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Abstract 

Traditional dissolution models are based in the analyses of bulk solution compositions and 
ignore the fact that different sites of a surface dissolve at different rates. Consequently, the 
variation of surface area and surface reactivity during dissolution are not considered for the 
calculation of the overall dissolution rate, which is expected to remain constant with time. 
The results presented here show the limitations of this approach suggesting that dissolution 
rates should be calculated as a function of an overall surface reactivity term that accounts for 
the reactivity of each of the sites that constitute the surface.  

In contrast to previous studies, here the focus is put on studying the surface at different 
dissolution times. Significant changes in surface topography of CaF2 were observed during 
the initial seconds and up to 3200 hours of dissolution. In general, dissolution was faster 
during the initial minutes, progressively slowing down during the subsequent hours and 
tending toward an approximately constant slower dissolution rate. The initial variation of 
dissolution rates was linked to the development of crystallographically controlled topography. 
The observed changes include the increase of surface area and progressive exposure of the 
most stable planes, with consequent decrease in overall reactivity of the surface. At later 
dissolution times, surface topography presented minor changes. Based on those 
observations, a general dissolution model for fluorite surfaces is proposed, and a computer 
program that simulates surface changes during dissolution is presented. The novelty of this 
model, when compared with traditional dissolution models, is that it differentiates the 
reactivity of each characteristic site on a surface, e.g. plane, step edge, pore or grain 
boundary, and consider the time dynamics. Further developments of existent thermodynamic 
and kinetic models of dissolution are proposed to account for the surface reactivity in order 
to increase the accuracy of calculated dissolution rates.  

The time dependency of dissolution rates represents a major factor of uncertainty when 
calculating long term dissolution rates using equations derived from dissolution experiments 
running for short periods of time and using a variety of materials with different surface 
properties. An additional factor of uncertainty is that the initial dissolution times are the most 
dynamic periods of dissolution, when significant variations of surface area and reactivity 
occur. The surfaces of spent nuclear fuel pellets are good examples of surfaces with a high 
density of defects. Dissolution results obtained from CeO2 pellets and surface energies 
calculated using ab initio simulations suggest that the dissolution kinetics of the other 
materials with the fluorite structure should also be strongly dependent on the density and 
type of surface defects. The results are expected to have impact not only in the field of 
nuclear waste management but are also important to the larger geological and material 
science community. 
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2. Introducti on 

Since 1954, when the first nuclear power plant (Obninsk, Russia) started operation, the world 
has been facing the question of what to do with nuclear waste. Currently there are two 
alternative solutions for the spent nuclear fuel (SNF) produced by nuclear power plants: 
recycling (Abu-Khader 2009; Poinssot & Gin 2012) and deposition in deep geological 
repositories (McKinley 1992). To successfully implement either strategy it is essential to 
understand the surface reactivity in solution of the materials that compose the SNF matrix 
UO2, PuO2, or ThO2. For the assessment of the safety of SNF repositories, dissolution models 
that can accurately predict dissolution rates are needed (Grambow et al. 2011). Furthermore, 
a crucial step for efficient recycling of SNF is the separation of elements from the main matrix, 
which can only be done by a dissolution - separation - precipitation mechanism (Storvik & 
Suppes 2007). However, the study of SNF materials is associated with several experimental 
limitations that do not allow an extensive study of the factors affecting the dissolution kinetics. 
Some of the problems are related to the radioactivity and safety procedures, while others are 
related to the redox sensitivity of the materials, which affects the surface properties (Bruno & 
Ewing 2006; Ollila 2008). CaF2 and CeO2, which have the same fluorite structure as UO2, 
PuO2, and ThO2, are thus suitable as their natural surrogates in experiments designed to 
enhance the understanding of how the crystal structure affects the surface stability and 
dissolution kinetics. 

The dissolution rates obtained in laboratory, usually using powders or fragments of the 
dissolving material, are frequently higher than those observed in nature (Casey et al. 1993; 
Turner et al. 2003; Ganor et al. 2003; Zhu 2005; Moore et al. 2012). A possible explanation for 
those observations is the different density of high energy sites on the surfaces used in each 
study (Blum et al. 1990; Den Brok 2001). Those sites are unstable areas of a surface which 
are more likely to dissolve. For example, surfaces of the same material with different 
topographies or crystallographic orientations have different density of these sites, which may 
cause different dissolution rates (White et al. 1996; Samson et al. 2000). This suggests that 
dissolution rates should be calculated as a function of the surface reactivity instead of the 
overall surface area as is the convention in traditional dissolution models. An additional 
uncertainty in the calculation of dissolution rates is the variability of the reactive surface area 
with time, which is not usually considered. This effect can be significant when predicting 
dissolution rates over geological times based on short time laboratory experiments, e.g. 
dissolution rates of SNF. Therefore, a better understanding of how surface properties affect 
dissolution processes is essential to develop more accurate kinetic and thermodynamic 
models of dissolution. 

3. Aim of study 

The overarching aim of this study is to advance knowledge about how the reactivity of different 
surface sites, of materials with the fluorite structure, affect the dissolution process and its 
kinetics. A detailed study of how the surface structure is related to the dissolution rate of the 
surface is presented. Furthermore, dissolution modifies the surface structure, which 
consequently change dissolution rates with time. This study suggests that the changes 
occurring on the surface during dissolution should be included in kinetic models to increase 
the accuracy of estimated dissolution rates. The results are expected to have impact not only 
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in the field of nuclear waste management but are also important to the larger geological and 
material science community.  

Research approach 

CaF2 and CeO2 were used in dissolution experiments through which the effect of surface 
structure on the dissolution kinetics was analyzed (Fig. 1). Dissolution was studied on 
surfaces with different orientations of sintered fluorite and ceria pellets and polished natural 
fluorite. Paper I describes how to produce CaF2 pellets with a microstructure similar to SNF. 
The pellets were used for the dissolution experiments described in Paper II. Here the 
relationship between surface structure and dissolution rates was analyzed for a maximum 
dissolution time of 468 hours. Findings of Paper II together with initial experimental dissolution 
of CeO2 pellets form the basis for the ab initio calculations to establish the link between 
surface stability and surface structure common for all materials with the fluorite structure 
(Paper III). The chemical bonding in CeO2 is expected to be more similar to nuclear fuel 
oxides than CaF2, which makes CeO2 a more natural analogue. However, its slow dissolution 
rate makes changes on the surface too slow to be studied within the thesis time scale. In 
experiments detailed in Paper II fast dissolution along the grain boundaries caused the 
release of the studied grains which limited the maximum time that a surface could be studied. 
To study surface changes for up to 3200 hours of dissolution, single crystals of natural fluorite 
were cut and polished along specific directions providing large surfaces free of pores and 
grain boundaries (Paper IV). Similar surfaces were used to study the initial two hours of 
dissolution using an AFM fluid cell (Paper V). 

 

 

Figure 1: Schematic representation of the work flow presented in this thesis. 
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4. Background 

i. Dissolution theory 
Traditional crystal dissolution theories (Lasaga & Blum 1989; Lasaga 1998; Dove and Han 
2007; Brantley et al. 2008) are usually derived from the analysis of the solution. The effect of 
pH, electrolyte or Gibbs energy in the dissolution process has been extensively studied and 
related to the dissolution kinetics. The saturation state of the solution was found to be the 
driving force of dissolution and the rate limiting factor close to equilibrium. Dissolution rates 
are commonly defined as a function of a unique surface parameter, the overall surface area, 
usually determined by gas adsorption methods (e.g. Brantley et al. 2008; Oelkers & Schott 
2009).  
The development in the last 15 years of advanced surface characterization techniques such 
as atomic force microscopy (AFM) or optical scanning microscopy techniques such as vertical 
scanning interferometry (VSI) or confocal profilometry (CP) allowed the study of surface 
changes during dissolution. General findings show that not all the surface area reacts at the 
same rate, due to the dependence of this rate on the concentration of surface defects (e.g. 
Blum et al. 1990; Anbeek 1992; Den Brok et al. 2001). As the concentration of these defects 
change with time the most reactive surface area also changes with time, which represents a 
factor of uncertainty for the calculation of dissolution rates using the traditional kinetic models. 
Although it is known that the surface reactivity is important for a correct estimation of 
dissolution rates, a detailed understanding of how the surface properties affect the dissolution 
process is still lacking.  

Some studies attempt to combine surface observations with dissolution theories (Lasaga & 
Lüttge 2001; Lüttge et al. 2006; Cama et al. 2010; Fischer et al. 2012). A high undersaturation 
was found to be associated with the nucleation of new etch pits and consequent increase of 
surface area (Lüttge 2005). The new etch pits are limited by kink and step sites that have a 
higher energy and thus dissolve faster. Depending on the type of defect, a minimum Gibbs 
free energy must be overcome to open an etch pit (Lasaga & Lüttge 2001). As a 
consequence, the closer the solution is to equilibrium the higher the importance of surface 
defects for the overall dissolution. A preferential removal of atoms at the edges of a crystal, 
caused by the higher surface energy at kink and step sites may lead to the exposure of 
different surface orientations (Tasker 1979; Snyder & Doherty 2007). To summarize, both 
surface and solution properties are known to affect the dissolution process and its kinetics. 
While the solution composition determines the strength of the solution to detach matter from 
the surface, the stability of a surface site determines its resistance to detachment of matter 
from the crystal. Dissolution is an interactive process between the two main participants, 
surface and solution. For example, a high understaturation causes a fast release of atoms 
from solution, which causes a decrease of the undersaturation and consequent decrease of 
dissolution rate. Not so well understood are the surface changes occurring during dissolution 
which may also affect dissolution rates with time. Furthermore, previous studies have 
suggested the formation of the so-called fluid boundary layer at the mineral-solution interface, 
which is enriched with the dissolving ions providing a special environment for surface 
reactions with specific kinetics and thermodynamics to occur (e.g. Hövelmann et al. 2012; 
Ruiz-Agudo et al. 2012; Peruffo & Michael 2013).    

Fundamental principles of crystallography and surface energy can be applied to crystal growth 
in order to explain the different shapes observed in crystals (Bravais 1866; Donnay et al. 
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1937; Tasker 1979; Snyder & Doherty 2007). Only surfaces with a slower growth rate, and 
therefore lower surface energy, are observed in a crystal. Extrapolating the same principle for 
dissolution, the most stable surfaces dissolve at a slower rate, and therefore, tend to be 
exposed during dissolution.  

ii. Dissolution of CaF2 and CeO2 

Fluorite is a common mineral found in nature formed in hydrothermal systems usually with a 
cubic shape but also with octahedral or other cuboctahedral shapes. It is known that the 
temperature and composition of the solution where a crystal grows affect the shape and 
kinetics of crystallization (Zidarova 2010). Dissolution of fluorite is not so well understood and 
existing studies focused mainly on the natural cleavage plane, {111}. Scanning probe 
microscopy was used to study cleaved surfaces during growth (Hillner et al. 1993; Guntram & 
Werner 1997; Schick et al. 2004), dissolution (Guntram & Werner 1997; Cama et al. 2010) 
and heating (Tasker 1980). The observed changes on the surface during these processes 
include the formation of steps 0.33 nm high, corresponding to one F-Ca-F layer, and the 
formation of triangular pits, which is attributed to the threefold symmetry of the {111} plane. 
The dissolution rate was found to be independent of the saturation state of solution for Gibbs 
free energies under -7 kcal.mol-1. Under those conditions the opening of etch pits was 
dominant over the emanation of step waves, on {111} planes (Cama et al. 2010). Dissolution 
on surfaces with other orientations was not experimentally studied.  
CeO2 has a slow dissolution rate at room temperature even in low pH solutions (Juillet & Adnet 
1990). However, in the presence of a reducing agent, the dissolution rate is orders of 
magnitude larger. It has been proposed that an initial redox reaction causes the formation of 
CeIII, which activates the surface for dissolution (Juillet & Adnet 1990; Jakab & Picard 2009). 

iii. Ab initio simulations of surface stability 

Ab initio calculations have been previously reported to provide insight into the stability of 
surfaces under vacuum (e.g. Shi et al. 2007; Foster et al. 2009; Branda et al. 2011; Nolan 
2011). In solution, surface charges are neutralized and the surface atoms interact with the 
molecules in solution. Therefore, the calculated values of surface stability are only valid for dry 
surfaces and are not expected to be relevant to understand surface reactions in solution.  

Previous works have shown that density functional theory (DFT) is potentially useful for the 
study of surface structures and reactions on a surface (e.g. De Leeuw and Cooper 2003; 
Foster et al. 2009). DFT calculations were used to describe the (111), (110) and (100) 
surfaces of CeO2 and CaF2 in terms of stability, where the order of stability from more stable to 
least stable is (111) > (110) > (100) (Skorodumova et al. 2004; Yang et al. 2004). At first 
analysis, this theoretical stability is not in accordance with experimental observations of 
natural fluorite. Natural crystals grow predominantly with a cubic shape, exposing {100} 
planes, which means those surfaces should be stable in solution. Other theoretical studies 
calculated the different surface energies for different surface orientations and predicted the 
development of stepped surfaces as a way to minimize surface energy (Puchina et al. 1998; 
Puchin et al. 2001). These calculations are strongly affected by the surface charge of each 
plane. {111} has a neutral dipole moment, which stabilizes the surface (under vacuum 
conditions). In contrast, {100} planes have a charged dipole moment in the repeating unit 
perpendicular to the surface, which gives the plane a higher energy. {110} planes have null 
dipole moment in each atomic layer, which represents a more stable plane than {100} but less 
stable than {111} planes (Tasker 1980). 
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iv. Solvent mediated phase transformations 

This project was part of the Delta-Min group which was a network of European partners that 
combined different scientific fields with the aim of advancing the understanding of fluid 
induced mineral transformations. Only recently the principles of mineral replacement 
mechanisms are accepted as influencing important reactions such as CO2 sequestration, 
dissolution of SNF, environmental remediation, or resistance of stone-based cultural heritage 
(Oelkers & Schott 2009).  

There are two main routes for phase changes of solid structures. In the first, the less stable 
solid undergoes an internal rearrangement such that the transformation occurs in the solid 
state through lattice diffusion. In the second, if a solvent is present, the less stable phase 
dissolves and the more stable phase nucleates and grows from solution. Such solvent-
mediated phase transformations are currently poorly understood because the process 
involves the intimate coupling of the thermodynamics and kinetics of reactions occurring at the 
solid-fluid interface. Although the start and end products may be the same for both 
mechanisms, the rates of interface-coupled dissolution-precipitation may be orders of 
magnitude faster (Putnis 2002; Putnis & Putnis 2007). Solvent mediated phase 
transformations are thought of as a series of mechanisms involving dissolution, diffusion and 
precipitation. In such a case, any of the three processes can be rate limiting. Consequently, 
accurate dissolution kinetic models are crucial for the understanding of solvent mediated 
phase transformations (Putnis et al. 2009; Putnis and Austrheim 2010). 

5. Experimental procedures and techniques 

i. Overview 
The experimental work presented in this thesis has been developed and optimized for the 
study of irregular surfaces at different stages of dissolution. The procedure developed 
represents an innovative approach to studying dissolution with focus on the analysis of the 
surface using a combination of surface characterization techniques (Fig. 2). The same place 
of the surface was analyzed by Scanning Electron Microscopy (SEM), Electron Backscattered 
Diffraction (EBSD), Confocal Profilometry (CP) or Atomic Force Microscopy (AFM) before 
dissolution, then left to dissolve, dried and analyzed again (see section 5.iv for a description of 
the techniques). The analyses were repeated several times up to a maximum of 3200 hours. 
This procedure made it possible to compare variations of topography on the same area of the 
surface at different dissolution stages, and attribute a crystal orientation to the surface. 

 

Figure 2: Scheme of the experimental set-up. 

The samples used for dissolution experiments include CaF2 and CeO2 pellets with 
microstructure similar to SNF produced by the sintering of the respective powders (see Papers 
I and III for details). Natural fluorite crystals were used for the dissolution studies described in 
Papers IV and V. The crystals were green fluorite cubes from the Rogerley mine in the 
Durham County, North England (Dunham 1990; Fisher 2004; Fisher 2006). All samples were 
cut using a diamond saw, polished down to a 1 μm finish using diamond paste and 
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mechanochemically etched in colloidal silica for 3-5 hours. The procedure assured an 
approximately flat surface with roughness average less than 0.5 nm. 

ii. Experimental set-up 
Dissolution was performed in 30 ml polypropylene batch reactors with external stirring of 110 
rotations per minute at 21  1 °C, except for the dissolution studies presented in Paper V 
where dissolution was studied in an AFM fluid cell. The most used leachant was a 
NaClO4/HClO4 solution (0.05 M) with pH 3.6, although other solutions were used in Papers III 
and V. All solutions were kept far from equilibrium, and the calcium concentration below 10 
ppb.  

Dissolution rates were quantified as proportional to retreat rates (Papers II, III and IV). These 
were measured by the distance between a reference surface and the analyzed surface, with 
time. When rough surfaces were analyzed, the average height was used as reference and the 
height variation used to calculate the associated error. The surface orientation was 
determined by choosing the closest low index plane to the real surface orientation, with a 
maximum Miller index of 6.  

Topography was used as a qualitative term to describe morphological changes on the surface. 
Roughness average (Ra) was used as a quantitative parameter to measure the height 
deviation of a surface from its ideal flat form (Eq. 1). The areas studied for each surface were 
representative of all samples and large enough to ensure the convergence of Ra (Fischer & 
Lüttge 2007). In equation 1 n is the number of points, Zi is the height of each point. 

                                                         (Eq. 1) 

iii. Surface structure model  
To compare dissolution rates of surfaces with different orientations it is essential to organize 
the surfaces in groups with comparable structure. Two surface models are proposed in this 
thesis. In general, these models are based on three reference planes {100}, {110} and {111} 
and step edges at the interception between planes (refer to Papers II and III for details about 
each model). Any surface of any material with the fluorite structure can be constructed and 
represented using those structures (e.g. Fig. 3). The different coordination number and 
geometry of atoms in the various planes and types of step edges is used to study the 
dissolution rates and surface dynamics. In Paper IV the surface model is used to identify 
different edge types. Furthermore, in Papers IV and V the surface model was simplified by 
considering that the {110} plane is unstable and dissolution only exposes the reference planes 
{100} and {111}. 

 

Figure 3 : Representation of the lateral and top views of the a) {111} plane; b) {100} plane; c) {104} 
plane; d) {115} plane. Black and grey spheres represent Ca and F, respectively. Arrows indicate step 
edges, and continuous and dashed lines indicate the reference planes {100} or {111}, respectively.   
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iv. Analytical Techniques 
Confocal profilometry: Confocal profilers have been developed to measure the surface height 
of smooth to very rough surfaces. The sample is scanned vertically in steps so that every point 
on the surface passes through the focus. Main advantages of the confocal technology are its 
high repeatability (below 1 nm), high lateral resolution (111 nm) and the capability to measure 
steep slopes up to 71º. The versatility of this technique allowed the unique qualitative and 
quantitative topographical study described in this thesis. The large fields of view made it easy 
to find the same place at different stages of dissolution. The wide Z range that a sample can 
be scanned allowed the study of very rough surfaces, pores and grain boundaries.  

AFM: Atomic force microscopes (Bray et.al. 1995) scan the surface in the XY direction with a 
sharp tip attached to a cantilever. The cantilever deflects according to the surface topography. 
To detect this deflection a laser is pointed to the cantilever and its reflection detected by a 
photo diode. A feedback mechanism adjusts the Z position of the tip in order to keep the input 
parameter of the cantilever constant. The record of the Z position is used to build 3D images 
of the surface. Resolutions down to 0.1 nm in the Z axis and about 20 nm in the XY directions 
can be obtained. In this study AFM was used to resolve topographical features that could not 
be resolved by CP (Paper II). An advantage of AFM is that the surface can be analyzed in 
solution making it possible to study dissolution in real time (Paper V). The limitations for the 
use of AFM in this study include the small range of oscillation of the cantilever that makes it 
only suitable for smooth surfaces, and only small areas can be scanned with full resolution. 
 
SEM / EBSD: Electron backscattered diffraction (Dingley 1984) mounted in a scanning 
electron microscope was used to determine the orientation of the grains on the surface. In this 
technique the surface is scanned by a beam of electrons which are diffracted through the 
crystal surface. The reflections of the electrons collide with a phosphorous screen forming the 
Kikuchi patterns that are detected by a CCD camera. The software compares these bands 
with theoretical bands which allow the rotation of the crystal from a known surface to be 
determined. SEM images were also very useful to qualitatively resolve topographical features 
over large areas (Paper IV). 

v. Limitations of the experimental set-up 
The study of dissolution rates based on the retreat of the surface presents some experimental 
difficulties. The surface has to be masked with an inert material. However, even inert materials 
are subject to modifications during long periods of dissolution. Furthermore, dissolution of the 
interface solid - mask may cause the release of the mask. The measurement of retreat 
distances can also be difficult and associated with large errors due to the high roughness 
developed on some surfaces. As described in the previous section, each surface 
characterization technique used has its limitations. Therefore, further developments of these 
techniques or the use of existing equipment with a higher lateral resolution could improve our 
understanding of surface changes during dissolution. A combined confocal profilometer and 
AFM would combine the versatility of CP in finding the same place at different times of 
dissolution and scanning of rough surfaces, with the high resolution of the AFM.   

The difficulties and limitations of the experiments described above raises the interest in 
computer simulations by which the dissolution behavior of the desired material could be 
predicted. Ab initio calculations were used for the first time to predict the relative stability of 
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surfaces based on their density of step sites (Paper III) for materials with the fluorite structure. 
This could be the first step towards the possibility of calculating dissolution rates based on 
surface defects although the calculation of the absolute values are still far from being possible. 
This would require further understanding of surface reactions and faster computer soft and 
hardware that can account for the formation of surface species instead of surfaces under 
vacuum. Furthermore, due to time constraints and the need to understand the variability of 
dissolution rates over long periods of time, a program that simulates surface changes over 
periods beyond reasonable times of a laboratory experiment is necessary. The basis of such a 
model that accounts not only for surface area but also for the surface reactivity has been 
developed as part of the presented project and is explained in the section 8.i. 

6. Results and discussion 
Samples with suitable microstructure were produced and characterized, and the experimental 
dissolution procedures were developed and optimized. The surface structure of each site of 
the surface was found to rule the changes on surface topography during dissolution. The link 
between dynamic surface changes caused by dissolution and the dissolution kinetics was 
established by the study of surface topography and surface reactivity. 

i. Paper I 
The densification of CaF2 powder by sintering occurred in the range between 800°C and 
1000°C. Microstructures similar to the ones observed in UO2 nuclear fuel pellets with different 
burnup levels were obtained when sintering pellets at 900°C and 1000°C (Harvey et al. 1969; 
Frost 1996; Ohâi 2003; Romano et al. 2007). EBSD results showed that the sintering process 
produces grains that are crystallographically randomly oriented, which gives to each grain a 
specific surface structure. Confocal profilometry was presented for the first time as a versatile 
tool to analyze topography changes on the surface during dissolution. First dissolution results 
using the pellets prepared showed that (Fig. 4): 

  

Figure 4:  3-D confocal profilometry image of a CaF2 pellet surface sintered at 1000°C. The surface 
was polished and left to dissolve for: a) 36 hrs; b) 276 hrs. Numbers refer to grains with different 
orientation: 1) {100}; 2) {334}; 3) {104}; 4) {114}; 5) {245}. Different colors identify different depths. 
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a) Grain boundaries dissolve rapidly leaving behind significant channels;  
b) Surfaces with different crystallographic orientation dissolve at different rates;  
c) The roughness developed is crystallographically controlled, and therefore, specific to the 
orientation of each grain;  
d) Pores acquire specific shapes depending on the surface symmetry and their lateral 
spreading contributes significantly to the overall dissolution of the respective grain.  

