields than at the 361 

orthoclase (001)/vacuum interface. For electric fields directed toward the surface (i.e., 𝐸 < 0), 362 



desorption is favored leading to shorter residence time of surface K+ ion at its crystallographic 363 

site, while for electric fields directed away from the surface (i.e., 𝐸 > 0), sorption (or 364 

dehydration) is favored which leads to longer residence time of surface K+ ion in its 365 

crystallographic site. Depending on the strength of the electric field applied, the residence time 366 

can be affected by several orders of magnitude. However, in the case where the electric field 367 

strength is comparable to the Earth’s electric field (~100 V/m), the changes in the residence time 368 

would be extremely small, about 7 orders of magnitude less (i.e., a tenth of microsecond) than 369 

the calculated residence time. That is, for a residence time in the order of 0.1 s (i.e., path #1 – 1 370 

ML at an electric field of 0 eV/Å), the changes in residence time would be in the order of 10-8 s at 371 

Earth’s electric field. 372 

 373 

 374 

Figure 6: Calculated residence time, 𝜏, of surface K+ ions in their crystallographic sites as function 375 

of electric field intensity at 298.15 K. The residence time calculated for each path at the 376 

orthoclase (001)/vacuum and orthoclase (001)/water interfaces are shown by triangles and 377 

circles, respectively. For each data set the fit is shown by a dashed line and the goodness-of-fit 378 

(R2) is provided in the legend. 379 

 380 

Conclusions 381 

 Density functional theory calculations were performed to quantify the effects of applied 382 

electric fields on the electronic structure of and migration of surface K+ cations at orthoclase 383 

(001)/vacuum and orthoclase (001)/water interfaces. Electric fields were found to induce a 384 

polarization of the electronic cloud of the surface atoms without causing noticeable charge 385 



transfer. When a monolayer of water is present, K+ cations are forming partially hydrated inner-386 

sphere complexes at the interface. For potassium in site #2, a monodentate contact with the 387 

surface and a hydration shell less tightly bound to surface K+ is obtained compared to potassium 388 

in site #1. The presence of a monolayer of water facilitates surface K+ migration while increasing 389 

the response of different surface potassium sites to applied electric fields. The calculations also 390 

showed that the direction of the electric field affects the residence time and sorption behavior 391 

of surface K+ cations. While electric fields directed toward the surface facilitate surface K+ 392 

migration by favoring desorption, electric fields directed away from the surface slows surface K+ 393 

migration by favoring sorption and dehydration. The response of the interfaces to electric fields 394 

can impact the residence time of K+ ions at the crystallographic site by several orders of 395 

magnitude, depending on the strength of the field and extent of hydration. 396 

This work represents a first step using DFT to address field-driven ion dynamics in the 397 

Stern layer of the EDL at common mineral surfaces. There are many important directions for 398 

future work along these lines. The dependence of the field effects on surface orientation is a 399 

potentially important open question. Further surface structural experimental investigations at 400 

single crystal orthoclase surfaces, particularly under applied electric fields, would ideally 401 

complement our understanding of EDL behavior under applied electric fields. Column-scale 402 

EIS/SIP measurements on homogeneous mono-mineralic porous media under controlled 403 

conditions of pore saturation or fixed relative humidities would also provide a useful target for 404 

atomic-to-mesoscale simulations of the polarization response. Combined work of this nature 405 

could ultimately provide a basis for development of improved EDL models that encompass the 406 

dynamics of ion-ion and ion-surface interactions. 407 
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