These important surface changes occurring during dissolution of sintered fluorite suggest that 
the surface orientation and surface defects significantly affect the dissolution process and its 
kinetics. Therefore, the effect of crystallography should be taken in consideration when 
studying the dissolution of fluorite type materials such as SNF. 

ii. Paper II 
Results in this paper show the variation of retreat rates with the surface orientation, i.e. 
surface structure (Fig. 5). The roughness developed on each surface was shown to be highly 
dependent on its orientation. 

   

  

Figure 5: Representation of the lateral view of the a) {1-10} plane, with cuts across some surfaces with 
miller indices in the form (h,h,l). Black and grey spheres represent Ca and F, respectively. b) 
Representation of retreat rates from of surfaces with different orientation as a function of a structure 
dependent angle α. 

 
Figure 6: AFM image of CaF2 surfaces with different orientations after 276 hrs of dissolution, a) (126) 
mainly composed by {100} and {111} planes; b) (114) mainly composed by {100} planes; c) (245) 
mainly composed by the {111} and {100} planes. 

Retreat rates show systematic changes with a continuous rotation of the crystal structure (Fig. 
5). These changes correlate to the chemistry of each surface as represented by relative 
significance of the reference planes and density of their interceptions that forms less stable 
stepped sites. A higher density of step sites on the initial surface is linked to a faster 
dissolution rate and to a more pronounced development of topography. As a general principle, 
surfaces that dissolve slower tend to persist during dissolution developing lower roughness.  
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A dissolution model was proposed to explain the development of roughness (see section 6.vi 
for details). Step sites dissolve preferentially forming etch pits which leaves exposed the more 
stable planes and reduces the density of step sites (Fig. 6). The main consequences of the 
proposed dissolution model are that surface area increases due to the development of 
topography and the reactivity of the surface decreases due to a reduction of the density of 
step sites and exposure of more stable planes. This suggests that traditional dissolution 
models need to be refined to account for the effect of crystal orientation on dissolution. The 
dynamic nature of the proposed model predicts that it is not accurate to interpret dissolution 
rates from water chemistry data and surface area measured by gas adsorption methods 
alone. The observed changes in surface area and overall surface energy of the dissolving 
surfaces suggest that dissolution rates change with time. Laboratory experiments, which are 
for practical reasons commonly done for short periods relative to geological times, generally 
only monitor the first fast dissolution rate phase of the described dynamic dissolution system. 
It is expected that accounting for the proposed model will improve our abilities to predict long-
term dissolution rates from laboratory dissolution studies. 

iii. Paper III 
For the first time, surface energies calculated using DFT-based modelling were related to the 
experimental reactivity of surfaces with different crystallographic orientations in solution. The 
variation of measured retreat rates of CeO2 with the surface structure followed the same 
trends observed for CaF2, although obviously differed in absolute value. This suggests that the 
relative stability of any surface of other fluorite-type materials can be predicted based on 
surface structure considerations and the surface model proposed. 

 
Figure 7: Variation of calculated surface energies per unit area (λ) (a) and experimental retreat rates 
(b) with a surface structure dependent angle θ, for fluorite A) and ceria B). Colours identify the same 
trends in each graphic corresponding to comparable surface structures. The data points of the 
experimental retreat rates in Fig. 7b are from Paper II. In some cases the error bars are smaller than 
the data symbols. 
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The calculated surface energies of exposed surfaces in CeO2 and CaF2 follow the same trend 
as their measured retreat rates, with the exception of so-called “Tasker-type-III” surfaces 
composed by the {100} plane (Fig. 7). An atomic reconstruction was necessary on those 
surfaces to quench the dipole moment and assure the convergence of the calculation. This 
reconstruction included the removal of fluorine ions from the top layer with the formation of 
deficiently bonded Ca atoms. Therefore, the modelled surface is less stable than the real 
surface which explains the divergence between experimental and theoretical stability (Fig. 7). 
For surfaces not altered the experimental and theoretical stability follow the same trends 
which was explained based on the common dependence of the density of surface defects, i.e. 
step edges in this specific work. 

iv. Paper IV 
In this study the topography of natural fluorite surfaces with different orientation was analyzed 
for up to 3200 hours of dissolution. All surfaces studied presented fast changes of roughness 
average (Ra) during the initial 200 hours of dissolution (Fig. 8a). The controlling factors that 
cause the development of topography are the stability of the edges forming the initial plane 
and its inclination to the closest stable planes, which are specific for each surface orientation 
(Fig. 9). The surface dynamics were accompanied by a significant decrease of dissolution 
rates (Figs. 8b & 8c). This variation of dissolution rates was attributed to a decrease of the 
density of step sites on the surface and the continuous exposure of stable planes. During a 
second dissolution regime some surfaces continue to present significant changes of 
topography, while for others the topography tends to remain approximately constant (Fig. 8). 
The surface dynamics during the second regime was related to the relative stability of the 
edge types that constitute each surface.  
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Figure 8: a) Variation of Ra (nm) with dissolution time (hrs) for the 6 surfaces orientations studied. The 
areas used to determine the Ra were 850 µm2. b-c) Relation between the variation of Ra (left axis) with 
the variation of retreat rate (right axis) with dissolution time for planes {110} and {245}. 

  

  
Figure 9: SE images after 3200 hrs of dissolution of the planes: a) {110}; b) {104}; c) {102}; d) {334}.  

It was concluded that the development of topography during the initial regime is kinetically 
driven, and therefore, the surface may only reach a metastable state. The height and size of 
the topography initially developed and the nature of the planes that constitutes them 
determines the changes during the second dissolution regime. Then, dissolution transforms 
the initially formed metastable surfaces towards a more stable topography. The consequence 
of those observations is that dissolution rates decrease at the same time that surface area 
increases. Therefore, the classical way to calculate dissolution rates as directly proportional to 
the surface area are not valid for this type of surfaces. Instead, the surface reactivity, 
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determined from the relative stability of the planes and type of edges that constitute a surface, 
is proposed to be used in more accurate dissolution kinetic models.  

v. Paper V 
In this study atomic force microscopy was used to observe the surface dynamics at the nano-
scale during the initial minutes of dissolution. Polished natural fluorite surfaces with different 
orientations were dissolved in a fluid cell which allowed the direct observation of dissolution. 
The surfaces used, allegedly with an initially high density of defects showed fast changes 
during the first seconds in solution. Different type of structures developed on the surface 
depending on its initial orientation and the composition of the solution (e.g. Fig. 10). These 
structures are possibly constituted by CaF2 formed by a dissolution – precipitation mechanism. 
This forms structures that are more stable than the initial surface and tend to persist for at 
least 1620 hours of dissolution. A new interpretation of traditional kinetic and thermodynamic 
models of dissolution applied to surfaces with high density of defects was proposed to explain 
the observations. The new model (see section vi for details) includes the following steps: a) 
fast initial dissolution of defect sites; b) formation of a boundary layer at the interface surface-
solution enriched in the dissolving ions; c) precipitation of a stable phase on surface defects.  

This model highlights the importance of surface defects for advancing our understanding of 
dissolution processes and develop more accurate kinetic models essential in earth and 
materials sciences. Results show that using exclusively information from cleaved surfaces that 
have lower densities of defects than natural surfaces may lead to an underestimation of 
dissolution rates. In addition, when comparing retreat rates of surfaces based on the direct 
analysis of a cleaved surface, results may present significant differences from surface area 
normalized dissolution rates obtained from solution analyses using natural or powdered 
samples with a higher density of defects. 

   

Figure 10 : AFM height images of surfaces with different orientations after dissolution in different 
solutions. a) interface between (104) (lower side) and (334) (top side) after 35 min in NaClO4 solution 
with pH 3,6. Note the differences of topography on the 2 surfaces, the round shaped features aligned 
on plane (104) and the smooth areas on plane (334). b) (334) plane after 2 min in HCl solution with pH 
2. Darker areas are the continuously dissolving surface and lighter areas are the surface layer.  
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vi. New dissolution model for fluorite type materials 

In this section a summary of how the results from all papers fit together in a unifying 
dissolution model for fluorite surfaces is presented. The novelty of this model, when compared 
with traditional dissolution models, is to differentiate between the stability of each 
characteristic site present on a crystal surface, namely plane, step edge, pore or grain 
boundary. Further developments of existent thermodynamic and kinetic models of dissolution 
are proposed to account for the variable surface reactivity in the calculation of dissolution 
rates. The model proposed can be used to interpret the effect of surface properties on the 
dissolution process for constant solution conditions. Nevertheless, the author is aware that 
other factors, such as solution composition or temperature, also influence the dissolution 
process (see section 9). However, the model expresses the importance of considering the 
surface properties in kinetic models of dissolution, which is expected to be valid for different 
dissolution conditions.  

 

Figure 11: Lateral views of a cut on a (113) plane schematically representing the topography changes 
during dissolution; black and grey spheres represent Ca and F, respectively. Arrows indicate 
preferential dissolution sites, and dashed lines indicate {100} planes and dotted lines indicate {111} 
planes, exposed after dissolution. a, b, c and d represent consecutive stages of dissolution. 
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Common surfaces found in nature, which expose different planes and types of defects 
dissolve preferentially at the less stable sites. For example, as schematically represented in 
figure 11, etch pits are formed by the preferential dissolution of atomic scale step sites. The 
etch pits tend to grow up to a size limited by the overlapping of other etch pits, which is directly 
related to the density of step sites on each surface. If the density of defects is high (Fig. 12-1) 
the consequent fast dissolution rate can cause the enrichment of ions released from the 
surface in a thin fluid layer at the mineral – solution interface (Fig. 12-2). Due to the low 
stability of the surface and local supersaturation, precipitates can nucleate (Fig. 12-3b), even 
from an undersaturated bulk solution. The precipitates may result in a layer that covers the 
surface (Fig. 12-3a). This layer has lower density of defects; therefore, would be more stable 
that the initial surface (Fig. 12-4). However, if the diffusion rate of ions to the bulk of the 
solution is fast enough relatively to the dissolution rate, the boundary layer remains far from 
saturation and dissolution proceeds by the continuous overlap of etch pits and merging of 
terraces. This causes the development of a specific topography that depends on the local 
orientation of the surface, i.e. type of edges and planes exposed. The height and width of the 
topographical features developed are controlled by how fast crystal edges emanate step 
edges that laterally consume a perfect plane, and how fast etch pits are nucleated on perfect 
planes forming new steps. As evidenced in figure 11d the preferential dissolution of step 
edges leaves more stable planes exposed. The main consequences of this dissolution model 
are the increase of the overall surface area and at the same time the progressive stabilization 
of the surface due to the decrease of the density of less stable sites. Furthermore, an 
equilibrium topography can be idealized depending on the energy (i.e. relative stability) of 
each surface site and solution strength (e.g. solution composition). 

 

Figure 12 : Schematic model of dissolution, divided in 4 consecutive stages. 1) Surface before 
dissolution; 2) Initial seconds of dissolution with formation of a boundary layer at the surface-solution 
interface rich in ions or complexes removed from the surface; 3) Surface covered with fluorite 
precipitates either as a surface layer (3a) or as isolated precipitates (3b); 4) The precipitates inhibited 
the dissolution of the surface at the most reactive edges. Areas not covered by the precipitates 
dissolved faster. 
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Besides the defects on the initial surface, pores and other defects in the crystal structure can 
progressively be exposed during dissolution affecting significantly the dissolution kinetics and 
surface dynamics through time. For example, figure 13 shows schematically the surface 
changes occurring on a spherical pore during dissolution. Initially the pore has high density of 
defects, e.g. introduced during crystal growth in natural minerals, or due to its spherical shape 
in SNF (Fig. 13a). The fast dissolution of these step sites leaves the most stable planes 
exposed (Fig. 13b). The surface around the pore and the edges of the pore dissolve faster 
that the stable planes inside the pore causing the opening of the pit, which may lead to the 
overlap of two or more pits (Fig. 13c). The lower and lateral surfaces of the pore are more 
stable that the top surface; therefore, the pore tends to disappear during dissolution leaving 
stable and rough areas on the surface (Fig. 13d). Similar topographical features that tend to 
persist during dissolution can also be formed by the inhibition of dissolution (Fig. 12-4). It can 
be concluded that, for example pores, initially contribute to a faster dissolution rate. This faster 
local dissolution causes the development of larger stabilized areas with higher topography. 
Consequently, at a later dissolution time this area dissolves slower than the surrounding 
surface, contributing to a slower overall dissolution rate. According to the concept of 
equilibrium topography, these areas can disappear with time if the rate of opening of new etch 
pits on the stable planes causes the development new smaller scale topography, or the top 
edge is highly unstable being an important source of new steps.    

 

Figure 13 : Cross sections of a pore schematically representing the topography changes during 
dissolution. a, b, c and d represent consecutive stages of dissolution. 

Traditional kinetic models of dissolution (see section 4.i for details) use surface area as the 
only surface parameter used to calculate dissolution rates. As surface area is assumed to 
remain constant during dissolution, no variability factor of dissolution rates with time is 
considered to be influenced by the surface. The results presented here show the limitations of 
this approach suggesting that dissolution rates should be calculated as a function of an overall 
surface reactivity term that accounts for the reactivity of each site constituting the surface. 
Furthermore, the variability of the reactivity with dissolution time results in a time dependency 
of the dissolution rates. This represents a major factor of uncertainty when calculating long 
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term dissolution rates based in equations derived from dissolution experiments running for 
short periods of time and using a variety of materials with different surface properties. An 
additional factor of uncertainty is that, as the results shown here suggest, the initial dissolution 
times are the most dynamic period of the surface when significant variations of surface area 
and reactivity occur (e.g. Figs. 8 & 10). Based on the proposed model, we can make a 
generalized prediction of how the dissolution rate of a surface exhibiting different type of 
defects changes with time. At the beginning the dissolution rate is faster, mainly as a 
consequence of the faster dissolution of surface defects along grain boundaries, pores or step 
edges. This causes the progressive exposure of more stable surfaces and an increase of 
surface area. These factors affect dissolution rates in opposite ways; however, the results 
show that during this period dissolution rates decrease mainly due to the decrease of the 
overall reactivity of the surface. The factors that cause the topography variation, explained 
above, tend to equilibrate and the surface dynamics tends to slow down progressively. 
Therefore, at later dissolution times, surface area and surface stability present small 
variations, and consequently the dissolution rate is expected to remain approximately 
constant.   

The surfaces of SNF pellets are good examples of surfaces with a high density of defects, 
such as step edges, pores and grain boundaries. Results obtained from the dissolution of 
CeO2 pellets and surface energies calculated using ab initio simulations suggest that the 
dissolution kinetics of other materials with the fluorite structure should also be strongly 
dependent on the density and type of surface defects. Furthermore, the low solubility of the 
main nuclear fuel oxides can cause the formation of interfacial fluid boundary layers following 
a similar process as schematized in figure 12. Consequently, the dissolution-precipitation 
mechanism may not obey to traditional kinetic and thermodynamic laws. Such a dissolution-
precipitation mechanism could cause the leaching of other radionuclides from the main fuel 
matrix. For the specific example of SNF mainly constituted by UO2, even when the overall 
concentration of uranium is measured to be constant in solution, dissolution of the matrix can 
be occurring at unstable sites while only UO2 is deposited at more stable sites. 

7. Concl usions 

• Dissolution of fluorite surfaces is crystallographically controlled because different types of 
planes and edges that constitute a surface dissolve at different rates. 

• Each type of planes and edges has a different stability depending on the coordination 
number and geometry of the atoms that constitute them.   

• The initial dissolution rate of a surface is strongly dependent on the density of step edges 
characteristic of a specific orientation and common for materials with the fluorite structure. 

• Dissolution causes dynamic changes on the surface topography, which causes the 
variation of the surface stability and surface area with time. 

• Fast dissolution rates on surfaces with high density of defects can form a fluid boundary 
layer between the bulk solution and the surface enriched in the dissolving ions, which may 
lead to precipitation of a solid phase more stable than the initially dissolved surface. 

• Dissolution kinetic models should consider the reactivity of a surface at each dissolution 
time, instead of a constant value of surface area measured before dissolution, to calculate 
accurately dissolution rates. 
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8. Ongoi ng work 

i. Simulation of dissolution processes 
Laboratory dissolution experiments are limited to the reasonable time length of a project, and 
for example, in the case of SNF limited by expensive and complex procedures. Therefore, 
dissolution data for long periods of dissolution are not available, which leads to the 
assumption of a constant dissolution rate though time. However, the models proposed in 
section 6.vi refute this assumption based in the observations of the surface dynamics. A 
computer program that simulates the dissolution process is presented here as a tool to further 
understand and quantify the variation of dissolution rates, surface area and surface 
topography over periods of time beyond reasonable for a laboratory experiment. The program, 
based in the proposed dissolution models and experimental data, simulates surface changes 
during dissolution. In the simulation, dissolution rates are calculated not as a function of 
surface area but of surface reactivity, which progressively changes with time. So far, the 
development of such programs was limited to the lack of information about the surface 
properties that control the dissolution of different surface sites and cause the development of 
characteristic topographies. Besides the advances in the understanding of these factors 
presented in this thesis, Paper II also provides quantitative data that are fundamental to run 
this program.  

Two programs using the platform “Elle” (Jessell et al. 2001, Bons et al., 2008) were developed 
to simulate topography changes occurring during dissolution in (i) a two dimensional profile of 
the surface (Fig. 14) and (ii) real 3D surfaces (Fig. 15). The model allows the graphical display 
of topographic developments of the surface, tracking of the variation of the surface area and 
calculating the overall dissolution rate at each stage of the simulation. For example in figure 
15, results obtained with the 3D simulation at three different stages are compared to 
experimental results.    

The initial surface is composed by a group of nodes set to be at the same height. Each group 
can have a specific initial orientation, which determines the initial dissolution rate of a node. 
This influences the development of topography during the all process (e.g. compare the 
profiles of two surfaces in Fig. 14). At each stage the nodes move in a random order, which 
gives the variability factor to the simulation. Each node determines its local orientation, at each 
stage, by calculating the inclination of the segment node / neighbor node. This orientation is 
then used to calculate a dissolution rate using the equations published in Paper II. This 
dissolution rate is used to calculate the displacement of the node that simulates the retreat of 
the surface. Additionally, faster or slower movements can be input to specific nodes to test 
physical laws. For example, if the node is at an edge between two planes, an extra move can 
be imposed; or the movement can be set as dependent on the increase or decrease of 
surface area caused by the displacement. It should be noted that the distances between 
nodes are not directly related to atomic distances and the segment between two nodes does 
not necessarily represent an atomic flat surface but the plane corresponding to the local 
orientation of the segment. Consequently, each segment is assumed to have the average 
edge density of the corresponding plane; therefore, it will dissolve at a rate that already 
incorporates the edge effect, i.e. surfaces with higher density of edges dissolve faster. Further 
developments of the program may allow interpreting the effect of surface defects such as 
pores and grain boundaries to the overall dissolution rate of a surface. 
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Top surface 

 

Bottom surface 

 

Figure 14:  Simulation generated images representing the topography profile of two surfaces with 
different initial orientation after dissolution; top sur face (112); bottom surface  (110). Vertical lines 
represent grain boundaries (here with no grain boundary specific dissolution rate). Inclination of each 
profile segment correspond to surfaces matching the {111} or {100} planes. 

 

Figure 15 : Comparison between CP images of a grain of a sintered CaF2 pellet at three dissolution 
times, with 3D computer generated images of a surface at three different simulation stages. Both 
experimental and simulated surfaces correspond to the {111} plane. Colors identify different depths 
where blue signifies low and red high. CP images are 60 µm width. Note the formation of etch pits with 
similar triangular shape and the faster dissolution of the grain boundaries.   

ii. Effect of deformation on dissolution rates 
Dislocations in a crystal are common in nature as the result of deformation or crystal growth. 
The structures of these sites are expected to have high energy, and consequently dissolve 
faster. The understanding of how these structures affect the overall dissolution rate of a 
mineral surface is essential to develop complete and more accurate kinetic models of 
dissolution.   
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Natural fluorite single crystals were deformed in laboratory using a Griggs deformation rig to 
create dislocations, sub-grain boundaries and new grain boundaries in the crystal. The 
uniaxial deformation experiments were conducted at confining pressures of 5 MPa, 
temperature of 600-700 °C and constant strain rates of 10-5 s-1. The deformed crystals were 
subsequently used in dissolution experiments and surface analysis following the general 
procedure outlined in section 5 and figure 2. Results of a surface after seventeen hours of 
dissolution show that dissolution occurs preferentially in areas that possibly have a higher 
density of defects (Fig. 16). Similar experiments will be further coupled with the EBSD study of 
the surface to determine the nature of the defects and determine the relation between 
misorientation, inferred dislocation densities and dissolution rates at grain boundaries. The 
study will allow a better understanding of the dissolution behavior of deformed polycrystalline 
materials, both within grains and at grain boundaries. Acquired quantitative data will be used 
to extend the modeling of the dissolution process. 

 
Figure 16: CP image of a cross section of a pre-deformed fluorite sample after 17 hrs of dissolution. 
Darker areas represent deeper and rougher parts of the surface. Note the high dissolution (dark 
colours) at grain boundaries as well as slight changes in topography within grains. 

9. F uture perspectives 
As so often happens in science, the findings and outcomes of this study raise further 
questions. If we could make a 3D plot with the dissolution rates as a function of the density of 
edges and as a function of time, what would it look like? Can we quantify the reactivity of a 
surface area and its changes with time? How can we combine surface properties and solution 
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composition in a universal dissolution model? What is the relationship between surface 
structure and dissolution of materials with other crystal structures? In the following, some 
future work is proposed based on the findings presented in this thesis. This list is by no means 
exhaustive, but is aimed to show the general direction of future research. 

i. Effect of solution composition on dissolution rates 
As described in the background section, the effect of different solution compositions on 
dissolution has been extensively studied. Saturation state, pH and temperature are some 
examples of factors found to be of major importance for the dissolution process. In this study 
the main focus was the analysis of the surface, its reactivity and its alteration during 
dissolution. Therefore, to isolate the factors that affect dissolution, the same type of solution 
was used to study different types of surfaces. However, to fully understand the dissolution 
process, the link between surface properties and solution composition must be established. 
For that, the same experimental procedures and methods of data analysis presented in this 
thesis could be applied using different solution compositions. For example, applying the 
dissolution procedure used in this study but using a solution close to equilibrium could help 
understanding the link between surface energy and driving force of dissolution. This 
information is also relevant for predicting the long term dissolution rates of SNF or natural 
occurring minerals as close to equilibrium conditions are expected in many natural systems.  

ii. Further applicability of the experimental methods 
The main innovation of this study is that the surface properties and its variation are linked to 
the kinetics and thermodynamics of dissolution. The findings show that the surface reactivity 
plays a fundamental role in the dissolution process. Therefore, it is fundamental to extend this 
study to a wide range of materials with different crystal structures to understand how the 
surface properties influence their dissolution process. Such studies can provide data that allow 
the development of more accurate dissolution models that integrate kinetics and 
thermodynamics using both surface properties and solution composition as variability factors. 
The fluorite structure is a cubic system with several degrees of symmetry. This facilitated 
finding the relations between surface structure and experimental data. A similar approach can 
now be used to study the surface reactivity of materials with a more complex structure, but 
equally with high relevance for industry and for the understanding of natural systems.  

iii. Precipitation vs dissolution 
The differences and similarities between the mechanisms of crystal growth and dissolution are 
topics of extensive debate. It is logical to state that the stability of each surface site affects 
both processes. The existence of exhaustive description of natural and industrial fluorite under 
different growth conditions and how these conditions affect crystal shapes and surface 
properties presents an opportunity to link both dissolution and precipitation mechanisms. For 
example, the fluorite crystals used in this study have fluid inclusions trapped in the crystal. 
Although the crystal grows exposing the {100} plane, some of these fluid inclusions expose 
{111} faces or a mixture of {100} and {111} faces (Fig. 17). This suggests that the {100} planes 
initially formed are replaced by {111} planes, possibly as a result of a change of temperature 
or change of the solution composition. These disturbances may alter the relative stability 
between both planes inducing a fluid mediated replacement of a surface less stable by a 
surface more stable. These observations may have implications for understanding the 
dissolution of SNF. If a solution is in equilibrium with a surface, dissolution is considered 
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minimum. However, on a surface exposing sites with different stabilities the equilibrium 
includes the dissolution of less stable surfaces and precipitation of more stable surfaces. For 
the specific example of SNF mainly constituted by UO2, even when the overall concentration 
of uranium is measured to be constant in solution, dissolution of the UO2 matrix can be 
occurring at unstable sites while only UO2 is deposited at more stable sites and other toxic 
radionuclides may not precipitate. This also suggests that the thermodynamics of dissolution 
should not be related to bulk properties of a material, but rather to be dependent on its surface 
properties.  

   
Figure 17: Top views of CP image of natural fluorite surface a) 10x magnification; b) zoom in of fluid 
inclusion pit from fig. 17a. 

iv. Surface reactivity theory based on surface defects 
In this study it is shown that the kinetics of dissolution is strongly affected by surface defects. 
The reactivity of these sites was attributed to its special local chemistry and geometry. 
Generally, we can say that a weaker bonding to the crystal gives a higher energy to the site, 
which is more likely to react with species in solution. It is also known that step edges can have 
high catalytic activity in redox reactions or in the formation of biomolecules essential for the 
origin of life. However, the nature and quantification of such edges are used in very general 
terms by various fields of science. In Paper IV, it is shown that fluorite has different type of 
edges presenting a specific reactivity regarding dissolution. The presented results show that 
edges can be considered at different scales from the atomic scale (e.g. stepped surfaces 
described in Paper IV) up to the macroscopic scale (e.g. the limits of a crystal), and 
intermediary scales (e.g. pores and grain boundaries at the microscale, or the roughness 
developed on {111} planes at the nanoscale). To quantify the reactivity of a surface a fractal 
model to quantify the amount and type of edges on a surface is necessary not only to be used 
in dissolution models but also in other fields such as catalysis or biogeochemistry. 
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To enable a detailed study of the influence of microstructure and surface properties on the stability of
spent nuclear fuel, it is necessary to produce analogs that closely resemble nuclear fuel in terms of crys-
tallography and microstructure. One such analog can be obtained by sintering CaF2 powder.

This paper reports the microstructures obtained after sintering CaF2 powders at temperatures up to
1240 �C. Pellets with microstructure, density and pore structure similar to that of UO2 spent nuclear fuel
pellets were obtained in the temperature range between 900 �C and 1000 �C. When CaF2 was sintered
above 1100 �C the formation of CaO at the grain boundaries caused the disintegration of the pellet due
to hydration occurring after sintering.

First results from a novel set-up of dissolution experiments show that changes in roughness, dissolu-
tion rate and etch pit shape of fluorite surfaces are strongly dependent on the crystallographic orientation
of the expose surface. Consequently, the differences observed for each orientation will affect the overall
dissolution rate and will lead to uncertainties in the estimation of dissolution rates of spent nuclear fuel.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

CaF2 is the most soluble material of a class of compounds which
have the fluorite crystal structure. Other materials with this struc-
ture include a number of materials used as nuclear fuel, i.e. UO2,
ThO2 and PuO2 [1].

It has been previously proposed that different surface orienta-
tions of the fluorite structure have different surface energies
[2,3]. However, it is not known how these energy differences affect
important surface processes such as dissolution.

Dissolution studies of nuclear materials require complex exper-
imental setups due to the radioactivity and redox sensitivity of the
samples, which frequently lead to inconsistent results [4]. There-
fore, we propose to use CaF2 as an analog of spent nuclear fuel
for investigating the effects of microstructure and crystallography
on dissolution.

A suitable analog for dissolution experiments needs to have a
microstructure similar to typical spent nuclear fuel pellets. The
grains should be randomly oriented and have a specific size and
porosity [5–7], which are determined by the burnup conditions
of the fuel [8]. Systematically varying these parameters allows
the contribution of reactive sites such as grain boundaries and
pores on the overall dissolution rate to be studied.
ll rights reserved.
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Despite the wide usage of CaF2 for optical applications and as a
sintering agent [9–11], the crystal growth techniques previously
described in the literature only allow crystals with the (111) or
(001) surface orientations to be obtained [12–14]. This may be
the reason that only these surfaces have previously been studied
in dissolution experiments [14–16].

In this contribution we report the microstructures that can be
obtained by sintering CaF2 powder at different temperatures. A
methodology for producing microstructures that can be used to
investigate the link between surface stability and crystallographic
orientation is subsequently described.

First results from dissolution experiments using the microstruc-
tures obtained are presented. Such experiments will contribute to
the development of a model that describes the dissolution behav-
ior of spent nuclear fuel.

2. Set-up and procedures

Sigma–Aldrich CaF2 powder (0.5–3 lm particle size) was uniax-
ially pressed with a load of 1 ton. for 2 min in a 1 cm diameter
hardened stainless steel die. The pellets were sintered in a tube
furnace, under air or N2 atmosphere, in the temperature range
from 700 �C to 1240 �C using a heating and cooling rate of
5 �C min�1.

After sintering, the samples were analyzed using a gas picnom-
eter (AccuPyc II 1340, micrometrics), X-ray diffraction (XRD)
(Philips PW1825/00), a field emission gun environmental electron

http://dx.doi.org/10.1016/j.jnucmat.2011.08.031
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Fig. 1. Representative secondary electron ESEM images of CaF2 samples: (a)
fractured surface, sintered at 800 �C, (b) chemically etched surface, sintered at
900 �C and (c) chemically etched surface, sintered at 1000 �C.

Fig. 2. Microstructure properties of pellets sintered at different temperatures: (a)
variation of maximum grain size (solid line), average grain size (dashed line) and
overall density (dot line) and (b) grain size distribution function at three different
temperatures. The distribution function is defined as the number of grains within a
diameter interval divided by the total number of grains analyzed. For sintering
temperatures of 800 �C the diameter interval was 0.5 lm; 3 lm for 900 �C and 5 lm
for 1000 �C.
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microscope (ESEM) (Phillips XL-30) with a coupled electron
backscattered detector (EBSD) (Nordlys, Oxford instruments) and
the software package HKL Channel 5 (Oxford instruments). For
the ESEM analysis a cross section of the pellet was cut using a
diamond saw, polished down to a 1 lm finish using diamond paste
and mechanochemical etching in colloidal silica.

Dissolution was performed in a batch reactor with external
stirring of 110 rotations min�1. The solution used was a 1 M
NaClO4/HClO4 with pH = 3.6. The tests were conducted for 36 and
276 h. The solution was kept far from equilibrium being the
calcium concentration after dissolution below 10 ppb. Surface
topography was studied with a Sensofar PLu2300 profilometer
using confocal lens with 50 and 150 times magnification (field of
view 253 � 190 lm and 84 � 63 lm respectively) and a numerical
aperture of 0.95. The system has a lateral resolution of 111 nm and
a vertical resolution of 1 nm.
3. Results and discussion

3.1. Sintering

Significant sintering of the pressed CaF2 compacts was observed
above 800 �C; only small changes in dimensions occurred below
this temperature. At 800 �C the measured change in the pellet
diameter was approximately 1% and the sintered density of the
compacts was low (81% theoretical). The observed microstructure
consisted of cubic crystals, with edges 5–10 lm in length, distrib-
uted in a matrix of fine spherical particles between 0.5 lm and
2 lm in diameter (Fig. 1a). As shown in Fig. 2b the grain size is con-
sistent with the primary particle size in the CaF2 precursor
although a few large grains were observed.

At temperatures over 870 �C significant densification and grain
growth was observed (Fig. 2a). At 900 �C the measured density was
92% theoretical and the remaining spherical porosity (1–4 lm
diameter) was no longer interconnected. Fig. 2b shows that all
powder particles have fused forming grains mainly in the range
5–20 lm, which corresponds well with the typical grain size distri-
bution observed in low burnup UO2 nuclear fuel pellets [17,18].

Between 900 �C and 1000 �C the smaller grains fuse forming
grains mainly in the size range 10–45 lm. At 1000 �C the



Fig. 3. Representative crystal orientations of grains from a sample sintered at 1000 �C; (111), (100) and (110) pole figures where each point represents one grain from a total
of 406 grains analyzed. Z and Y correspond to the two perpendicular axes lying in the analyzed surface, i.e. long and short sides of Fig. 1c.
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Fig. 4. Comparison of XRD spectra obtained from samples sintered at 1240 �C: (a) powder released from b and c 1 month after sintering, (b) bulk of the pellet, (c) surface of
the pellet and (d) sintered under nitrogen atmosphere. Typical reflections are identified by (hkl), (hkl)⁄ and (hkl) for CaF2, CaO and Ca(OH)2, respectively.
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maximum density of 95% was achieved and pores up to 8 lm in
diameter were observed (Fig. 1c), which resembles high burn up
UO2 nuclear fuel pellet microstructure [5,19] (Fig. 2).

In the temperature range between 1000 �C and 1240 �C porosity
and average grain size remain constant and the maximum grain
size detected was 89 lm.

The pole figure (Fig. 3) of a sample sintered at 1000 �C shows
that the sintering process produces grains that are crystallograph-
ically randomly oriented. A similar result was obtained for all other
sintering temperatures.

3.2. Formation of CaO and Ca(OH)2

XRD analysis on the surface and bulk of the sintered pellets is
shown in Fig. 4. Below 1050 �C all the reflections present could
be attributed to CaF2. Reflections of CaO and Ca(OH)2 were ob-
served in pellets sintered above 1100 �C (Fig. 4b–d). The surface
was completely replaced by CaO (Fig. 4c) and small amounts were
also detected in the bulk of the pellet (Fig. 4b). When those com-
pounds were present the pellets lost their mechanical integrity,
and disintegrated to form powders, after exposure to air. XRD anal-
ysis of the powder (Fig. 4a) showed an increase of the hydroxide
content with respect to the content in the original pellet
(Fig. 4b–c).

For pellets sintered under N2 atmosphere CaO and Ca(OH)2

were only detected in small amounts in the bulk of the pellet
(Fig. 4d). However, the same disintegration process occurred, but
slowly.

Fig. 5 shows the areas where CaO is present; well defined areas in
the bulk of the pellet (Fig. 5a–b); and as a distinct homogeneously



Fig. 5. Backscattered electron ESEM images of a pellet sintered at 1200 �C for 4 h
under air: (a) after sintering showing agglomerates of CaO (darker areas), (b) after
5 days of sintering showing a crack with origin in a CaO/Ca(OH)2 rich area and (c)
surface layer of CaO (the glowing effect is caused by charging along grain
boundaries).

Table 1
Comparison of some surface properties for the orientations corresponding to the
grains shown in Fig. 6b–c, after 276 h of dissolution. sq: square; tr: triangle; sq/tr:
undefined shape between a square and triangle. The roughness average was
calculated on the top surface of the grains (excluding pores and grain boundaries).

Grain no. 1 2 3 4 5

Orientation
(miller
index)

100 334 104 114 245

Pits shape sq tr sq/tr sq/tr sq/tr
Roughness

average
(nm)

<10 230 22 31 218

Retreat rate
(nm h�1) 0.28 ± 0.04 1.0 ± 0.4 0.67 ± 0.04 1.35 ± 0.06 2.4 ± 0.4
Angle with

(100)
0 47 14 19 71
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thick layer marking the reaction front that progress from the outside
of the pellet (Fig. 5c).

We propose that at temperatures over 1100 �C the CaF2 reacts
with atmospheric water on the surface of the pellet and the air
trapped during pressing, to form CaO (Eq. (1)) [20,21]. After cool-
ing, at room temperature, CaO reacts with atmospheric water
forming Ca(OH)2 through an endothermic reaction [22,23] (Eq. (2)).

CaF2 þH2O! CaOþ 2HF ð1Þ
CaOþH2O! CaðOHÞ2 ð2Þ

The formation of the hydroxide causes the crystal to expand about
97% of its volume which leads to the cracking of the pellet along the
grain boundaries or areas where air was trapped during the initial
stage of sintering and the CaO is present (Fig. 5b). Similar fracturing
processes are known to occur in natural systems [24]. Assuming an
air humidity of 70% and an approximate density of 60% after press-
ing, 10�3 mol of CaO can be formed, which represents a total in-
crease in volume up to 1% of the total pellet volume, caused by
the hydration reaction.
3.3. Dissolution experiments

The microstructures in the materials produced in this study
were used to investigate the effect of different CaF2 orientations
on dissolution. The presence of grains with different orientations
in small areas, within the field of view of 3-D optical profilometry,
allows the role of surface chemistry and energy on roughness and
rate of dissolution to be quantified. Here, we present initial results
of a 3-D analysis of a CaF2 pellet sintered at 1000 �C after dissolu-
tion in acidified solution.

Results from dissolution experiments are summarized in Table
1 and Fig. 6, focusing on five representative grains with different
surface orientations.

Before dissolution no grain boundaries were visible, the rough-
ness was homogeneous and the pores were spherical (Fig. 6a).

Dissolution along grain boundaries occurred fast, forming
clearly visible channels after 36 h of dissolution (Fig. 6b). The
width of the channels formed was independent of the misorienta-
tion between adjacent grains. The corrosion of the grain bound-
aries into the structure caused the physical separation of grains
from the pellet after approximately 372 h of dissolution. The sepa-
ration of grains imposes the maximum dissolution time that the
surface can be monitored using this procedure.

Fig. 6b also shows that a characteristic roughness starts to de-
velop on each grain, and a difference in height between grains
can be observed.

Furthermore, pores acquired specific shapes. The pore shape
changes from near spherical to square for the (100) orientation
and from spherical to triangular for the (334) orientation. Triangu-
lar etch pits have previously been reported for the (111) orienta-
tion [16]. First analysis leads us to attribute the different pore
shape to a shift in the symmetry of the atomic structure on the sur-
face. Depending on the angle with the perfect (111) or (100) sur-
faces, with 3 and 4-fold symmetry respectively, the pore shape will
be either triangular or square. The dissolution of the lateral sur-
faces of the triangular pores was faster than that of the square



Fig. 6. 3-D confocal profilometry image of a pellet surface sintered at 1000 �C. The
surface was polished and left to dissolve for: (a) before dissolution, (b) 36 h and (c)
276 h. Numbers refer to grain no. as used in Table 1. Different colors identify
different depths. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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pores leading to a higher corrosion of the correspondent grains, i.e.
grain 2.
Fig. 6c shows the difference in dissolution behavior of the differ-
ent grains. The different depths after dissolution are a consequence
of different dissolution rates that can only be attributed to the dif-
ferent orientation of the grains.

A crystallographic controlled development of surface roughness
was observed for some orientations. The smaller the angles with
the (100) surface the smaller the roughness (grains 1, 3 and 4).
The calculated roughness average (Table 1) was higher for orienta-
tions with a higher dissolution rate, i.e. grain 5. The high roughness
average calculated for grain 2 was caused by the lateral opening of
the pores and not by dissolution on the top surface. Therefore, the
roughness value of grain 2 cannot be directly compared to the va-
lue of other grains.

A more detailed study is ongoing to further investigate the ob-
served effect of surface orientation on roughness and rates of dis-
solution in the fluorite structure.
4. Conclusions

The densification of CaF2 powder by sintering occurs in the
range between 800 �C and 1000 �C. Grain growth above 1000 �C
is low and is accompanied by the formation of CaO along grain
boundaries and pores at temperatures above 1100 �C. This repre-
sents a limitation of the possible microstructures obtained by this
method as cracking of the pellet and loss of mechanical integrity
was observed. This was due to an increase in volume caused by
the hydration of the pellet.

Microstructures similar to the ones observed in UO2 nuclear
fuel pellets with different burnup levels were obtained when sin-
tering pellets at 900 �C and 1000 �C. We demonstrate the potential
use of such microstructures in coupled dissolution and confocal
profilometry studies to determine the reactivity of fluorite type
surfaces and study the role of crystallography on the dissolution
of fluorite type minerals.

Results from the dissolution experiments show that:

(a) Grain boundaries dissolve rapidly leaving behind significant
channels.

(b) Surfaces with different crystallographic orientation dissolve
at different rates.

(c) The roughness developed is crystallographically controlled
and therefore specific to each orientation.

(d) Pores acquire specific shapes depending on the surface sym-
metry and their lateral spreading contributes significantly to
the overall dissolution of the respective grain.

Important surface changes occur during dissolution in fluorite
type minerals and will therefore, affect the overall dissolution rate.
Therefore, the effect of crystallography should be taken in consid-
eration when studying the dissolution of spent nuclear fuel.
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Abstract

This paper reports how during dissolution differences in surface chemistry affect the evolution of topography of CaF2 pel-
lets with a microstructure similar to UO2 spent nuclear fuel. 3D confocal profilometry and atomic force microscopy were used
to quantify retreat rates and analyze topography changes on surfaces with different orientations as dissolution proceeds up to
468 h. A NaClO4 (0.05 M) solution with pH 3.6 which was far from equilibrium relative to CaF2 was used.

Measured dissolution rates depend directly on the orientation of the exposed planes. The {111} is the most stable plane
with a dissolution rate of (1.2 ± 0.8) � 10�9 mol m�2 s�1, and {112} the least stable plane with a dissolution rate 33 times
faster that {111}. Surfaces that expose both Ca and F atoms in the same plane dissolve faster. Dissolution rates were found
to be correlated to surface orientation which is characterized by a specific surface chemistry and therefore related to surface
energy. It is proposed that every surface is characterized by the relative proportions of the three reference planes {111}, {100}
and {110}, and by the high energy sites at their interceptions.

Based on the different dissolution rates observed we propose a dissolution model to explain changes of topography during
dissolution. Surfaces with slower dissolution rate, and inferred lower surface energy, tend to form while dissolution proceeds
leading to an increase of roughness and surface area. This adjustment of the surface suggests that dissolution rates during
early stages of dissolution are different from the later stages. The time-dependency of this dynamic system needs to be taken
into consideration when predicting long-term dissolution rates.
� 2012 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

CaF2 has the fluorite type crystal structure, which is the
same structure as the actinide oxides used as nuclear fuel,
i.e. UO2, ThO2 and PuO2 (Tasker, 1980). CaF2 with micro-
structure similar to spent nuclear fuel has recently been pro-
posed to be used as an analog to UO2 in dissolution
experiments by Godinho et al. (2011). The later study
0016-7037/$ - see front matter � 2012 Elsevier Ltd. All rights reserved.
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showed that differences in crystallographic orientation of
the grains exposed to the surface resulted in significant dif-
ferences of topography and dissolution rates of each grain.
This was previously also observed in UO2 (Römer et al.,
2003). Therefore, understanding how the surface chemistry
of each orientation affects the surface properties of mineral
surfaces during dissolution is essential to model the long
term dissolution behavior of spent nuclear fuel. The same
information is essential for the understanding of processes
common in rocks such as dissolution-precipitation creep
(Rutter, 1976) and solvent-mediated phase transformations
(Putnis, 2009; Putnis and Austrheim, 2010).

The natural cleavage plane of the fluorite structure
{111} (Tasker, 1979), was previously studied by scanning
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Fig. 1. Confocal profilometry image of a microstructure represen-
tative of the samples used in this study. Dark lines represent grain
boundaries and dark circles pores; gray scale represents topogra-
phy. White spots indicate the presence of pores within approxi-
mately 5 lm under the surface.
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probe microscopy during growth (Hillner et al., 1993; Gun-
tram and Werner, 1997; Schick et al., 2004), dissolution
(Hillner et al., 1993; Guntram and Werner, 1997; Cama
et al., 2010) and heating (Engelhardt et al., 2000). The
observed changes on the surface during those processes in-
clude the formation of steps 0.33 nm high, corresponding to
one F–Ca–F layer, and facets along {110} leading to the
formation of triangular pits, which is attributed to the three
fold symmetry of the {111} planes. To date, the effect of
dissolution on the surface has not been experimentally
studied for other surface orientations of the fluorite
structure. However, theoretical studies derived different
surface energies according to their surface chemistry for
different surface orientations and predicted the develop-
ment of stepped surfaces as a way of minimizing surface en-
ergy (Tasker, 1980; Puchina et al., 1998; Puchin et al.,
2001).

Currently accepted crystal dissolution theories (Brantley
et al., 1986; Lasaga and Blum, 1986; Lasaga, 1998; Lasaga
and Lüttge, 2001; Lüttge, 2006; Dove and Han, 2007) refer
to surface energy and saturation state of the solution as the
main factors that determine the dissolution mechanism, dis-
solution rate and changes in surface topography. The satu-
ration state of the solution is the driving force for
dissolution and defines the tendency of a surface to lose
atoms. Therefore, high undersaturation causes the nucle-
ation of new etch pits and consequently an increase of sur-
face area (Macinnis and Brantley, 1991; Lüttge, 2005). The
new etch pits are limited by kink and step sites that have a
higher energy tending to dissolve faster. On (111) CaF2

surfaces, when DG < �7 kcal mol�1 the dissolution rate is
independent of the saturation state and the opening of etch
pits dominates over the emanation of step waves (Cama
et al., 2010). When a pit nucleates at a dislocation the pit
should dissolve outward until it reaches a critical radius.

Growth beyond this value is energetically unfavorable,
and the nucleated pit should remain stable as a hollow core
(Lasaga and Blum, 1986). At the edges of a crystal prefer-
ential removal of atoms is caused by the higher surface en-
ergy at these sites and may lead to the development of
crystal surfaces with different orientations (Fan et al.,
2006; Snyder and Doherty, 2007).

Dissolution rates are usually defined as a function of the
overall surface area, usually determined by gas adsorption
methods (Brunauer et al., 1938). From dissolution theory it
is expected that not all the surface reacts at the same rate,
being dependent of the density of high energy sites. If this
density changes with time, the most reactive surface area
also changes with time, which represents a factor of uncer-
tainty in the estimation of dissolution rates (Ganor et al.,
2003; Turner et al., 2003; Ollila and Oversby, 2005; Zhu,
2005). However, existing dissolution theories do not con-
sider this dynamic behavior by neglecting the existence of
surfaces with different energies within the same crystal.
Interestingly, crystal growth theories (Bravais, 1866;
Donnay and Harker, 1937; Hartman and Perdok, 1955) ad-
dress this issue in order to explain the different shapes
observed in naturally and experimentally grown crystals.
Only surfaces with a slower growth rate, and therefore
lower surface energy, are observed in a crystal. Following
the same principle for dissolution, the most stable surfaces
with lower surface energy should dissolve at a slower rate,
and therefore tend to become more dominant at more ad-
vanced stages of dissolution.

Previous experimental studies of topography changes
during dissolution are mainly based on 3D information ob-
tained by atomic force microscopy (AFM) (Hillner et al.,
1993; Guntram and Werner, 1997) or more recently using
vertical scanning interferometry (Lüttge et al., 1999; Cama
et al., 2010). The recently developed 3-D confocal profilom-
etry (CP) technique with nanometer scale resolution and
larger scanning areas opens new possibilities to analyze
rougher and steeper surfaces, which allows the study of
micro-scale roughness, grain boundaries and pores, on
spent nuclear fuel and geological relevant microstructures
during dissolution (Godinho et al., 2011).

In this contribution we quantify the retreat rates of dif-
ferent CaF2 surface orientations and analyze the changes of
topography caused by dissolution at far from equilibrium
conditions. A dissolution model is proposed where time
dependent changes of surface chemistry govern dissolution
rates.

2. EXPERIMENTAL METHODS

2.1. Sample preparation

The samples used were obtained by sintering CaF2

powders with puriss. grade (>99%) from Sigma–Aldrich
at 1000 �C under N2 atmosphere following the procedure
of Godinho et al. (2011). The samples used in this study
were confirmed to be CaF2 by XRD peak analysis. Porosity
determined by gas picnometry (AccuPyc II 1340) was
approximately 5% (see Godinho et al., 2011 for details),
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where dominantly spherical pores occur both within indi-
vidual grains and along grain boundaries (Fig. 1). Electron
backscatter diffraction (EBSD) analysis confirmed the ran-
dom crystallographic orientation of grains and revealed an
average grain diameter of 30 lm and a maximum diameter
of 89 lm (Fig. 1) (see Godinho et al., 2011 for details). This
microstructure resemble those of spent nuclear fuel
(Godinho et al., 2011 and references therein).

The samples were cut using a diamond saw, polished
down to a 1 lm finish using diamond paste and mechano-
chemical etched in commercially available colloidal silica
for 5 h before being used. The mechanochemical etching
was necessary to remove the surface cover of finely broken
up material which resulted from mechanical polishing. This
procedure ensured a sufficiently good surface for electron
backscatter analysis.

2.2. Reactor and solutions

Dissolution was performed in a 30 ml polypropylene
reactor with external stirring of 110 rotations min�1 and
at room temperature (21 ± 1 �C). 10 ml of a solution
0.05 M NaClO4/HClO4 with pH of 3.6 was used and re-
newed each 48 h. After this period the pH did not change
and concentrations of Ca were always below 10 ppb. The
tests were conducted for a maximum of 468 h.

Two experiments were done under the same described
conditions using in the first a 7.6 mg sample and in the sec-
ond a 6.8 mg sample. The retreat rates determined from the
two experiments and between grains on different places of
the same sample were reproducible within the experimental
error (see Section 3).

2.3. Equipment

Crystal orientations were obtained by electron backscat-
ter diffraction analysis (EBSD) using a field emission gun
environmental electron microscope (ESEM) (Phillips XL-
30) at Stockholm University with a coupled electron back-
scattered detector (Nordlys, Oxford instruments) and the
software HKL Channel 5 (Oxford Instruments). The anal-
ysis conditions were: high vacuum and 20 eV beam current.
The precision of orientation data was 0.3�.

Concentrations of Ca in solution were determined using
an inductively coupled plasma (ICP) coupled to an atomic
emission spectrometer (AES) as detector, model Vista AX
from Varian. The detection limit for Ca was 10 ppb.

The surface topography was studied with a Sensofar
PLu2300 confocal profilometer (Stockholm University)
and an Asylum research 3D-MPF AFM (Natural History
Museum, London). The profilometer has confocal lenses
with 10, 50 and 150 times magnification (fields of view
1273 � 955 lm, 253 � 190 lm and 84 � 63 lm) and a
numerical aperture of 0.3, 0.8 and 0.95, respectively. The
system has a lateral resolution of 111 nm and a vertical res-
olution of 1 nm with repeatability below 2 nm for the 150
times magnification lens. Slopes up to 71� can be analyzed.
The data was acquired using the program SensoScan 2.45
and analyzed with SensoMap 5.1.1.5450. AFM data was
acquired and analyzed with the Igor pro 6.21 program.
The setup included Si probes with resonance at 70 Hz from
Olympus (model AC240-TS).

3. METHOD OF DATA ANALYSIS

In this study dissolution was independently studied at
top surfaces and at crystal edges. Top surfaces are defined
as the surfaces initially flat that are not affected by the lat-
eral dissolution of crystal edges such as pores or grain
boundaries. Dissolution was measured in terms of the re-
treat rates which were determined by linear regression of
the distances, measured by CP, between a reference sur-
face and the analyzed surface, with time. Four to six
points were used in the regressions and values of
R2 > 0.92 were obtained (see Electronic annex 1). Only
top surfaces were used for the calculations. The average
height of the reference and analyzed surface was used as
the baseline for each measurement. Given errors were
determined by the height difference between the highest
and lowest points of each surface.

In this article surface roughness is used to compare
the different topographies between surfaces with different
orientations and at different stages of dissolution. Here
roughness is defined as the average deviation in height
from the mean plane or profile over the evaluation
length.

Surface orientation was determined automatically. The
software determines first the orientation of the crystal with
a precision of 0.3� and then chooses the closest low index
plane to the real surface orientation with a maximum mill-
er index of 6. These results have an accuracy of better
than 5� for each surface plane determination. In order
to analyze the dissolution data obtained from grains with
different surface orientation, we considered that any sur-
face of the fluorite structure can be represented by the
three reference planes {100}, {110} and {111}; each of
these form perfect planes (Fig. 2). The angle between an
analyzed surface and the (001) surface, determines the rel-
ative importance of each of the three reference planes that
compose the analyzed surface. At the same time this rela-
tive weighting of each reference plane represents their
respective contribution to the overall structure of a
surface.

To determine the relative stability of the reference sur-
faces we focused our study on surfaces with miller indices
(h,h, l) and (0,k, l). Surfaces that cannot be represented in
these two 2-D sections can also be decomposed in a similar
way. The planes perpendicular to the [1�10] direction have
Miller indices in the form (h,h, l). This direction is parallel
to a two-fold axis and surfaces are identical every 180� and
with equal inclination on both sides of the two mirror
planes parallel to this direction and lying horizontally,
respectively vertically in Fig. 3a. The symmetry along this
direction is 2 mm. The relative position of a surface can
be represented by its inclination angle a to the (001) sur-
face. The surfaces parallel to the [001] direction have the
Miller indices of the form (0,k, l) and can be represented
as shown in Fig. 3b. Each surface has its characteristic incli-
nation angle, h, to the (001) plane. Due to the crystal sym-
metry, equal surfaces repeat every 90� plus over the four



Fig. 2. Representation of the lateral view of the (a) {1�10} plane, with cuts across some surfaces with miller indices in the form (h,h, l); (b)
{100} plane, with cuts across some surfaces with miller indices in the form (0,k, l). Images created in Crystal Maker 2.3; black and gray
spheres represent Ca and F, respectively.
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symmetry planes oriented vertically, horizontally and along
the two diagonals in Fig. 3b. The symmetry along this
direction is 4 mm.

4. RESULTS

4.1. Top surface dissolution

Fig. 4 shows the retreat rate [nm h�1] of surfaces with
miller indices in the form (h,h, l) as a function of a. The var-
iation of retreat rates can be mathematically described by
three distinct correlations represented by binomial equa-
tions. These equations can be used to estimate the rate of
any surface of the form (h,h, l) and will be useful for the fu-
ture modeling of the dissolution process. Correlation I is
characterized by an increase of dissolution rate between
surfaces (001) and (112). Correlation II is characterized
by a decrease of dissolution rate between surfaces (112)
and (111). Correlation III is characterized by an increase
of dissolution rate between surfaces (111) and (110).
Fig. 5 shows the retreat rate [nm h�1] of surfaces with miller
indices in the form (0,k, l) as a function of h. Two areas can
be observed; a defined correlation A characterized by an in-
crease of retreat rates, between the surfaces (001) and (012)
(h < 26.5�), that follows a binomial curve; and an area B
where the points are not correlated between the surfaces
(012) and (011) (26.5� < h < 45�).
In both Figs. 4 and 5, the error bars are calculated from
the maximum variation of heights, caused by the roughness
of each surface, when determining the distance between the
analyzed and reference surface.

To obtain the retreat rate in SI units mol m�2 s�1, the
values obtained [nm h�1] were divided by the molar volume
of fluorite Vm = 24.53 � 10�6 m3 mol�1 (Tab. 1). The re-
treat rates are fastest for (112), followed by (012) and
(110) surfaces. The (11 1) and (001) surface dissolve at sig-
nificantly lower rates, where (111) is the slowest.

4.2. Topography changes on top surfaces

Fig. 6 shows examples of three surface topographies cor-
responding to grains with different orientation after 276 h
of dissolution. These exemplify the range of observed
topography development during dissolution from initially
flat surfaces. Surface (126) exhibits peaks with a pyramid
trigonal shape up to 110 nm high (Fig. 6a). The inclination
of the lateral surfaces of the pyramid and angle between
these surfaces matches the interception between the {111}
planes. Some smoother areas with lower inclination indi-
cate the presence of surfaces on the {100} plane. Surface
(114) developed small steps less than 30 nm high
(Fig. 6b) with an inclination matching the {100} plane. It
should be noted that surfaces closer to the {100} plane
do not show significant changes in topography during



Fig. 3. Representation of the reference surfaces in cross sections (left) and top view (right) (a) {111}; (b) {100}; (c) {110}; images created in
Crystal Maker 2.3, black and gray spheres represent Ca and F, respectively.

Fig. 4. Variation of the surface retreat rate with a, for surfaces with miller indices of (h,h, l). Note the three trends observed, see text for
details. a is the angle between the (001) surface and a surface (h,h, l). Retreat rates were determined as described in Section 3.
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dissolution. Surface (245) develops peaks up to 330 nm
high with the shape of stepped planes and an inclination
correspondent to the {111} plane (Fig. 6c). Small areas
on the stepped planes indicate the presence of the {100}
plane.

4.3. Lateral dissolution of crystal edges

The surface of pores and edges of the grains are the most
reactive places on the surface, dissolving at a faster rate
(e.g. Godinho et al., 2011) and forming crystallographically
controlled pits (Fig. 7). The pores which were initially
spherical (Fig. 7a and b), acquire shapes characteristic of
each orientation. After 276 hours of dissolution triangular
pits were formed on the (114) surface (Fig. 7a) and (111)
surface (Fig. 7c), and square pits formed on the (100) surface
(Fig. 7b). The pores depth relative to the top surface of the
grain decreases with time. However, this is more pronounced
for the fast dissolving (114) surface. Lateral surfaces of pores
on the {111} plane have the fastest dissolution rate.

During dissolution the lateral surfaces of a pore tend to
expose the stable planes, {100}, {111} or a combination of
both; e.g. dissolution of pores on the (114) surface exposes
the {100} planes forming an inclination with the top sur-
face close to 19� (surface C in Fig. 7a), the theoretical angle
between the surfaces (001) and (114) (Fig. 8). Pores seen
on surfaces mainly formed by the {110} reference plane ac-
quire an undefined shape and tend to disappear during
dissolution.

5. DISCUSSION OF RESULTS

5.1. Top surface dissolution

Surfaces with both fluorine and calcium in the same
plane (Fig. 2c), such as the (112) or (110) surfaces, dissolve



Fig. 5. Variation of retreat rates with h, for surfaces with miller indices (0,k, l). Note the two areas observed, see text for more information. h
is the angle between the (001) surface and a surface (0,h, l). Retreat rates were determined as described in Section 3.
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faster (Table 1, Fig. 4). One possible explanation could be a
charge related dissolution mechanism. Once one of the ions
is removed from the surface the ion with contrary charge is
easily removed to balance the overall surface charge. In
contrast, (111) and (100) are surfaces formed by alternate
planes of calcium and fluorine ions (Fig. 2a and b). In this
case, once one of the ions is removed the counter ion is par-
tially shielded to be removed due to the local balance of sur-
face charge.

As shown in Figs. 4 and 5, retreat rates change with a
and h which are related to the chemistry of each surface
as represented by relative significance of the reference
planes and density of their interceptions that form sites
where atoms are deficiently bonded, and therefore have a
higher energy. For surfaces with miller indices (h,h, l) re-
treat rates can be defined by three correlations. For correla-
tion I (0� < a < 35.5�), where a = 35.5� corresponds to the
(112) surface, the increase of dissolution rate is caused by
a decrease of the main {100} component, an increase of
the fast dissolving {110} component and increase of
stepped sites due to {110} and {111} intersections
(Fig. 9). For correlation II (35.5� < a < 55�), the retreat rate
decreases with the increase of the {111} component up to
the perfect (111) surface (a = 55�). For correlation III
(55� < a < 90�), the retreat rate increases again as a conse-
quence of a gradually substitution of the stable {111} com-
ponent by the less stable {110} component until the perfect
(110) surface (a = 90�). This last correlation has a lower
coefficient then the others, which can be attributed to an
inversion of the density of step sites which is low for sur-
faces close to (111) and (110) and higher for (221) and
(331). Our results differ from the relative stability between
different surfaces predicted by computer modeling by
Puchin et al. (2001), who does not consider interactions
with a solution in which surface charges can be neutralized.
The sequence of retreat rates observed is also contradictory
with the reticular density theory (Donnay and Harker,
1937) as some surfaces with lower reticular density dissolve
faster.

Similarly, the increasing retreat rates observed for h be-
tween 0� and 26.5� (correlation A) can be explained by the
progressive substitution of the {100} component by the less
stable {110} component in combination with an increasing
density of step sites formed at the interception of the {100}
and {110} planes (Fig. 10). For 26.5� < h < 45�, where 45�
corresponds to the perfect (011) surface, the less stable
{110} component continues to increase, however the den-
sity of step sites decreases. Based on the fact that only a
slight decrease in dissolution rate is observed we suggest
that both factors are equally important. The values of re-
treat rate are also more affected by the method error due
to the high roughness of these surfaces (see Section 5.2).

In summary, the continuity of the observed trends can
be explained by a continuous change in relative contribu-
tion of each reference plane to the overall surface structure.
The faster dissolving surfaces are linked to a higher density
of step sites formed at the intersection between reference
planes. Other crystal orientations similar to the ones that
fit the correlations observed in this study are expected to
follow the same dissolution behavior.

The structure of each surface is characterized by the
strength and number of bonds. Surface energy, in turn
can be assumed to be directly related to these surface
parameters. Hence, considering a specific surface energy
for each reference plane, the energy of any surface will be
a function of the relative contribution of the reference
planes and their respective surface energy. In addition,
the interception of these planes form step sites where atoms
are deficiently bonded, and therefore have higher energy
(Puchin et al., 2001; Schick et al., 2004). These sites further
contribute to the overall energy of a surface of specific crys-
tallographic orientation. Even without a direct measure of
surface energies, the fact that faster dissolving surfaces dis-
solve leaving exposed more stable surfaces with less high
energy step sites (Figs. 6 and 7) suggests that the total sur-
face energy changes during dissolution.

The fast dissolving (112) surface dissolves approxi-
mately 33 times faster than the slowest dissolving surface
(111). Cama et al. (2010) proposed equation 1 to calculate
dissolution rates of {111} surfaces using a similar method.
Rð1 1 1Þ is the dissolution rate of the (111) surface and aHþ is
the activity coefficient of H+. For a pH value of 3.6 the cal-
culated rate is 5.0 � 10�10 mol m�2 s�1 which agrees with
the value we obtained ((1.2 ± 0.8) � 10�9 mol m�2 s�1)



Fig. 6. AFM image of CaF2 surface after 276 h of dissolution, (a)
(126) mainly exposing the {111} and some {100} planes. (b) (114)
mainly exposing the {100} plane; (c) (245) mainly exposing the
{111} and some {100} planes; note color scale signifies different
heights between the lowest measured point, 0 nm height and the
highest measured point: (a) 350 nm, (b) 70 nm, (c) 325 nm.
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within the experimental error. It should be noted that our
value of dissolution rate has a larger error for the (111) sur-
face due to the opening of pores, which possibly causes an
overestimation of the bulk dissolution rate of the grain.

Rð1 1 1Þ ¼ 2:0� 10�6 � ðaHþÞ0:38 ð1Þ

The fact that surfaces of different crystallographic orien-
tation dissolve at different rates is consistent with results
from experimentally deformed rocks (Heidelbach et al.,
2000). In this case, a crystallographic preferred orientation
of a polycrystalline material develops during extensive dis-
solution in a regime of differential stress. Only grains with
stable surfaces will persist. Consequently, these grains sur-
vive significant deformation-enhanced dissolution (e.g.
Bons and Den Brok, 2000).

5.2. Topography changes on top surface

The fact that surfaces close to the stable {111} and
{100} planes do not develop topography suggests that dis-
solution occur mainly by the emanation of steps. Significant
topography develops on surfaces with step sites formed by
the interception of the stable planes (Fig. 6). The roughness
is higher for a high density of step sites and acquires a shape
characteristic of the intercepting planes. Consequently,
changes in topography are caused by the higher dissolution
rates of stepped surfaces. As a general rule, surfaces that
dissolve slower tend to persist during dissolution. This
was confirmed by our analysis of the shapes observed in
Fig. 6 where exposed surfaces are formed by the {111}
and {100} planes.

The increase of roughness leads to an increase of surface
area which is traditionally used as a factor directly propor-
tional to the total surface energy and dissolution rate. How-
ever, the substitution of stepped surfaces by perfect surfaces
contributes to a reduction of the density of high energy
sites, thus resulting in a reduction of the total surface en-
ergy. At the same time, due to the highly undersaturated
solution the opening of etch pits on the main planes are ex-
pected to occur, which will result in some increase of the
step site density. We suggest that the specific topography
of each surface is given by the balance between the increase
of surface energy, due to an increase of surface area and the
decrease of surface energy caused by the reduction of step
sites. As a consequence, a higher density of step sites on
the initial surface causes a higher roughness and the forma-
tion of higher protrusions on the surface after dissolution
(e.g. Fig. 6a and c).

5.3. Dissolution of crystal edges

During dissolution the bottom and lateral surfaces of a
pore acquire an inclination which corresponds to the angle
between the top surface and one of the stable planes, {100}
or {111} (Fig. 7).

Lateral surfaces of pores on the {100} plane form cubic
pits (Fig. 7b) also corresponding to the {100} plane as they
form 90� angles with the top surface. A deviation of the top
surface from the {100} plane causes a shift in the morphol-
ogy of lateral surfaces within pores (Fig. 7a). The inclina-
tion of the lower surface corresponds to the angle
between the top surface and the {100} plane (Fig. 8). The
higher the deviation from the {100} plane, the higher
the tendency of the lateral surfaces to evolve exposing the
{111} planes. The angle between the top surface and the
lateral surface of pores indicate that the pits are formed
by the {111} plane and not by the {110} planes as inter-
preted by Cama et al. (2010). Lateral surfaces of pits
formed on the {111} plane have a fast lateral dissolution,
opening wide triangular pits (Fig. 7c). Frequently, pores
on less stable surfaces dissolve exposing both {111} and
{100} planes and acquire an irregular and changing shape



Fig. 7. Top view of pores obtained by CP on three representative grains with different surface orientation; (a) (114); (b) (001); (c) (111). Note
the change of the scale with dissolution time; color scale signifies different heights relative to a chosen base (lowest measured point, 0 nm
height). The main planes exposed after dissolution are identified and related to the crystal orientation viewed from the top. Dissolution time is
indicated in the top left corner of each image.

Fig. 8. 3D CP image of a (114) surface after 276 h of dissolution and profile across one of the pores. The height variation is plotted in the
vertical axis as a function of the distance between A and B. The angle between the top surface and the pore surface is 22.2�.
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as the dominance of each stable plane may change with
time.

Similar to the mechanism that develops topography, the
substitution of the lateral surfaces of pores by planes with
slower dissolution rates is caused by the different dissolution
rates of different surfaces. As crystal edges are unstable sites,
the stabilization of the surface occurs faster and in larger
areas at these places. The newly exposed perfect planes with-
in pores dissolve slower than the top surface, and therefore
the pore is expected to disappear during dissolution.



Table 1
Dissolution rates (Diss. rate) of selected surface orientations that define the trends at approximately 21 �C (for details on technique specific
error values see Section 3). The values were calculated from measured retreat rates for the first 468 h of dissolution.

Surface (111) (001) (110) (112) (012)

Diss. rate � 10�9 [mol m�2 s�1] 1.2 ± 0.8 3.2 ± 0.2 28 ± 6 39 ± 3 32 ± 6

Fig. 9. Representation of the cross sections of (a) (112) surface (a = 35.5�), mainly composed by the (110) type surface; (b) (116) surface
(a = 13.3�), mainly composed by the (001) type surface. Images created in Crystal Maker 2.3; black and gray spheres represent Ca and F,
respectively; reference surfaces are represented by dashed line (001), solid line (110) and dotted line (111) (cf. Fig. 2).

Fig. 10. Representation of the (001) surface cross section with a cut along the (a) (100) surface (h = 0�); (b) (102) surface (h = 26.6�); (c)
(110) surface (h = 45�). Images created in Crystal Maker 2.3; black and gray spheres represent Ca and F, respectively; reference surfaces are
represented by dashed line (100) and solid line (110) (cf. Fig. 2).
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6. DISSOLUTION MODEL

Based on our observations we propose a dissolution
model for fluorite type structures considering the planes
{111} and {100} to be the most stable and, as discussed in
Section 5.1, with lower surface energy. This model should
in principle be possible to adapt to other crystals that exhibit
different surface energies for different surface orientations.

Fig. 11 shows a schematic diagram depicting topogra-
phy development during dissolution on a (11 4) surface in
CaF2 (Fig. 11a). After a pit is nucleated at a step site
(Fig. 11b), it tends to grow (Fig. 11c) up to a size limited
by the overlapping of other pits (Fig. 11d), which is directly
related to the density of step sites on each surface. Consid-
ering a three dimensional surface, the dissolution process
causes an increase of surface area and a reduction of the
density of step sites. We propose that the growth of the pits
is determined by the balance between the increase of surface
energy caused by the increase of surface area and the de-
crease of surface energy caused by the reduction of step



Fig. 11. Cross sections of a {114} plane schematically representing the topography changes during dissolution. a, b, c and d represent
consecutive stages of dissolution. Arrows point to reaction areas. Images created in Crystal Maker 2.3; black and gray spheres represent Ca
and F, respectively; reference planes are represented by dashed line {001} and dotted line {111} (cf. Fig. 2).
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sites. If the solution is far from equilibrium the opening of
new etch pits on perfect surfaces causes the formation of
new step sites.

Based on the proposed model, we can make a general-
ized prediction on how the dissolution rate of a polycrystal-
line material exhibiting surfaces with different orientations,
and therefore with different energies, changes with time. At
the beginning the dissolution rate is faster, mainly caused
by the fast dissolution along grain boundaries, pores and
crystal edges. The less stable surfaces start to develop signif-
icant roughness which results in a decrease of the surface
energy of the individual surfaces. This increase of roughness
and stabilization of the lateral surface of pores may lead to
the progressive decrease of dissolution rate.

The proposed model provides a refinement to existing
dissolution models which at present do not take the effect
of crystal orientation on dissolution into account. The dy-
namic nature of the proposed model predicts that it is dif-
ficult to interpret dissolution rates from water chemistry
data and surface area measured by gas adsorption methods
alone. The observed changes of surface area and overall
surface energy of the dissolving surfaces suggest that disso-
lution rates change with time. Laboratory experiments
which are for practical reasons commonly done for short
periods, relative to geological times, will generally only
monitor the first fast dissolution rate phase of the described
dynamic dissolution system. The studies reported by for
example White et al. (2001) and Ollila and Oversby
(2005) show that dissolution rates obtained by laboratory
experiments tend to overestimate the dissolution rates
observed in nature. It is expected that accounting for the
proposed mechanism will improve our abilities to predict
long-term dissolution rates from laboratory dissolution
studies. To clarify the contribution of the time dependent
changes of roughness and surface orientation as well as
grain boundaries to the overall dissolution rate through
time, our results will further be used in computer
simulations.

7. CONCLUSIONS

The dissolution rates of fluorite surfaces vary by a factor
of 33 from the most stable {111} plane to the least stable
{112} plane. A continuous variation of dissolution rates
with the surface orientation was observed and attributed
to the variation of surface energy caused by a change in
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the surface structure which is given by the perfect reference
planes {111}, {100} and {110} and their interceptions.
Surfaces with both calcium and fluorine in each atomic
plane dissolve faster than surfaces which alternate calcium
and fluorine ions in different planes.

The less stable surfaces dissolve faster leaving exposed
the more stable {111} and {100} planes which causes the
development of topography on the top surface and stabi-
lizes the lateral surfaces of pores. The main consequences
of these surface adjustments are the increase of the total
surface area and at the same time the decrease of the density
of high energy step sites.

Consequently, our work shows that dissolution rates
calculated from changes in water chemistry and initial sur-
face area alone should not be used to predict long-term dis-
solution behavior in a polycrystalline material. The time
dependent evolution of surface area and reactive sites on
the surface needs to be also considered for a more accurate
estimation of dissolution rates.
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ABSTRACT: Utilizing first-principle simulations [based on
density functional theory (DFT) corrected for on-site
Coulomb interactions (DFT+U)], we develop a model to
explain the experimental stability in solution of materials
having the fluorite structure, such as CaF2 and CeO2. It is
shown that the stability of a surface is mainly dependent on its
atomic structure and the presence of sites where atoms are
deficiently bonded. Using as reference planes the surfaces with
low surface formation energies, viz., (111), (100), and (110),
our results reveal the relation between the surface energy of any Miller-indexed plane and the surface energy of those reference
planes, being dependent on the fluorite surface structure only. Therefore, they follow the same trend for CaF2 and CeO2.
Comparison with experimental results shows a correlation between the trends of dry surface energies and surface stabilities
during dissolution of both CaF2 and CeO2, even though the chemical processes of dissolution of CeO2 and CaF2 are different. A
deviation between ab initio predictions and experiments for some surfaces highlights the sensitivity of the developed model to the
treatment of surface dipolar moments.

■ INTRODUCTION

Understanding the surface properties and surface reactivity of
materials with the fluorite-type structure, such as UO2, ThO2,
and PuO2, is important for the nuclear energy sector.1−3 One
reason for this is the need to understand long-term dissolution
and alteration of spent nuclear fuel (SNF) in the environment.4

Other materials with the fluorite structure, CaF2 and CeO2, are
important materials in other technological and industrial
areas.5−11 CaF2 is the most important source material for
hydrofluoric acid,9 and because of its large band gap it is also
particularly important as an ultraviolet optical material for
integrated circuit lithography, being used as well to produce a
semiconductor on insulator structures.11 CeO2 is used as an
oxygen buffer in the automobile catalysis industry,7,8,10,12 as an
important component in many technological devices,13 as an
oxygen gas sensor,5 or in fuel cells.6

CaF2 and CeO2 were recently used as surrogates to UO2 (the
main component of SNF) in dissolution experiments,14−16 as it
is difficult to study dissolution of SNF materials due to
restrictions in handling radioactive materials. Moreover, to
study surface evolution of UO2 during nonoxidative dissolution
requires much effort17 to keep the laboratory conditions
reducing enough for the redox-sensitive U. To understand the
dissolution of UO2, investigations of the surface stabilities of
the surrogate fluorite-type materials could thus provide insight.
Naturally formed CaF2 crystals are predominately cubic or

octahedral in habit, where exposed crystal planes are the {100}
or {111}, respectively.18 This is in line with the observations of

Godinho et al.16 that showed {100} and {111} are the most
stable planes in solution. The same study showed that the
dissolution of fluorite surfaces is strongly dependent on the
geometry of the surface. The stable planes {100} and {111}
were noted to exhibit a closed packing of atoms with high
coordination number. Furthermore, the authors attributed the
lower stability of other surfaces to the density of high-energy
sites on these surfaces where the atomic coordination number
is lower than in the stable planes.19−22

CeO2 has a low dissolution rate at room temperature even
for low pH solutions.23,24 However, in the presence of a
reducing agent, the dissolution rate is orders of magnitude
larger. It has been proposed that an initial redox reaction causes
the formation of CeIII which subsequently activates the surface
for dissolution.23,24

Several experimental25−30 and theoretical studies31−43 have
focused on these two materials in the last years, mainly
investigating the bulk and the easily cleaved (111) surface. To
the best of our knowledge, only Puchin et al.44 for CaF2 and
Jiang et al.45 and Branda et al.35 for ceria have addressed the
general problem of computed surface stabilities. However, these
authors do not provide an in-depth discussion of the observed
variability in surface stability as a function of surface structure.
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Previous works have shown that conventional DFT is useful
for the study of surface structure, diffusion of defects, and
reactions at the surfaces.26,33 DFT calculations successfully
described (111), (110), and (100) surfaces of CeO2 and CaF2
in terms of stability, where the order of stability from highly
stable to least stable is (111) > (110) > (100).46,47 For a correct
DFT description of defects on a surface, it has been found
necessary to introduce a Hubbard like U term for the Ce 4f
electrons.48−50 Moreover, the comparative study of DFT+U
and the B3LYP hybrid exchange correlation functional in
studying the relative stability order of surfaces by Branda et al.35

argues that the DFT+U methodology provides a valid
description of ceria surfaces and suggests its use instead of
the hybrid functional for being less computationally demanding.
By using DFT-based modeling, we aim, in this work, to

predict quantitatively the surface energy and relative stability of
any surface of fluorite-type materials. In our study we relate
calculated surface energies with the surface structure on an
atomic scale, which also influences the measured stability of
different surfaces of CaF2 and CeO2 in solution, defined by
their retreat rates. The calculated surface energies of exposed
surfaces in CeO2 and CaF2 follow the same trend as their
measured dissolution rates, with the exception of so-called
“Tasker-type-III” surfaces, for which in the modeling an atomic
reconstruction has been employed to quench the dipole
moment. However, we do not try to establish a quantitative
relation between the theoretical surface stability and the
experimental rate because, as is known, dissolution is also
dependent on other factors, such as the solution composition
or temperature. For example, using first-principles methods, the
relative stability of the hydroxylated UO2 surfaces has been
predicted by Raḱ et al.51 to have a surface stability opposite to
that of dry surfaces, i.e., (100) > (110) > (111). We establish
furthermore a mathematical relation which allows us to predict
the surface formation energy of any plane within the different
families by knowing only its geometrical structure and the
surface formation energy of the (111), (110), and (100)
surfaces. The surface formation energies of different materials

with the same crystal structure, such as CeO2, can be derived
using a proportionality relation with the surface formation
energies of CaF2. Our modeling is expected to be valuable to
understand and describe the evolution of surfaces during
dissolution as well as processes related to epitaxial growth,
surface roughening, and equilibrium crystallite shapes.

■ THEORETICAL BACKGROUND
Stepped or vicinal surfaces are formed when a crystal is “cut” at
a small angle away from a nonstepped plane. In the here-
studied fcc crystals, nonstepped surfaces coincide with the
lowest Miller indexed surfaces, i.e., the (111), (110), and (100)
surfaces. In the following, we will refer to them as the reference
planes. Stepped surfaces can be represented as a periodic
succession of terraces formed by reference planes separated by
steps (see Figure 1). These steps are also oriented in the
direction of the reference planes. Thus, any high Miller indexed
plane is uniquely defined as a periodic combination of terraces
of a given size on one of the reference planes and steps oriented
in the direction in another reference plane.
Next, we specifically consider fluorite materials MX2, where

M = Ce/Ca and X = O/F. To define the size or length of the
terrace on a fluorite surface, it is convenient to use the number
of M ions or atomic rows (denoted by p) parallel to the step
edge (including the inner edge), which gives the number of
units of the reference plane repeated on the terrace (see Figure
2 for an example). In this work we only consider the
monatomic height for the size of the steps. The steps are
characterized by the energy needed to build them35 on the
given terrace. It has been shown53−55 that this energy in a
vicinal surface with the Miller index (hkl) and with p atomic
rows in the terrace is given by

= − − +σ σE p E p p f E( ) ( ) ( 1 )hkl
step

( ) ref
(1)

where Eσ
(hkl)(p) and Eσ

ref are the surface formation energies for
the (hkl) and the reference surface, respectively, and f is a
geometrical factor depending on the vicinal surface which is

Figure 1. Lateral view of the reference surface slab models (111), (100), and (110) and stepped surfaces (544), (711), (551), (443), (410), and
(430) rendered by VESTA.52 It is illustrated that each stepped surface can be represented as a periodic succession of terraces formed by reference
planes separated by steps. It is important to note that (100), (711), and (410) surfaces have been modeled to avoid the creation of a net dipole
charge normal to the reference plane.
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defined in Figure 2. (Note that f needs to be taken into account
if the step and the terrace form an angle different from 90°.)
We can now proceed to group stepped surfaces in families

where the terraces and the steps are each defined with respect
to the same reference planes and where surfaces within each
family only differ in the length of the terrace. The values of f for
the steps, as well as the families of vicinal surfaces considered in
the present work, are given in Table 1.

It is worthwhile to note that the density of step edges per
formula unit decreases when the length of the terrace of a
stepped surface increases within a given family. As it is known
that these edges are the most reactive places on the surfaces,
their density is a distinguishing factor to be considered for the
study of surface stabilities. In addition, the intersection between
different planes forms different kinds of edges, where atoms
have different coordination numbers, which can affect the
surface stability. Thereupon, the classification of vicinal surfaces
in families, aside from distinguishing them by geometrical
considerations, establishes a connection between surface
stability and geometry.
For a large number of atomic rows in the terrace (p → ∞),

we assume a constant value for Estep(p). In addition, the step
energies of different surfaces within the same family have been
shown in previous studies to only vary around 0.05 eV even for
low values of p.53−55 Assuming thus that the step−step
interaction can be negligible, we aim to derive a general
expression for the step energy of different families of vicinal
surfaces that only depend on the geometry of the planes
involved. To do so, we compute total energies for slabs
representing the stepped surface.
In these slab calculations the surface formation energy, Eσ

(hkl),
for a plane with Miller index (hkl) may be determined by

= −σE E nE
1
2

( )hkl
n

hkl( ) ( )
B (2)

where En
(hkl) is the total energy of the n-layer slab and EB is the

total energy of the bulk. The factor 1/2 accounts for the
presence of two surfaces at either side of the slab. It has been
shown that a direct application of eq 2 leads to a divergence
with increasing slab thickness.56,57 Also, we note that the use of
any of the proposed solutions in ref 57 leads to an erroneous
estimation of the surface formation energies for high index
surfaces since the energy increment of relaxed slabs going from
slabs with n − 1 to n layers is not constant (ΔE = En

(hkl) − En−1
(hkl)

≠ constant). To circumvent these difficulties, in this work we
use

= − ΔσE E n E
1
2

( )hkl
n

hkl( ) ( )
(3)

Δ = − −E
p

E E
1

( )n
hkl

n p
hkl( ) ( )

(4)

which show convergence with slab thickness for all the surfaces
studied, and a constant value for ΔE, p being the number of
rows of M atoms in the terrace of any stepped surface.
The surface formation energy is used here to study the

contribution of steps and terraces for the overall surface energy.
This quantity is analyzed as a function of the surface structures
that are classified in different families based on the types of
steps and terraces. However, the experimental relevant quantity
is the surface energy per unit area (γ). The surface energy γ is
obtained by dividing the surface formation energy, Eσ, by the
unit cell surface area A, i.e., γ = Eσ/A.
In previous theoretical works, the surface energy per unit

area has been directly related to the surface stability of the
materials,35,45,58 providing a picture of the relative stability of
surfaces. Here, we also use this quantity as an equivalent of the
surface stability of materials, but to stress the difference with
the experimental surface stability we will refer to it as computed
surface stability.

■ METHODOLOGY
Computational Methods. The calculations have been

performed within the generalized gradient approximation
(GGA)59 with the Perdew−Burke−Ernzerhof functional
(PBE)60 for CaF2. For CeO2 we have used the DFT+U61−63

methodology within Dudarev et al.’s approach, where a
Hubbard parameter U was introduced for the Ce 4f electrons,
to describe the on-site Coulomb interaction; this helps to
remove the self-interaction error and improves the description
of correlation effects. We have chosen a Ueff value of 5.5 eV
which has been shown to provide good results.35,45,64 Here, it is
worth emphasizing that for the study of stoichiometric CeO2 a
small dependence of the results on the choice of Ueff is expected
(as noted by, e.g., Sun et al.64 and as can be seen by comparing
the works of Branda et al.35 and Skorodumova et al.46). The
calculations were performed with the Vienna Ab-initio
Simulation Package (VASP).65−67 The electron−ionic core
interaction on the valence electrons in the systems has been
represented by the projector-augmented wave potentials
(PAW).68 For Ce and O atoms the (5s,5p,6s,4f,5d) and
(2s,2p) states were treated as valence states, whereas for Ca and
F those were the 4s and (2s,2p) states, respectively. A plane-
wave basis with energy cutoff of 520 eV was used to expand the
electronic wave functions.
The Brillouin zone integrations were performed on a special

k-point mesh generated by the Monkhorst−Pack scheme69 (9
× 9 × 9 in the bulk). The sampling of the Brillouin zone for the

Figure 2. Schematic cross-sectional view of the (511) surface slab
model of CeO2 rendered by VESTA,52 where the geometrical factor, f,
the number of Ce ions parallel to the step edge (in this case 3), p, and
the angle between the terrace and the step, α, are indicated.

Table 1. Families of Vicinal Surfaces Considered, Labeled by
Their Miller Indices and the Reference Planes and Step
Directions of Which They Are Madea

terrace/step Miller indices surface f

{111}/[100] (p,p-1,p-1) (211), (322), (433), ... 1/3
{111}/[110] (p,p,p-1) (221), (332), (443), ... 2/3
{100}/[111] (2p-1,1,1) (311), (511), (711), ... 1/2
{100}/[110] (p,1,0) (210), (310), (410), ... 1/2
{110}/[111] (2p-1,2p-1,1) (331), (551), (771), ... 1/2
{110}/[100] (p,p-1,0) (210), (320), (430), ... 1/2

aSome surfaces are given as examples. The geometrical factor f for
each family is also given.

The Journal of Physical Chemistry C Article

dx.doi.org/10.1021/jp312645f | J. Phys. Chem. C 2013, 117, 6639−66506641



surfaces was performed with an 8 × 8 × 1 Monkhorst−Pack k-
point mesh, and a Gaussian smearing of SIGMA = 0.07 eV (0.1
for CeO2) was used. The electronic minimization algorithm
used for static total-energy calculations was a combined blocked
Davidson+RMM-DIIS algorithm. The optimized surface geo-
metries were obtained by minimizing the Hellmann−Feynman
forces until the total forces on each ion were converged to
better than 0.02 eV/Å.
Our calculations for the bulk fcc crystal structure give the

following lattice constants: for CaF2 5.516 Å (5.463 Å70) and
for CeO2 5.40 Å (5.41 Å71), respectively, which are very close
to the experimental values shown in parentheses. These
computed lattice parameter values have been used in the
following to construct all the surfaces investigated in this work.
Each surface has been modeled using slabs consisting of

several (up to 40) p(1 × 1)-unit cell-atomic layers separated by
a vacuum layer bigger than >15 (we have vacuum thickness
convergence) and repeated periodically throughout space. An
issue which has been recognized previously72−74 is the
occurrence of sizable dipole moments on ionic surfaces. To
quench the dipole moment of so-called “Tasker-type-III”
surfaces75 or polar surfaces, that are consisting of oppositely
charged planes, we use the common procedure to describe
these surfaces by moving 50% of the F or O atoms from the top
surface to the bottom surface. In the case of fluorite materials,
the surfaces which show this feature are the (100) surface and
surfaces with Miller indices (h,1,1) and (h,1,0), where h is a
natural number larger than 2, as indicated in the previous
section. Among the variety of methods to stabilize polar
surfaces73,76−78 this one is the most used when surface energies
are computed.45,46,58 It is also worth noting that the X ions in
MX2 in the terrace can be distributed between the M ions in
different ways to conserve the stoichiometry of the slab. The

allocation of these atoms is chosen in such a way that the
terrace can be considered as one of the reference planes (see
surfaces (100), (711), and (410) in Figure 1).

Experimental Conditions. Samples used were obtained by
sintering CeO2 powders at 1500 °C in air following a procedure
similar to that of Stennett et al.,79 with the difference that the
powders were not pressed under vacuum. The final micro-
structure of the sample was not affected by this change in the
procedure leading to a grain-exposed area distribution ranging
from 31 to 605 μm2. The samples were cut using a diamond
saw and polished down to a 1 μm finish using diamond paste
and mechano-chemical etching in commercially available
colloidal silica for 3 h before being used. Dissolution was
performed in a batch reactor without stirring. The leaching
solutions used were HNO3 (1 M) and HNO3(1 M)/H2O2

(1%). The surface of the sample was analyzed using confocal
profilometry before dissolution, after 30 days in 1 M HNO3,
and after 5 h in the solution with 1% H2O2.
Crystal orientations were obtained using a field emission gun

environmental electron microscope (ESEM) (Phillips XL-30)
with a coupled electron backscattered detector (EBSD)
(Nordlys, Oxford instruments) and the software HKL Channel
5 (Oxford Instruments). The analysis conditions were: high
vacuum and 20 eV beam current. The surface topography was
studied with a Sensofar PLu2300 profilometer. The profil-
ometer has confocal lenses with 50 and 150 times magnification
(fields of view 253 × 190 μm and 84 × 63 μm) and a numerical
aperture of 0.8 and 0.95, respectively. The system has a
maximum lateral resolution of 111 nm and a vertical resolution
of 1 nm with the 150 times magnification lens. Slopes up to 71°
can be analyzed. The data were acquired using the program
SensoScan 2.45 and analyzed with SensoMap 5.1.1.5450.

Figure 3. Calculated surface formation energies (a and b) and step energies (c and d) of CaF2 for vicinal surfaces where the terraces are {100} (a and
c) and {110} (b and d). In each figure there are two sets of data, indicating the two different orientations of the steps considered. The Miller indices
of these vicinal surfaces are indicated. Lines were obtained using eqs 5 and 6 and are not a linear regression of the calculated points.
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■ RESULTS
Calculation of CaF2 Surface Formation Energies and

Step Energies. Surface formation energies of vicinal surfaces
of the families given in Table 1 have been computed for CaF2.
In Figure 3 we show the calculated surface formation energies
(Figures 3a and 3b) and step energies (Figures 3c and 3d) of
families of surfaces where the reference planes are {100}
(Figures 3a and 3c) and {110} (Figures 3b and 3d),
considering in each case the two possible orientations of the
step. The Miller indices of these vicinal surfaces are indicated.
The surface formation energies are plotted as a function of the
number of atomic rows p in the terrace. The results show that
the surface formation energy for both cases is linearly
dependent on p, while Estep remains constant. We can formulate
this relation by the following expression

α= ≈E p E( )
cos
Modstep step (5)

where Mod = |A⃗|2|B⃗|2E0
−1, with A⃗ being the unitless direction of

the reference plane, B⃗ the unitless step direction, and E0 a unit
energy (eV). The linear dependence of the surface formation
energy can be written as

α= − + +σ σE p f E( 1 )
cos
Mod

hkl( ) ref
(6)

Note that eqs 5 and 6 have not been derived before but have
been empirically established here.
The straight lines in Figure 3 were determined using eqs 5

and 6. It is evident that eqs 5 and 6 describe the ab initio
calculated data points very well. Consequently, knowledge of
the value of the step energy for each family of vicinal surfaces
along with the values of surface formation energies of the
reference planes allow us to predict the surface formation
energy of any surface without the computation of the same.
The values of the surface formation energies of the reference
surfaces are 0.322, 0.798, and 0.823 eV/f.u., for the (111),
(100), and (110) surfaces, respectively.
It is clear that the surface formation energy increases when p

increases since the number of units of the reference plane used
to build the surface increases with the size of the terrace; i.e., to
build the (511) surface one needs three formula units oriented
in the [100] direction plus the step, while one needs four
formula units plus the step to build the (711) surface.
Vicinal surfaces belonging to the families with {111} as

terrace (having Miller indices (p,p-1,p-1) and (p,p,p-1)) show
special features compared with the surfaces studied above.
These surfaces are characterized by the intersection of two
reference planes (both of them with the same orientation) and
two steps (also with the same orientation), and thus we find
that the surface formation energy Eσ,double

(hkl) can be computed as
the sum of the surface formation energies of these two surfaces,
each of which follows eq 6. Therefore, these types of surfaces
are described by the mathematical relation

α= = − + +σ σ σ
⎡
⎣⎢

⎤
⎦⎥E E p f E2 2 ( 1 )

cos
Mod

hkl hkl
,double

( ) ( ) ref

(7)

In Figure 4a we plot the values directly calculated from first-
principles as data points and the linear relation defined by eq 7.
It can be seen that the computed surface formation energies
agree well with the lines.
Other surfaces which show the same behavior are, for

example, the (211), (411), (611), and (811) surfaces. These
surfaces can be made as the combination of two planes with

Miller indices (2p-1,1,1), leaving thus a surface made of two
terraces and two steps, where the terraces correspond to the
{100} plane and the steps are oriented in the [111] direction.
For instance, the (411) surface can be made by combining the
(311) and (511) surfaces (see Figure 4) and the (611) surface
by combining (511) and (711) surfaces. The ab initio
computed surface formation energies for these surfaces are
shown in Figure 4b, plotted as a function of the number of
atomic rows in the terraces. As in this case the two combined
surfaces have different sizes of the terrace (different number of
atomic rows in the terrace), and the terrace size of the final
surface is the average of the atomic rows in the terraces for both
components. In Figure 4b it can be seen that the linear relation
given by eq 7 fits very well the computed data points, and
therefore, the surface formation energies are the sum of surface
formation energies of their constituents. Although this behavior
is expected because of the extensive property of energy, the
presented description allows us to classify the vicinal surfaces
into families, from which it is straightforward to obtain the
surface formation energy once we know the step energy, which

Figure 4. (a) Calculated surface formation energies (symbols) for
surfaces with Miller indices (p,p-1,p-1) and (p,p,p-1), i.e., surfaces
whose terraces correspond to the {111} plane. (b) Calculated surface
formation energies for (211), (411), (611), and (811) surfaces are
plotted. Both quantities are plotted as a function of the number of Ca
atomic rows in the terrace (p). Straight lines in figures follow eq 7 and
are not a linear regression of the points. (c) Schematic view of the
(411) surface rendered by VESTA,52 which illustrates how surface
(411) is made by combining the (311) and (511) surfaces.
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in our case depends on the surface geometry. So, the results
suggest that surface energies can be predicted on the basis of
structural parameters describing the surface.
CeO2 Surface Formation Energies. The chemical bonds

between the atoms in CaF2 and CeO2, or in any other material
with the fluorite structure (UO2, ThO2, ...), have different
characteristics. Therefore, the general expression for the step
energies given by eq 5 is no longer valid for a material different
from CaF2, and thereby the predictive power of the model
might be reduced. However, in this section we show that there
exists a proportionality relation between the surface formation
energies in CeO2 and CaF2, which allows the extension of the
model to CeO2.
In Table 2 we present the computed surface formation

energies for all families of the stepped surfaces with the lowest

Miller indices within the families of vicinal surfaces for CaF2
and CeO2. In the last column we give the ratio between those
surface formation energies for both materials. It is observed that
for all the surfaces listed the mean ratio is 2.36 with a standard
deviation of 0.06. Here it is worth stressing that the ratio stays
constant for all the surfaces within the families of vicinal
surfaces, supporting the idea of a constant step energy within
each family group. As the ratio between surface formation
energies of CaF2 and CeO2 stays constant, the surface
formation energy in CeO2 can be easily calculated, utilizing
the proportionality ratio r

=σ σE rE(CeO ) (CaF )hkl hkl( )
2

( )
2 (8)

The validity of eq 8 reinforces the concept that the surface
formation energies depend dominantly on the surface structure.
Furthermore, this concept opens the door for a new, simplified
way to predict surface formation energies of other materials
with the fluorite structure using a material-dependent
proportionality factor.
Surface Energy Per Unit Area. The surface energy per

unit area γ, unlike the surface formation energy Eσ, includes
information about the density of high-energy sites on the
surface. When the Miller indices are increased for any family of
vicinal surfaces, the surface formation energy increases, too, as
pointed out in a previous section. As inferred from eq 6, the
increase is linear, and therefore the surface formation energy
diverges as the Miller index tends to infinity. However,
according to geometrical considerations, the higher the Miller
index is, the more similar the surface will be to the reference
plane. Therefore, the computed surface formation energy
should converge to the surface formation energy of the
reference plane when the Miller index is increased, but this

does not occur when one works with the surface formation
energy.
This seemingly contradictory behavior can be easily

corrected if we take into account that when the Miller index
is increased the surface area A of the unit cell also increases,
such that when the surface energy per unit area is used the
expected converging behavior for the surface energies is
recovered. To illustrate this, in Figure 5 we plot the surface

energy per unit area γ of the (311), (411), (511), (611), (711),
(811), and (911) surfaces (a family where the reference plane is
the {100} plane and the steps are in the [111] direction)
computed for CaF2 with respect to sin θ/h, where θ is the angle
between the vicinal surface and the reference plane and h is the
interplanar distance in the normal direction to the reference
plane in Å (height of the step). It has been shown
previously53−55 that the surface energy per unit area follows

γ γ θ β θ θ= + hcos ( )sin /0 (9)

where γ0 is the surface energy per unit area of the reference
plane, and β is the step energy per unit length along the edge of
the step of a vicinal surface. β is connected with the step energy
defined in eq 5 through Estep = βd, where d is the distance along
the step edge.53 Considering a constant step energy, i.e., β(θ) ≈
β, a linear behavior with respect to sin θ/h is found for the
surface energy per unit area of any vicinal surface, too (e.g.,
Figure 5).
The convergence shown in Figure 5 can also be checked with

a linear interpolation of the values computed for the vicinal
surfaces. Doing so, a value for the energy of the reference plane,
γ0, is obtained. For the example above, the value extrapolated
for the (100) surface is γ0 = 0.860 J/m2, which is close to the
value that we obtained in the simulation, γ0

calc. = 0.842 J/m2.
The small deviation between the two values is attributed to the
numerical precision in the energies and the slow convergence
to the reference plane energy as we increase the Miller indices.
This plot also explains the negative value of Estep in eq 3 for this
family of vicinal surfaces, which is related to the step energy per
unit length obtained after the interpolation β = −1.255. The
reason for this negative value is that, for the given example,
when the angle between the vicinal surfaces increases it
decreases the partial contribution of the surface with the higher
energy (the (100) surface), thus increasing the partial
contribution of the surface with a lower energy (the (111)
surface). For the different families of vicinal surfaces the surface

Table 2. Surface Formation Energies of the Surfaces with
Lowest Miller Indices for the Families of Vicinal Surfaces in
CaF2 and CeO2

a

E(hkl) [eV/f.u.]

family surface CaF2 CeO2 ratio

{111}/[110] (221) 1.410 3.331 2.39
{111}/[100] (211) 1.310 3.191 2.44
{110}/[111] (331) 1.094 2.572 2.35
{110}/[100] (210) 1.544 3.483 2.26
{100}/[111] (311) 1.047 2.479 2.37

aThe last column provides the ratio between the surface formation
energies of CeO2 and CaF2.

Figure 5. Computed surface energies per unit area (symbols) for the
(100) surface and vicinal surfaces with Miller indices (2p-1,1,1)
computed for CaF2 and plotted with respect to sin θ/h. The straight
line is not a linear fit to the data points but the function given by eq 9.
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energies per unit area show a similar behavior, converging in
each case to the surface energy of the reference plane upon
increasing the Miller index.
Order of Surface Stabilities. As a criterion35,45,58 for the

surface stability we employ the calculated surface energies per
unit area γ, with the understanding that the lower the γ-value is,
the more stable the surface is. We aim to link this quantity to
the experimental surface stability during dissolution, discussed
below.
To illustrate the computed stability order of the vicinal

surfaces studied, the surface energies per unit area are plotted as
a function of the increasing order for Miller indices in Figure 6a

for CeO2, where we define the order of Miller indices following
the value obtained after the sum of the characteristic Miller
indices of surfaces. If this quantity is the same for two different
surfaces, the first one represented will be the one with the
lowest first Miller index. We note that the relative stability
order of the different surfaces obtained in this study is nearly
the same as the one obtained with the LDA+U approach in
Branda et al.35 A detailed comparison with previously calculated
surface energies is provided in the Supporting Information
(S.I.). However, as the relation between surface energies per
unit area and surface structures was not previously taken into
consideration, Branda et al. did not find any pattern for the

relative stability order. Conversely, using our approach the
surface energies are shown to be dependent on the planes that
define the surface and density of edges which gives a predictive
power of the model. Therefore, the grouping of surfaces into
families offers a clear systematic way to interpret the surface
stability order as can be clearly seen from Figure 6b. In the S.I.
we present the computed stability order for vicinal surfaces
arranged according to the families. From the S.I. Table SV the
stability order can be seen to monotonously vary with the
systematic variation of the Miller indices, i.e., the terrace size,
within each family of vicinal surfaces. Also, it can be recognized
that the reference planes for terrace and step are always at the
opposite ends in the relative stability of the surfaces.
The stability order found for surfaces in the same families is

the same for CaF2 and CeO2 (detailed tables are provided in
the S.I.). The absolute values of γ for the same surfaces of CaF2
and CeO2 are different, as discussed above. Nonetheless, these
results indicate that the different characteristics of the chemical
bond in the two materials do not affect the stability order of
surfaces within the same family. Thus, we can infer that this
computed stability is mainly dependent on structural factors
that are common to the different materials that have the same
fluorite structure, offering thus potential to predict the reactivity
of surfaces as a function of their surface structure.

Experimental Results. The retreat rate of CaF2 surfaces in
dissolution was measured by Godinho et al.,16 by exposing
surface grains with different orientations. In this section we
present the results of similar dissolution experiments involving
CeO2 pellets. The rate of dissolution and surface stabilities were
studied by means of analyzing the retreat rates of each grain.
As explained in the Methodology section, the dissolution of

the CeO2 pellet was performed in 1 M HNO3 in the presence
of H2O2 without H2O2. No significant changes of the surface
are observed on the sample leached in the solution without
H2O2 during 30 days (Figure 7). The grains remain at the same
height, and grain boundaries stay in the same position which
provides evidence of a very slow dissolution rate. This contrasts
with the results of leaching in a solution containing H2O2 where
the grains on the surface of the pellet are found to have
different heights. This is clearly seen in Figure 8 by the different
colors of each grain. Note that dissolution was faster in the
grains marked by darker colors.
CeO2 is known to dissolve orders of magnitude faster in the

presence of a reducing agent.23,24 Dissolution in acid solution,
when taking place by the reaction

Figure 6. Variation of the here-calculated surface energy per unit area,
γ, with respect to the surface Miller indices for CeO2 (a) and the same
data when they are grouped in families with Miller indices (2p-1,1,1)
and (p,p,p-1) (b).

Figure 7. Confocal profilometry image of the surface of a CeO2 pellet (a) before dissolution and (b) 30 days in 1 M HNO3. Black and white scale
signifies different heights. Darker areas are pores. No changes due to dissolution are detected.
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+ ⇔ ++ +CeO 4H Ce 2H O2(S)
4

2 (10)

has a positive Gibbs energy of reaction (ΔrG° = 40.1 kJ/mol).
Considering that dissolution is activated by the reduction of

CeIV to CeIII, i.e.

+ + ⇔ + ++ +CeO 3H
1
2

H O Ce 2H O
1
2

O2(S) 2 2
3

2 2

(11)

the Gibbs energy of the overall reaction is negative (ΔrG° =
−125.9 kJ/mol).
As dissolution was much faster in the presence of H2O2, it

can be concluded that the reduction of CeIV to CeIII is the
determining step of the reaction. Therefore, the different retreat
rates observed for different grains are related to the Ce atoms
on different surfaces being susceptible to reduction to CeIII.
The measured retreat rates of different surfaces relative to the

retreat rate of the (111) surface are given in Table 3. The
results are presented in the families defined in the previous
section. However, due to the lack of experimental results the
family {110}/[100] was excluded, and the families {111}/[110]
and {110}/[111] were analyzed as one family due to the
continuity of surface structures. The relative retreat rates of
CaF2 surfaces were calculated using the equations from
Godinho et al.16 corresponding to dissolution in a leaching
solution of 1 M NaClO4/HClO4 with pH of 3.6.
The absolute values of retreat rates are always higher for

CeO2 than for CaF2 when comparing the same surface. When
comparing the relative value of retreat rates for the same surface
of both materials, it can be seen that CeO2 surfaces mainly
composed by the {100} plane are more reactive than surfaces
mainly composed by the {111} plane, relative to CaF2 (note
the first two columns in Table 3). Contrarily, CeO2 surfaces

mainly composed by the {110} plane are less reactive than
surfaces mainly composed by the {111} plane, relative to CaF2
(note the second and third columns in Table 3). Despite those
differences, the result we would like to underline is that the
relative retreat rates of surfaces within the same family follow
the same stability order for both materials.
The differences observed can be attributed to the different

chemical bonding in the two materials and the different nature
of the reactions that lead to dissolution. The chemical bonding
in CeO2 is more covalent than that of CaF2 which has mainly
ionic bonding. This affects surface reactions such as dissolution
as the different species in solution interact in a specific way with
each material. The different reaction mechanisms, i.e., acid-
catalyzed dissolution for CaF2 versus reductive dissolution for
CeO2, also contribute to the different absolute rate observed.
Even though the different reactions for each material follow
different kinetic pathways, the measured retreat rates follow a
similar trend. This is an important result because it allows
relating the dissolution rate to the structure of each surface. A
proposal for the observed stability order can be found in ref 16
for the particular case of CaF2 and can be generalized for CeO2.
In short, surfaces with a higher density of step edges are
expectedly more reactive. At these step edges the coordination
number of the atoms is smaller than for atoms on perfect
planes. We can anticipate that these lower coordinated sites on
the surface are more reactive for different dissolution reactions.
For example, the dissolution of CaF2 is activated by the
adsorption of protons to F atoms, and the dissolution of CeO2

is activated by the transfer of one electron to the Ce atoms.
Calculated Computed Surface Stabilities versus

Experimental Retreat Rates. As seen in the Order of
Surface Stabilities and Experimental Results sections, computed

Figure 8. 3D confocal profilometry image of two different areas of a pellet after 5 h leaching in (1%)/(1 M). The color scale signifies different
heights. Natural occurring pores are seen as holes in and between the grains. The grains are numbered by increasing order of dissolution rates
corresponding the following orientation: (a) 1-{111}; 2-{334}; 3-{106}; 4-{331}; 5-{203}; 6-{115}; 7-{113} and (b) 1-{445}; 2-{223}; 3-{106}; 4-
{345}; 5-{225}; 6-{331}; 7-{552}; 8-{103}; 9-{012}.

Table 3. Measured Retreat Rates (RR, in nm/h) of CeO2 Relative to the Absolute Retreat Rates of R111(CeO2) = 5.2 and
Relative Retreat Rates of CaF2 Surfaces Calculated Using the Equations from Godinho et al.16,a

family RR RR family RR RR family RR RR family RR RR

{100}/[111]
(2p-1,1,1) CaF2 CeO2

{111}/[100]
(p,p-1,p-1) CaF2 CeO2

{111}/[110], {110}/[111]
(p,p,p-1), (2p-1,2p-1,1) CaF2 CeO2

{100}/[110]
(p,1,0) CaF2 CeO2

(100) 3 8 ± 2 (111) 1 1 (221) 16 5 ± 2 610 3 9 ± 3
(611) 9 18 ± 5 (544) 7 1.4 ± 0.4 (552) 19 12 ± 3 410 6 20 ± 6
(511) 10 20 ± 2 (433) 10 5 ± 2 (331) 20 10 ± 3 310 11 23 ± 5
(311) 20 22 ± 5 (322) 16 8 ± 2 (110) 25 18 ± 5 210 27 29 ± 5

aThe surfaces within each family have been ordered according to increasing retreat rate.
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surface stabilities and measured retreat rates of surfaces of CaF2
and CeO2 follow the same trend within the same family of
vicinal surfaces, and these are primarily dependent on the
surface geometry. This finding is in accord with the results
reported by Fischer et al.80 who emphasize the necessity to
include the surface energy variation and distribution in models
to describe mineral reaction rates. In the following our aim is to
perform a comparison between the computed and experimental
surface stabilities, something which does not yet exist in the
literature.
In Figure 9 we have plotted the computed surface energies

(Figures 9a and 9c) and the experimental variation of the
retreat rate (Figures 9b and 9d) as a function of θ (angle

between the vicinal surfaces and the {100} plane), for surfaces
in CaF2 with Miller indices of (2p-1,1,1) (black color), (p,p-1,p-
1) (red color), (p,p,p-1) (green color), and (2p-1,2p-1,1) (blue
color) in Figures 9a and 9b and for surfaces with Miller indices
(p,p-1,0) (red color) and (p,1,0) (black color) in Figures 9c and
9d. The data points of the experimental retreat rates are from
Godinho et al.,16 while the data points plotted in the computed
surface stability figures represent the surfaces listed in S.I. Table
SII. The lines in the figures are a fit of the data points to a
quadratic function for each family of vicinal surfaces.
Remarkably, we note that the qualitative behavior of the
computed surface stability and the experimental retreat rate
follow the same trend not only within each family of vicinal

Figure 9. Calculated surface energies per unit area (a and c) and experimental variation of the retreat rate with θ (see eq 9) (b and d), for surfaces in
CaF2 with Miller indices of (2p-1,1,1) (black color in a and b), (p,p-1,p-1) (red color in a and b), (p,p,p-1) (green color) and (2p-1,2p-1,1) (blue
color), and (p,1,0) (black color in c and d) and (p,p-1,0) (red color in c and d), p being the number of rows of Ca atoms in the terraces. The data
points of the experimental retreat rates are from Godinho et al.16 The blue line represents the extrapolated behavior of dissolution rates according to
our model of surface stabilities. In some cases the error bars are smaller than the data symbols.

Figure 10. Calculated surface energies per unit area (a) and experimental variation of the retreat rate (b) with θ, for surfaces in CeO2 with Miller
indices of (2p-1,1,1) (black color), (p,p-1,p-1) (red color), (p,p,p-1) (green color), and (2p-1,2p-1,1) (blue color). In some cases the error bars are
smaller than the data symbols.
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surfaces but also between different families. This is the case for
all the families of vicinal surfaces, except for those whose
reference plane is the {100} plane (surfaces with Miller indices
(2p-1,1,1) and (p,1,0)see explanation below). For these
vicinal surfaces the experimental retreat rate shows a decreasing
behavior when p increases, while the computed surface stability
shows an increasing behavior.
For the family of vicinal surfaces with Miller indices (p,p-1,0)

(red symbols in Figures 9c and 9d), it was discussed in
Godinho et al.16 that the experimental data were affected by the
high roughness, causing large analytical error. It might explain
the deviation of the found experimental trend (red color in
Figure 9d) with respect to the extrapolated behavior of
dissolution rates suggested for our model of surface stabilities
(blue line in Figure 9d), which might be expected with a more
accurate determination of the experimental retreat rates.
To investigate if the agreement between computed and

experimental surface stability follows from the surface
geometry, we plot in Figure 10 the computed surface stability
and experimental retreat rate as a function of θ for CeO2. The
plotted surfaces are listed in S.I. Table SI and Table 3. It can be
seen that the qualitative behavior of the quantities for CeO2
follows the same trend as observed for CaF2, for all the families
of vicinal surfaces. Even the opposite behavior between
experimental retreat rates and computed surface stabilities for
vicinal surfaces where the reference plane is the {100} plane is
seen.
Consequently, we can affirm that there is a connecting

relation between the computed surface stabilities and the
experimental retreat rates, such that the larger the computed
surface stability within a family is, the lower are the retreat rates
of the surfaces within the family. Both quantities also show the
same qualitative behavior when comparing different families of
vicinal surfaces. As this relation between computed surface
stabilities and experimental retreat rates has been found for
both CaF2 and CeO2, it suggests that for other materials with
the fluorite structure the same relation will hold. Moreover, we
emphasize that these are general results. For example, no
matter which exchange correlation functional we are working
with, there would exist the same qualitative trend, even though
the quantitative value of a computed surface stability might
differ. Also the retreat rate of a surface in solution depends not
only on the surface structures but also on the solution
conditions. Therefore, for different experimental conditions the
absolute dissolution rates will be different. However, the
stability trends between surfaces within the same family will be
the same.
The trends of experimental dissolution rates of surfaces and

the computed surface stabilities of surface facets, both of them
being related to the atomic structure of the surfaces, show a
strong crystal face dependence. The observed qualitative
relation suggests that the relative order of surface stabilities in
solution can be predicted from computed surface stabilities.
The question that still remains to be answered is why, for

surfaces where the reference plane is the {100} one, the
computed surface stability has an opposite trend to that of the
experimental retreat rate. We believe that the reason lies in the
way that these “Tasker-type-III” surfaces are constructed to
quench the dipolar moment in the employed surface
model.45,46,58 As has been pointed out, to avoid the net dipole
charge on polar surfaces, the surfaces are modeled by moving
half of the X ions from the top layer to the bottom layer and
distributing the rest on the surface in such a way that the

terrace looks like the (100) surface (see Figure 1). This
rearrangement of ions reduces the coordination number of the
atoms on the top and bottom surfaces, in comparison with that
of atoms in the natural planes. This causes the rearranged
surfaces to have a higher surface stability; i.e., the computed
values differ from those that would be obtained if the natural
planes were used. The sensitivity of the computed surface
stability with the distribution of the X ions (in MX2) on the
surfaces is discussed in the S.I. The larger the {100} component
of the surface, the more this surface modification will affect the
computed surface stability which diverges from the exper-
imental surface stability. This is the case, e.g., when the size of
the terrace increases for surfaces where the reference plane is
the {100} plane (surfaces with Miller indices (2p-1,1,1) and
(p,1,0)) as can be seen in S.I. Tables SV and SVI. From this it is
clear that the upper limit of the computed surface stability for
these planes is that of the dipole adjusted (100) surface.
These modified surfaces, however, represent nonrealistic

surfaces. Thus, when comparing with experimental surface
stabilities, the use of these modeled surfaces should be
restricted to the computation of quantities different from
surface energy per unit area.

■ CONCLUSIONS
Ab initio and experimental methods were used to study the
relation between surface energies, surface stability, and surface
structure of CaF2 and CeO2.
Model surfaces have been built considering groups or

families of stepped surfaces where the terraces and the steps
are each defined with respect to one of the three reference
planes in materials with the fluorite structure, i.e., the {111},
{110}, or {100} planes. Using those surfaces we developed a
model for CaF2 that relates the surface formation energy of any
high-indexed Miller plane and the surface formation energy of
one of the reference planes.
The extension of the model to CeO2, where the interaction

between the ions is different, showed the existence of a
proportionality between the surface formation energy of
surfaces with the same orientation for CaF2 and CeO2. This
allows the calculation of surface formation energies of CeO2
using the surface formation energies of CaF2. It is expected that
similar proportionality relations exist for other materials with
fluorite structure, such as UO2 or PuO2.
The surface energy per unit area was used to compare the

computed results with the experimental surface stabilities. Our
results agree with the previously calculated results. One
remarkable conclusion is that the relative stability order follows
the same trend for both materials, CeO2 and CaF2, within each
family of vicinal surfaces. Therefore, it can be concluded that
the computed values are a function of the surface structure. The
same conclusion was reached using experimental retreat rates of
CaF2 and CeO2 under different dissolution conditions to study
the surface stability. A systematic correlation between surface
reactivity and surface energies calculated using ab initio
methods is obtained. This relation can be attributed to the
common dependence of the surface structure. A limitation to
this analysis has been found for a polar surface where a
rearrangement of oxygen atoms is needed to ensure
convergence of the calculations. This modification generates
nonrealistic surfaces with atoms deficiently coordinated.
Consequently, the modeled surface has a lower stability or
higher surface energy than the real surface and cannot be
compared to experiments.
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The insight derived from the present study provides a better
understanding of the surface stability and surface reactivity of
CeO2 and CaF2. This can be extended to other materials with
the fluorite-type structure, such as UO2, PuO2, and ThO2,
where the same stability order and order of experimental retreat
rates are expected.
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Abstract 

Dissolution rates are usually calculated based on traditional dissolution kinetic models as a function of 
surface area, which is assumed to remain constant ignoring the changes occurring on the surface during 
dissolution. Here we present a study of how topography of natural fluorite surfaces with different orientation 
change during up to 3200 hours of dissolution. Results are analysed in terms of changes in surface area, 
surface reactivity and dissolution rates.   

All surfaces studied present fast changes in topography during the initial 200 hours of dissolution. The 
controlling factors that cause the development of topography are the stability of the step edges forming the 
initial surface and its inclination to the closest stable planes, which are specific for each surface orientation. 
The surface dynamics are accompanied by a significant decrease of dissolution rates during an initial 
dissolution regime. This variation of dissolution rates is attributed to a decrease of the density of step edges 
on the surface and the continuous increase in exposure of more stable planes. During a second dissolution 
regime, some surfaces continue to present significant changes in topography, while for others the 
topography tends to remain approximately constant. 

Our observations suggest that the development of topography during the initial dissolution regime is 
kinetically driven, and therefore, the surface may only reach a metastable state. The height and size of the 
topographical features initially developed and the types of planes and step edges that constitutes them 
determines the changes during the second dissolution regime. Dissolution transforms the initially formed 
metastable surfaces towards a more stable topography. Dissolution rates are shown to decrease even 
though the absolute surface area increases. Therefore, calculations of dissolution rates, which assume that 
dissolution rates are directly proportional to surface area are not valid for the surfaces studied. Instead, 
considering the surface reactivity, determined by the relative stability of the planes and type of edges that 
constitute a surface, is proposed to be necessary for developing more accurate kinetic dissolution models. 
Significant differences between dissolution rates calculated based on surface area and surface reactivity are 
expected for materials with the fluorite structure and materials with surfaces constituted by planes and step 
edges with different relative stabilities.  

1. Introduction 

The kinetics of mineral dissolution constitutes a 
fundamental problem in material science and 
geochemistry (Fischer et al., 2012). Currently 
accepted dissolution theories are supported mainly 
by the study of how the solution conditions affect 
dissolution rates (Lasaga, 1998; Brantley et al., 
2008; Oelkers and Schott, 2009). These are usually 
obtained from solution analyses and correlated to 
different solution parameters such as pH, electrolyte 

or saturation state of the solution and normalised to 
an overall surface area (White and Brantley, 2003; 
Brantley et al., 2008; Oelkers and Schott, 2009). 
The surface area is assumed to remain constant 
during dissolution, although this is known to be just 
a simplification of a dynamic system (Anbeek, 1992; 
Luttge, 2005). This approach would only be valid if 
all surface react at the same rate and the solid does 
not change dimensions considerably during 
dissolution. However, several studies investigating 
the surface during dissolution suggest that the 
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surface changes during dissolution and not all 
surface sites dissolve at the same rate (Lasaga and 
Lüttge, 2001; Arvidson et al., 2003; Godinho et al., 
2011; Godinho et al., 2012). Therefore, a better 
understanding of how a surface changes during 
dissolution, and with that its reactivity, is needed to 
develop more realistic dissolution models, and 
consequently, to calculate more accurately 
dissolution rates.  

One reason for the lack of studies focusing on the 
reactivity of different sites on a surface is the fact 
that commonly only cleaved or nearly atomically flat 
surfaces are experimentally used due to practical 
reasons (e.g. Cama et al., 2010; Ruiz-Agudo and 
Putnis, 2012). Such near atomically flat surfaces 
are difficult to achieve through mechanical polishing 
of non-cleaved surfaces. However, based on Gibbs 
thermodynamic theory the chemical potential 
necessary to dissolve a surface is dependent on the 
surface energy (Fan et al., 2006). Consequently, 
the reactivity of surfaces with defects is expected to 
be different from atomically flat surfaces. At the 
same time, atomically flat surfaces are not 
commonly found in nature or in synthetic materials.  

The exact nature of step edges and kink sites, 
commonly referred to as high energy sites (e.g. 
Brantley et al., 2008, Maldonaldo et al., 2013) 
remains ambiguous and a better understanding of 
their effect on dissolution is necessary to evaluate 
their importance for measured and calculated 
dissolution rates. For example, it has been 
proposed that they can contribute to the 
discrepancies between dissolution rates determined 
in laboratory experiments and estimated in nature 
(Emmanuele and Ague 2011; White and Brantley, 
2003; Moore et al., 2012), or to the uncertainty of 
estimating the long term dissolution rates of spent 
nuclear fuel (Ollila, 2008). Spent nuclear fuel is an 
example of a polycrystalline material with the 
fluorite type structure, which is expected to react in 
a similar way as fluorite (Maldonaldo et al., 2013). 
Furthermore, dissolution of polycrystalline surfaces 
occurs in many geological settings and is a part of 
important processes such as weathering (Brantley 
et al., 2008) mineral replacement reactions (Putnis 
and Austrheim, 2012) and stress related dissolution 
phenomena (Rutter 1983, Schott et al. 1989).  

Godinho et al. (2012) showed that the dissolution 
rate of fluorite is dependent on the density of step 
edges which in turn can be related to the orientation 

of each surface. They showed that topography is 
developed on unstable surfaces due to the 
presence of a high density of step and kink sites. 
The dissolving surfaces were shown to expose the 
stable planes {111} and {100} after dissolution. 
From these observations two main conclusions 
were advanced: (1) during dissolution the surface 
area increases and (2) the stability of the dissolving 
surface changes. Consequently, realistic kinetic 
dissolution models cannot be developed from 
solution studies alone.  Instead there is the need to 
better understand the structure and reactivity of 
fluorite surfaces at the fundamental atomic level. 
Realistic kinetic dissolution models need to take 
surface structure into account. 

This contribution is inspired by the need to close 
this knowledge gap. We present a dissolution study 
that combines detailed analysis of topography 
evolution of natural fluorite surfaces with dissolution 
experiments over an extended period. It is shown 
that the surface topography and dissolution rates 
are dynamic parameters that depend on the initial 
surface structure, which changes through time. 
Experimental data allow us to link the dissolution 
induced topography with the relative stability of the 
different types of step edges and main planes. The 
observed changes in topography suggest the 
existence of two dissolution regimes. During the 
initial regime fast changes in surface topography 
cause an increase of surface area and a decrease 
of surface reactivity, resulting in a decrease of the 
initially high dissolution rate. During the second 
dissolution regime slower topographical changes 
are driven by preferential dissolution of less stable 
surfaces and type of edges. 

2. Experimental methods 

2.1 Analytical techniques 
Crystal orientations were obtained by electron 
backscatter diffraction analysis (EBSD) using a field 
emission gun environmental scanning electron 
microscope (ESEM) (Phillips XL-30) at Stockholm 
University with a coupled electron backscattered 
detector (Nordlys, Oxford instruments) and the 
software HKL Channel 5 (Oxford Instruments). The 
analysis conditions were: high vacuum and 20 kV 
beam current. The same equipment was used to 
take the secondary electron images but with a 
beam current of 15 kV. The precision of orientation 
data was 0.3º.  



The surface topography was studied with a 
Sensofar PLu2300 confocal profilometer (CP) and a 
Digital Instruments Nanoscope III Multimode atomic 
force microscope (AFM). The profilometer has 
confocal lenses with 10, 50 and 150 times 
magnification (fields of view 1273 x 955 μm, 253 x 
190 μm and 84 x 63 μm) and a numerical aperture 
of 0.3, 0.8 and 0.95 respectively. The system has a 
lateral resolution of 111 nm and a vertical resolution 
of 1 nm with the 150 times magnification lens. 
Slopes up to 71° can be analyzed. The data was 
acquired using the program SensoScan 2.45 and 
analyzed with SensoMap 5.1.1.5450. Data is 
represented as height dependent colour coded 
confocal profilometer images (CP images). Images 
were collected and analysed using the Nanoscope 
software version 5.31r1 at room temperature 21  1 
°C using Si3N4 tips model NP-S20 with spring 
constants 0.12 and 0.58 N/m from Bruker. 
Deflection AFM Images were taken at a scan rate of 
3 Hz. Colours are representative of the variations of 
topography on the scanned surface, which cause 
the deflection of the cantilever.  

 
Fig. 1: Representation of the surfaces studied a) (102); 
b) (104); c) (115); d) (334); e) (110) seen close to [001] 
direction; f) (110) seen close to [-110] direction. Images 
created in Crystal Maker 2.3; black and gray spheres 
represent Ca and F, respectively. Planes {100} and {111} 
and edge types that constitute each surface are marked. 

The combination of surface techniques 
complements the advantages and limitations of 
each individual technique. CP was used to study 
the surface roughness because of the larger fields 
of view and versatility of the technique. AFM was 
shown to be more appropriate to resolve details at 
the nanoscale level over small areas. Secondary 
Electron (SE) images obtained in the ESEM were 
used as a complement to the 3D techniques 

because it allows the resolution of lateral details 
that can create artefacts when using AFM, such as 
steep edges. Furthermore, SE images can be 
acquired over large fields of view, which allow the 
visualisation of the repeating topographical features 
with a reasonable level of detail. However, 
topography information from SE images is not 
quantitative. At the same time, for SE imaging 
samples need to be carbon coated, which makes 
the sample unusable for further dissolution. 
Therefore, it is impossible to analyse the same 
surface area at different dissolution times.    

2.2 Samples 
Crystals used in this study were natural green 
fluorite cubes from the Rogerley mine in the 
Durham county, North England (Ficher, 2004; 
Ficher, 2006). These were chosen due to their large 
crystal size (up to 2 cm diameter) and the known 
chemical composition and geological context. The 
crystals were cut parallel to the planes (115), (334), 
(110), (102), (104) and (245) (Fig. 1) using a 
diamond saw. These planes were chosen to 
represent all possible surface sites such as different 
types of edge and main planes (see section 6.2 for 
details). Furthermore, dissolution rates of those 
surfaces exist already in the literature Godinho et 
al. (2012).  

 
Fig. 2: AFM image representative of the initial surfaces 
used in this study. 

Surfaces were polished down to a 1 micron finish 
using diamond paste and mechanochemically 
etched in commercially available colloidal silica for 
5 hours. The mechanochemical etching was 



necessary to remove the surface cover of finely 
broken up material which resulted from mechanical 
polishing. This procedure ensured an initial surface 
with a roughness average below 0.5 nm similar to 
all orientations studied. Scratches caused by the 
polishing are always below 2 nm depth (Fig. 2). 
This value was determined using atomic force 
microscopy (AFM) over areas of 15x15 µm.  

2.3 Reactor and solutions 
Dissolution was performed in a 30 ml polypropylene 
reactor with external stirring of 110 rotations per 
minute and at room temperature (21 ± 1 ºC). 20 ml 
of a solution 0.05 M NaClO4/HClO4 with pH of 3.6 
was used and renewed every 72 hrs. The pH of the 
solution did not vary during the dissolution period 
and the Ca concentration was always below 10 
ppb. Experiments were conducted for a maximum 
of 3200 hrs. 

Concentrations of Ca in solution were determined 
after 72 hrs, 390 hrs and 1600 hrs using inductively 
coupled plasma (ICP) coupled to an atomic 
emission spectrometer (AES) as detector, model 
Vista AX from Varian. The detection limit for Ca was 
10 ppb. 

2.4 Data analysis 
Topography is used in this study as a qualitative 
term to describe morphological changes on the 
surface. Roughness average (Ra) is used as a 
quantitative parameter to measure the height 
deviation of a surface from its ideal flat form (eq. 1). 
Ra values were measured using confocal 
profilometry data obtained with a 150x lens. The 
presented value of Ra is the average of three 
different areas of the surface. The variability of the 
three values was used as the error if higher than 2 
nm, and the repeatability of the 150 times 
magnification lens used as the error. The areas 
studied for each surface were representative of all 
samples and large enough to ensure the 
convergence of Ra (Fischer and Lüttge, 2007). In 
equation 1 n is the number of points, Zi is the height 
of each point. 

     (eq. 1) 
In this study the dissolution rates were considered 
proportional to the measured retreat rates of the 
surface. These were calculated by the variation with 
time of the distance between a reference surface 

(epoxy resin) and the dissolving surface determined 
by CP. Five to seven different areas of the interface 
reference/dissolving surface were measured and 
the average value was used. Errors were calculated 
by the variability of measured values. 

The angles of the planes exposed after 3200 hours 
of dissolution were measured by a profile analysis, 
using AFM data, of the inclination of the analysed 
surface to the average surface baseline.  

3. Results 

The roughness average (Ra) shows a fast increase 
during the initial 50-400 hours of dissolution for all 
surfaces except (115) (Fig. 3a). The topography 
developed by (115) is close or below the resolution 
limits of CP and thus the Ra values presented are 
noise. The duration of this initial period, henceforth 
referred to as Regime I, varies for different planes 
(Fig. 3). After this initial fast increase of Ra two 
behaviours are observed during subsequent 
dissolution (Regime II). Surfaces (334), (104) and 
(245) (Group A), present a relatively slow increase 
of Ra during Regime II. In contrast, surfaces (110) 
and (102) (Group B) exhibit a period of small 
variation of Ra (within the experimental error) 
approximately between 200 and 600 hours, 
followed by a significant increase between 600 and 
2463 hours. The Ra of surface (110) continues to 
increase, while for (102) a marked decrease of Ra 
is observed (Fig. 3a). (102) is the only surface 
presenting a significant decrease of Ra measured 
after 2463 hours of dissolution.   

The comparison between Ra and retreat rate 
variation during dissolution shows a significant 
correlation (Figs. 3b, 3c and 3d). In general, during 
the first 1600 hours of dissolution, the retreat rates 
tend to decrease for the three planes shown. This 
decrease is more pronounced during the periods 
when Ra changes more significantly, especially 
during Regime I. The error of calculated retreat 
rates is higher at later dissolution times because the 
roughness developed during dissolution increases. 
Therefore, after the initial decrease of retreat rates, 
the height variation between analysed and 
reference surfaces is bellow the error given by the 
surface roughness and no conclusions regarding 
the variation of retreat rates can be drawn. 



  

 

Fig. 3: a) Variation of Ra (nm) with dissolution time (hrs) for the 6 surfaces orientations studied. Smaller graphics are a 
closer view of the initial 1000 hrs of dissolution where planes of Group A and Group B where separated. The areas used 
to determine Ra were 850 µm2. b-d) Relation between the variation of Ra (left axis) and the variation of retreat rate (right 
axis) with dissolution time for surfaces (102), (110) and (245). 



 
Fig. 4: SE images of five surfaces with different 
orientation after 3200 hrs of dissolution a) (115); b) (334); 
c) (104); d) (110); e) (102). The orientation cube obtained 
by EBSD is given. 

To investigate the observed general correlation 
between retreat rate and Ra as well as the 
differences of Ra of the studied surfaces, a detailed 
analysis of the surface topography is necessary. In 
the following, we first present the general 
differences between different planes and then show 
how topography of individual planes develops 
through time. For the latter, a combination of SEM, 
AFM and CP is used depending on the most 
appropriate scale of observation (for details see 
section 2.1). The denomination “terraces” is used to 
identify the dominant plane of a surface, and “steps” 
to identify the set of planes that connect two 
terraces. In order to relate topography changes to 
crystallographic orientations and stable planes, we 
constructed a table (Table 1) listing the investigated 
planes (IP), the closest stable plane (CSP) to the 
investigated plane and the theoretical angle 
between these two planes, as well as the 
experimentally measured angle. Furthermore, the 
edge type constituting the initial surface is given (for 
details see Discussion).  

   
Fig. 5: SE images of areas with representative topography developed on the (334) surface after a) 1600 hrs; b) 3200 
hrs; c) SE image of edge after 1600 hrs; d) AFM image of edge after 1600 hrs. 



 
Fig. 6: SE image of a fluid inclusion on surface (115) after 3200 hrs of dissolution. Arrow indicates protruding edge.

Tab. 1 : Structural information of the investigated planes 
(IP): closest stable plane (CSP) to the IP; theoretical 
angle between CSP and IP; experimentally measured 
angle between CSP and IP; edge type refers to the edge 
constituting the initial IP. Experimental angles were 
determined by AFM after 3200 hrs of dissolution. 

IP CSP 
Theoretical 
angle IP / 

CSP 

Experimental 
angle IP / 
expose  
su e  

d
rfac s

Edge type 

115 001 16 12 1  °    ° (111)/(100) 
334 111 8 6°    °2  (111)/(100) 
104 001 14 11  °  ° 2 (100)/(010) 
110 100 45 40  °    °6 (100)/(010) 
110 111 35 38 4  °   ° (111)/(11-1) 
102 001 26 34°   3° (100)/(010) 

Different planes show distinctive topographical 
characteristics after 3200 hours of dissolution (Fig. 
4). For a comparison between the heights of 
topography on different surfaces the Ra values in 
figure 3a can be used. The topography of Group A 
surfaces, (115), (334) and (104), is mainly formed 
by terraces separated by rough steps (Figs. 4a, 4b 
and 4c). The shape of the steps is similar for (115), 

(334) which differ from (104). These three planes 
are formed by terraces with a low inclination to the 
CSP (Table 1). The topography of Group B 
surfaces, (102) and (110), are formed by elongated 
ridges (Figs. 4d and 4e). The inclination of the sides 
of ridges that form these planes are higher than the 
inclination of terraces developed on Group A 
surfaces (Table 1).     

Figures 5 and 6 show the topography of surfaces 
(334) and (104) at 1600 and 3200 hours of 
dissolution (Regime II). The terraces of each plane 
preserve the approximate shape at the two 
dissolution times. The topography developed on 
surface (334) is mainly formed by triangular 
terraces connected by a step that is itself 
constituted by a sequence of transversal steps (Fig. 
5c). These edges can be observed with AFM as a 
sequence of aligned rounded features, which 
propagate to the terraces after 3200 hours of 
dissolution (Fig. 5d). During the period of low 
increase of Ra (Regime II), the average area of the 



terraces increases and some topography is visible 
on the terraces after 3200 hours of dissolution 
(Figs. 4b and 5b). The topography developed on 
the (104) surface is constituted of relatively smooth 
terraces predominately connected by a rough step 
at the front of the terrace (Fig. 4c), and laterally by a 
sequence of stepped surfaces (similar to steps on 
(334)). The terraces formed during Regime I (e.g. 
Fig. 6a) continuously increase in size mainly along 
one direction during Regime II (Figs. 6b and 6c). 
This causes the increase of the step height and 
elongation of the terraces (Fig. 6). 

 
Fig. 7: SE image of a fluid inclusion on surface (115) 
after 3200 hrs of dissolution. Arrow indicates protruding 
edge. 

It was not possible to obtain images of the (115) 
surface with enough resolution to identify the 
composing planes after dissolution due to the small 
dimensions of the features developed. However, the 
topography developed from a pre-existing fluid 
inclusion in the crystal (initially with a square shape) 
can provide valuable insight of the structures 
formed on the initial surface (Fig. 7). Two opposite 
surfaces are visible, one smooth and one rough. 
The flat surface ends in a protruding edge (marked 
with an arrow in Fig. 7) that dissolves slower that 
the surrounding (115) surface.  

The observed continuous increase of Ra of the 
(110) surface (Fig. 3) is directly related to its surface 
evolution. After 240 hours the topography is formed 
by irregular quadrangular pyramids (Fig. 8a). During 
Regime II, these tend to elongate in one direction 
forming symmetric ridges after 3200 hours (Fig. 8b). 
High resolution imaging of the top of the ridges 

shows that the inclined surfaces on the side of the 
ridges are not smooth. Instead, triangularly shaped 
terraces emanate from the edge on the top of the 
ridge (Fig. 8c).  

 
Fig. 8: SE images of areas with representative 
topography developed on the (110) plane after a) 240 
hrs; b) 3200 hrs; c) SE image of a closer view of a ridge 
after 3200 hrs. 

In figure 9 the topography of surface (102) is 
compared at different dissolution times. At 240 
hours, after the initially fast increase of roughness, 
the surface is composed by smooth terraces with a 
V shape front. A second dominant plane connects 
one of the sides of the terraces (right side in Fig. 



9a). The connection between terraces on the left 
side is not clearly defined by a single structure or 
plane. During Regime II, a third plane becomes 
dominant on the left side of the steps forming 
trigonal pyramids (Fig. 9b). A major change of the 
surface topography happens before 3200 hours of 
dissolution causing the formation of ridges with two 
dominant planes at approximately the same angle, 
which are intercepted by two other planes at a 
higher angle (Fig. 9c). 

 
Fig. 9: SE images of areas with representative 
topography developed on the (102) surface after a) 240 
hrs; b) 1600 hrs; c) 3200 hrs.  

 

4. Discussion 

Each of the two proposed dissolution regimes is 
characterized by distinct surface alterations. During 
the initial Regime I, significant changes on the 
surface cause a fast increase of Ra (Fig. 3). Since 
the observed changes during Regime I correspond 
in general terms to those observed by Godinho et 
al. (2012) using sintered pellets of pure CaF2, the 
surface changes can not be a consequence of 
impurities in the natural crystals used in this study. 
Godinho et al. (2012) showed that the developed 
topography was formed by the two most stable 
types of planes, {111} and {100}. The topographical 
pattern of each surface was shown to be 
characteristic of each orientation that has a specific 
inclination to the closest stable planes, which is also 
observed in this study (Fig. 4 and Table 1). Godinho 
et al. (2012) noticed that surfaces with a higher 
dissolution rate have a higher density of step 
edges, and proposed that the development of 
topography causes a reduction of the density of 
step edges. Therefore, the surface after dissolution 
would be more stable that the initial surface, which 
would cause the decrease of dissolution rate. This 
is observed in this study, where we show that the 
decrease of retreat rates during Regime I (Figs. 3b, 
3c and 3d) is linked to the dynamic changes of 
topography and variation of Ra.  

During Regime II, the different dependence of Ra 
with dissolution time for the different surfaces, 
suggests their division in two groups; Group A: 
(104), (115), (334) and (245) surfaces for which Ra 
does not change significantly and therefore the 
topography is not expected to change significantly; 
Group B: (102) and (110) surfaces for which Ra 
changes significantly and therefore changes in 
topography are expected. In order to analyse in 
detail the transformations occurring during Regime 
II it is necessary to identify the type of step edges 
and planes exposed at different times of dissolution. 
In the following, we first present a surface model 
identifying the different types of edges that 
constitute each surface. This is followed by a 
discussion of the results based on the relative 
density and reactivity of the different edge types 
that constitute each surface at different dissolution 
times. Finally, results are summarized in the light of 
the consequences of our results to the general 
understanding of dissolution kinetics. 



4.1 Surface model 
The model presented by Godinho et al. (2012) 
describes how any fluorite crystal surface can be 
decomposed in the three main planes {111}, {100} 
and {110}. The interception between these planes 
forms step edges constituted by atoms deficiently 
coordinated relative to the contributing planes. 
Dissolution rates were found to be related to the 
density of step edges on a surface. For example, 
surface (102) is constituted by {100} planes and 
step edges at their interception (Fig. 1a), which 
causes a higher dissolution rate comparatively to 
the perfect (100) plane. Here we extend this model, 
differentiating the type of edges by their geometry 
and coordination number. The stability of the 
different types of edges will be used later to 
interpret the topography and the stability of each 
surface at different dissolution times. 

 

Fig. 10: Representation of the lateral view of the main 
planes and different type of edges a) {111}; b) {100}; c) 
(111)/(11-1); d) (111)/(1-1-1); e) (111)/(100); f) 
(100)/(010). Images were created in Crystal Maker 2.3; 
black and gray spheres represent Ca and F, respectively. 

We propose a model that is a simplification of the 
model presented by Godinho et al. (2012), as we 
consider only two reference crystal forms, {111} and 
{100}, which are known to be the most stable 
planes and develop only minimal roughness during 
dissolution (Figs. 10a and 10b). Moreover, these 
two planes are sufficient to represent in 
combination any other crystal plane. The unstable 
(110) surface can be decomposed either in {100} or 
{111} planes (Figs. 1e and 1f). We analyse four 
types of step edges that can form by the 

interception of two {111} and/or {100} planes. Each 
type of step edge has atoms with a characteristic 
coordination number (Table 2) and geometry (Fig. 
10). The coordination numbers of atoms at the 
edges are lower than for atoms in the flat (111) and 
(100) planes. As we will show later, the relation 
between coordination number and stability of an 
edge may not be linear. It is also important to 
consider the geometry of the edge.  

In the following, each edge type is identified with 
the labelling of the two crystal planes which forms it, 
in order to emphasise its structure; e.g. (111)/(11-1) 
instead of the usual crystallographic notation [1-10]. 
This corresponds to the normal edge of an 
octahedron; e.g. between (111) and any of the three 
neighbouring faces (1-11), (-111) or (11-1)). 
Therefore, it is labelled (111)/(11-1). The angle 
between the two faces forming the edge is 109o. 
This edge is parallel to the face (110), which is one 
of the rhombic dodecahedron faces (Fig. 10c). 
Another type of edge is formed also between two 
octahedral faces, but in this case those that meet 
only at a vertex of an ideal octahedron; e.g. 
(111)/(1-1-1), therefore the same label. The angle 
between the two planes forming this edge type is 
71o and it is flattened by a cube face (e.g. (100) for 
the given example) (Fig. 10d). Another edge type is 
formed by the intersection of an octahedral and a 
cube face, labelled (111)/(100) and flattened by the 
(211) face (Fig. 10e). This type of edge constitutes 
the natural steps of surfaces (115) and (334) (Figs. 
1c and 1d). The last edge type is formed by the 
intersection of the two cube faces, labelled 
(100)/(010) and flattened by the (110) face (Fig. 
10f). This type of edge constitutes the natural steps 
of surfaces (102) and (104) (Fig. 1a and 1b). 

Tab. 2 : Coordination number of the atoms exposed on 
the surface of each main plane and of each edge type. 
The stability order from the most stable to less stable is 
presented (see sections 4.2 and 4.3). The angle between 
two main planes that forms each edge type is given. 

Site label 
Ca 

coord. 
number 

F 
coord. 

number 
Stability 

order 
Angle 

between 
planes 

(111) 7 3 1  
(100) 8 2 2  
(110) 6 3 5  

(111)/(11-1) 6 3 5 109  °
(111)/(1-1-1) 6 2 4 71° 
(111)/(100) 7 2 3 125  °
(100)/(010) 8 1 6 90° 

 
 



 
4.2. Topography constitution 
First we discuss the differences and similarities 
between surfaces of Group A. The changes of 
topography on surfaces (104) and (334) are not 
associated to a significant increase of Ra, neither to 
a significant change of shapes on the surface. The 
topography is mainly composed by terraces (e.g. 
Figs. 4b and 4c) separated by rough steps (e.g. 
Figs. 5c, 5d, 6d and 6e). In both cases the terraces 
grow with time (Figs. 5a, 5b, 6a, 6b and 6c) 
explaining the continuous slow increase of Ra 
observed in figure 3. The terraces on surface (334) 
are larger at later stages preserving the triangular 
shapes protruding out of the surface (Fig. 5). The 
growth of a terrace may be caused by the frontal 
uptake of smaller terraces. Contrarily, the growth of 
terraces on surface (104) causes an elongation of 
the terrace in one direction (Fig. 6). This is probably 
caused by the preferential dissolution of smaller 
terraces from the lateral sides of the step. The 
diverging behaviour of the terrace front and terrace 
side suggests differences in the reactivity of the 
constituting planes and step edges (Figs. 6d and 
6e). The front of the terrace is formed by a more 
stable edge type that the edge formed at the lateral 
side of the terrace. The differences between (104) 
and (334) suggest a different constitution of the 
planes exposed after dissolution. Table 1 shows 
that the inclination of the terraces on both planes 
are similar to the inclination of the closest stable 
plane, which is (111) for the (334) surface and (001) 
for the (104) surface. (100) terraces are smoother 
that (111) terraces, which is unexpected in first 
analysis if we consider that (111) dissolves slower 
(Godinho et al., 2012), thus expected to be more 
stable. Following the same principle the (115) 
surface is expected to be constituted by (100) type 
terraces due to its low inclination to (001). However, 
the topography developed on surface (115) is too 
small to be qualitatively and quantitatively 
compared at different dissolution times, which is 
itself an important result as it will be discussed later. 
Nevertheless, a (100) smooth surface is exposed 
after dissolution of a fluid inclusion (Fig. 7). The 
lateral sides of the fluid inclusion are formed by 
topographical features similar to the ones on 
surface (334) (compare Figs. 4b and 7). The (111) 
terraces developed on (334) are connected by a 
sequence of transversal edges instead of a single 

plane (Figs. 5c and 5d). These edges are 
propagated to the terraces (as topography on the 
terraces in Fig. 5b and round shapes in Fig. 5e). 
The nature of these edges is difficult to determine 
due to their reduced size. Based on the apparent 
inclination of the two constituting planes and the 
observed structures the edge type is possibly 
(111)/(1-1-1). Thus, the edge type formed between 
the terrace and the steps is (111)/(11-1).  

As expected Group B surfaces show significant 
morphological changes during regime II (Fig. 8 and 
9). The (110) surface develops the highest Ra of the 
surfaces studied. This may be due to the 
distinguished 2mm symmetry of the plane relatively 
to {100} and {111} and high angle to both planes 
(Table 1). The topography initially developed (Fig. 
8a) with a pyramidal shape reflects this symmetry 
being two of the pyramid faces {100} type planes 
and the other two {111} type planes. With time the 
faces of type {111} become dominant causing the 
elongation of ridges (Fig. 8b). The ridges formed by 
the interception of two {111} planes form edges of 
type (111)/(11-1). The emanation of steps from this 
edge causes a significant roughening of the (111) 
surfaces that form the ridges (Fig. 8c). The rough 
surfaces frequently terminate in a V shape. 
Therefore, we can speculate that these steps are 
formed by the interception of two other {111} planes 
forming (111)/(11-1) type edges. The continuous 
growth of these ridges causes the observed 
continuous increase of Ra. Contrarily, the Ra of 
surface (102) continuously increases up to a 
maximum at 2463 hours of dissolution decreasing 
drastically with further dissolution (Fig. 3). The 
terraces exposed on the (102) surface at 240 hours 
are possibly {111} planes (Fig. 9a), which are not 
the closest stable plane from (102) (Table 1). The 
right side of the step connecting the terraces (Fig. 
9a) is likely to be also a {111} plane, due to its 
roughness and inclination. During Regime II a third 
plane develops on the left side of the steps 
connecting two terraces (Fig. 9b), possibly of type 
{111}, forming trigonal pyramids protruding from the 
surface. A fourth {111} plane develops up to 3200 
hours of dissolution, which causes a major change 
of the surface topography (Fig. 9c) and decrease of 
Ra. The resulting shape is given by four octahedral 
faces; two {111} planes that form the dominant ridge 
shape (e.g. (111) and (11-1)), and two other {111} 



planes, possibly at 75° to the main plane (e.g. (1-
11) and (1-1-1)), which connect ridges at different 
heights. In this case all edges are of type (111)/(11-
1). Possibly before 240 hours of dissolution the 
closest stable plane (001) is formed causing a 
metastable topography to develop, which would be 
more stable than the initial surface but less stable 
than the final topography.  

4.3. Edges stability 
The relative stability of each edge type is discussed 
based in the principle that less stable sites of a 
surface dissolve faster leaving more stable surfaces 
exposed. Therefore, all planes tend to develop the 
most stable topography, which govern the surface 
dynamics during dissolution. This is corroborated by 
the observed tendency for elongation of terraces 
and ridges, which reduces the density of lateral step 
edges. After the initial fast development of 
topography during Regime I, it may happen that the 
roughness is too high to be removed, and the 
system cannot evolve from the metastable 
topography formed due to the high unstable initial 
surface (exemplified below as the (110) case). In 
contrast, surface (102) is a case where the initial 
metastable topography is replaced by a topography 
that is interpreted to be more stable. 

It is helpful to compare the surface evolution of 
surfaces (104) and (115) as both have a low angle 
to the (001) surface (Table 1). However, the 
roughness developed on (104) is significantly 
higher than on (115). As discussed above and 
based in the information from figure 7, the 
topography of surface (115) is likely to be 
constituted by (001) terraces connected by steps 
similar to the front steps on surface (104) (Fig. 4c) 
also present at the fluid inclusion step (Fig. 7). A 
possible explanation for the different heights of the 
terraces developed can be that the initial surface 
(104) is formed by (100)/(010) type edges (Fig. 1b), 
and in contrast, surface (115) is formed by 
(111)/(100) type edges (Fig. 1c). Considering that 
the higher topography developed during Regime I is 
driven by the most reactive type of edge, then 
(100)/(010) edges are less stable than (111)/(100) 
edges. Consequently, larger pits can be formed on 
(104) surfaces resulting in larger terraces and 
higher distance between steps formed during 
Regime I. A higher stability of (111)/(100) edges is 
also supported by the low Ra developed on (334) 

surfaces, which also has the initial surface 
constituted by this type of steps. The edges formed 
by the interception of a {100} and a {111} plane can 
be seen in figures 7 (edge of the fluid inclusion), 4c, 
6d and 6e. The protruding structures formed by the 
(111)/(100) type of edge also supports its higher 
stability relatively to the other type of edges. This is 
possibly the reason why the terraces on surface 
(104) grow, as this edge type is more stable than 
the edges formed on the lateral side of the terrace. 
We propose that the higher stability of the 
(111)/(100) type of edge is the reason for the 
permanence of (100) surfaces (less stable than 
(111)) after the initial dissolution period. 

In the following we compare the two types of edge 
formed at the interception of two {111} planes. The 
edge type (111)/(11-1) is present at the top of ridges 
on surfaces (102) and (110), and at the edge 
between terraces and steps on surface (334). It can 
be seen that the top of ridges on surface (110) are a 
source of steps emanating to the (111) surfaces that 
constitute the ridge, which indicates a low stability 
of this edge type. The edge type (111)/(1-1-1) 
constitutes the structures formed at the rough steps 
of Group A surfaces. Considering that a higher 
frequency of these steps signifies a higher stability, 
this edge type should be more stable than (111)/(11-
1). The growth of steps relatively to terraces and 
gradual increase of Ra observed for Group A 
surfaces can be explained by the higher stability of 
the (111)/(1-1-1) edge type. For example, the 
development of topography observed on (111) 
surfaces can be a direct consequence of this 
different stability between edges formed by two 
{111} planes. The characteristic triangular shaped 
etch pits on planes {111} form the unstable edge 
type (111)/(11-1) causing the fast opening of the 
etch pit (this was observed but not explained by 
Godinho et al. (2012)). The rounded features 
detected with AFM can be a nanometer scale 
structure formed on (111)/(1-1-1) edges to minimize 
the surface energy caused by the opening of new 
etch pits on {111} planes. The higher stability of 
(111)/(1-1-1) relatively to (111)/(11-1) suggests that 
the stability of a step edge is not only related to a 
higher coordination number of the composing 
atoms but also to geometrical factors (Fig. 10 & 
Table 2). This supports the idea proposed by 
Godinho et al. (2012) that the shielding of calcium 



atoms by fluoride atoms may limit dissolution. Thus, 
(111)/(11-1) should be less stable because both 
calcium and fluoride atoms are in the same plane, 
contrarily to the (111)/(1-1-1) edge type in which a 
fluoride atom sticks into solution (Fig. 10). This 
suggests that fluoride atoms are not independently 
removed from the surface but in clusters together 
with calcium, probably as complexes. It should be 
noted that surfaces of Group B are mainly 
constituted by the less stable (111)/(11-1) edge 
type. Therefore, it is suggested that the instability 
created at these edges can help the surface to 
evolve towards a more stable topography during 
Regime II.  

4.4. Dissolution through time: Dynamics and 
Kinetics 
Our findings suggest that the controlling factors for 
the development of topography are (i) the stability 
of the edge type forming the initial surface, and (ii) 
the angle between the studied plane and the 
closest stable planes. The decrease of the initially 
high density of step edges controls the surface 
changes during Regime I. Thus, the initial 
topography is kinetically driven. Consequently, the 
surface may only develop a metastable topography. 
The height and size of terraces and steps that 
constitute this topography and the nature of the 
planes that constitutes them determines the 
changes during Regime II. Dissolution causes the 
initially formed metastable surfaces to evolve 
towards a more stable topography. 

The topographic changes on the surface affect the 
overall surface area and also the overall stability of 
the surface. Regime I is characterized by a 
significant increase of surface area and decrease of 
the dissolution rate. This seemingly contradictory 
behaviour according to the classical way to 
calculate dissolution rates as directly proportional to 
surface area can be explained by the increase of 
the overall surface stability. Although difficult to 
quantify the stability of a surface, the overall surface 
energy is markedly reduced during Regime I due to 
the minimization of the overall density of step 
edges. This is consistent with a system thriving to 
attain a lower energy state. However, during 
Regime II, Ra can increase or decrease (Fig. 3). 
We suggest, as a general principle, that a surface 
should evolve towards long perfect surfaces with 
long distance terraces or ridges. However, the 

overlap of steps becomes less likely the further 
away they are from each other, which means that 
the changes are expected to continuously slow 
down with time. Regardless of the increase or 
decrease of surface area, the overall stability of the 
surface should continue to increase. During Regime 
II, the stabilization of the surface is not controlled by 
significant changes in the density of step edges but 
by the preferential dissolution of less stable (100) 
surfaces or less stable edge types. We can then 
speculate that dissolution rates tend to continuously 
slow down with dissolution time during Regime II, 
although the variation will be progressively smaller.  

5. Conclusions 

Dissolution of fluorite surfaces with different 
orientations is crystallographically controlled and 
driven by the minimization of the overall surface 
energy. The stability of the step edges and 
inclination to the closest stable planes, which are 
specific for each surface orientation, cause the 
development of a characteristic topography on each 
surface. The initially high density of step edges 
causes fast changes of surface topography during 
the initial dissolution regime. The preferential 
dissolution of less stable surfaces and edge types 
causes further topographical changes during later 
dissolution. The changes of surface area and 
surface stability suggests that dissolution rates 
continuously change with dissolution time and 
should not be calculated as a function of surface 
area as it is usually expressed in traditional 
dissolution kinetic models. Instead dissolution rates 
should be calculated as a function of the stability 
and density of each surface site that constitutes the 
surface at each dissolution time.  
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ABSTRACT 
In this study we use an atomic force microscope equipped with a fluid cell to observe the 
surface dynamics during dissolution of polished fluorite surfaces with different orientations. 
These surfaces, with an initially high density of defects showed fast changes during the first 
seconds in contact with solution. Different types of structures developed on each surface 
depending on its initial orientation and solution composition. These structures dissolved 
slower than the main surface persisting for at least 1620 hours of continuous dissolution. A 
new interpretation of traditional kinetic and thermodynamic models of dissolution applied to 
surfaces with high density of defects is proposed to explain the observations. The new 
model includes the following steps: a) fast initial dissolution at defect sites; b) formation of a 
fluid boundary layer at the interface mineral-solution enriched in the dissolving ions; c) 
precipitation of a stable phase on surface defects. This model highlights the importance of 
considering surface defects for advancing our understanding of processes happening at the 
interface mineral-solution and for developing more accurate kinetic dissolution models 
essential in Earth and material sciences.  

Keywords: fluorite, dissolution, surface orientation, AFM, topography, boundary-layer. 

1. INTRODUCTION 
Dissolution kinetic models traditionally consider the dissolution rate as a function of a surface 
area that is assumed to react homogeneously1,2,3,4. In addition, the solubility of a mineral is 
commonly considered a bulk property of the mineral and independent of surface defects5. 
However, surface defects are known to affect both kinetics and thermodynamics of 
dissolution6,7,8,9. Furthermore, the reactions at the mineral – solution interface are not well 
understood. The existence of a fluid boundary layer at the interface between a dissolving 
surface and a solution has been proposed to significantly affect or control dissolution – 
precipitation mechanisms10,11,12,13. Some observations of natural and experimental 
dissolution and precipitation can only be explained by the formation of a fluid boundary layer 
enriched with some elements leached from the surface14,15. This may cause a local 
supersaturation in the fluid boundary layer even if the bulk solution is far from equilibrium 
with respect to the bulk solid phase.  

It is a common approach to use results from surface studies on a cleaved plane to 
extrapolate the observations to natural environments16,17. However, natural surfaces have a 
higher density of defects such as weathering pits, fractures, or dislocations created, for 
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example, by the incorporation of other minor element ions during crystal growth. Therefore, if 
we know that the cleavage plane is the most stable surface, any dissolution rate estimated 
from these theoretically perfect surfaces will be underestimating the real dissolution rate. 
Powders used in dissolution experiments also have a high density of surface defects. 
Therefore, to correctly link laboratory and field dissolution rates, a better understanding of 
how surface defects affect dissolution kinetics is essential18,19,20,21. This will also benefit the 
understanding of other processes common in rocks such as dissolution-precipitation creep22 
and solvent-mediated phase transformations 23,24. 

In this study we chose to use CaF2 as a suitable experimental material for dissolution 
experiments for several reasons. (I) The reactivity of surfaces with different crystallographic 
orientations is related to the surface structure, and is therefore expected to be similar to the 
different mineral phases with the same crystallographic structure25. Thus, CaF2 is a suitable 
analogue for materials with the fluorite structure26, such as UO2, ThO2 and PuO2

27. (II) CaF2 
is an important natural mineral predominantly found in hydrothermal veins, especially as a 
gangue mineral associated with metal ore deposits, such as galena and sphalerite28. (III) 
Synthetic fluorite is an important optical material with applications in lithography and laser 
science29,30. For these applications the understanding of the etching process and surface 
reactivity especially at defect sites is essential31. (IV) A variety of dissolution kinetic data 
using different types of surfaces was previously published. The natural cleavage plane of the 
fluorite structure {111}, was studied by scanning probe microscopy during growth32,33,34 and 
dissolution31,32,33,35. The observed changes on the surface during those processes included 
the formation of steps 0.33 nm high, corresponding to one F-Ca-F layer. Growth of 
undetermined particles on the surface was found by Guntram33 and Sangwal36. Dissolution 
of surfaces with other orientations has been studied by Godinho37. It was found that under 
the same solution conditions of composition and pH, surfaces with a higher density of step 
edges dissolve faster. Consequently, {111} is the slowest dissolving plane in a pH = 3.6 
NaClO4 solution.  

In this study we analyse topography changes on fluorite surfaces with different 
crystallographic orientations during the first minutes of reaction between the surface and a 
solution. Direct imaging during the dissolution process, using atomic force microscopy 
(AFM), enabled real-time in situ observations that attempted to clarify the dissolution 
mechanism on a nano-scale. Results from this study show highly dynamic surfaces during 
the first minutes of dissolution. The nature of the dynamics can be attributed to the surface 
characteristics in terms of defect density, stability of the surfaces exposed and solution 
composition. Therefore, this study contributes to a better understanding of processes 
occurring at the mineral - fluid interface.   

2. EXPERIMENTAL METHODS 
2.1. Samples and Solutions 
The crystals used in this study were natural green fluorite cubes from the Rogerley mine, 
Durham County, North England38,39. These were chosen because of the large size of the 
crystals (up to 2 cm) and the existence of elementary data about chemical composition and 
geological formation. 

The samples were cut using a diamond saw, polished down to a 1 µm surface roughness 
using diamond paste and further polished by mechanochemical etching in commercially 
available colloidal silica for 5 hours before being used. The mechanochemical polishing 



minimizes the effect of the nanometer thick crushed surface layer, which was produced 
during the initial polishing, assuring a roughness average below 0.5 nm measured with AFM 
over an area of 10x10 microns. The final surface orientations were (104), (102), (110), (115) 
or (334). Due to natural perfect twinning of the original crystals, it was possible to analyse 
within the same experiment surfaces (334) and (104) and the interface between them. In 
order to compare experimental results to the commonly used cleaved {111}, a cleaved, non-
polished sample was also studied.  

The solutions used were: (1) deionised water, with pH = 5.4 (resistivity >18 mΩ cm-1 at 25 
ºC). (2) 0.05 M NaClO4 adjusted to pH = 3.6 with HClO4; (3) HCl solution with pH = 3.6; (4) 
HCl solution with pH = 2.0; (5) carbonated solution left equilibrating with a pure CO2 
atmosphere with pH ~ 4.1. Solutions 2 – 5 were prepared using solution 1. NaClO4.H2O and 
HClO4 70% reagents p.a. grade from Sigma-Aldrich were used to prepare solution 2.  

2.2. Analytical methods 
Crystal orientations were obtained by electron backscatter diffraction analysis (EBSD) using 
a field emission gun environmental electron microscope (ESEM) (Phillips XL-30) with a 
coupled electron backscattered detector (Nordlys, Oxford instruments) and the software HKL 
Channel 5 (Oxford Instruments). The analysis conditions were high vacuum and 20 kV. 
Angles were measured with an accuracy of 0.3°. The same ESEM was used to acquire 
secondary electrons (SE) images. 

Surface topography was studied with a Sensofar PLu2300 confocal profilometer (CP) and a 
Digital Instruments Nanoscope III Multimode AFM. The CP has confocal lenses with 10, 50 
and 150 times magnification (fields of view 1273 x 955 μm, 253 x 190 μm and 84 x 63 μm) 
and numerical aperture of 0.3, 0.8 and 0.95 respectively. The system has a lateral resolution 
of 111 nm and a vertical resolution of 1 nm with the 150 times magnification lens. Slopes up 
to 71° can be analyzed. The data were acquired using the program SensoScan 2.45 and 
represented as height dependent colour coded images. The AFM was equipped with a fluid 
cell from Bruker with a total volume of 50 µL. Images were collected and analysed using the 
Nanoscope software version 5.31r1 at room temperature 21  1 °C using Si3N4 tips, model 
NP-S20 with spring constants 0.12 and 0.58 N/m from Bruker. Both deflection and height 
AFM images were obtained. Deflection images record information from the variation of the 
cantilever position caused by the near-surface repulsive forces while scanning the surface. 
Height images record information from the vertical variation of the cantilever caused by 
differences of topography. The height imaging mode allows a quantification of the Z-direction 
variation, while the deflection mode often allows a clearer visualization of the surface 
morphology.              

2.3. Experimental procedure 
Dissolution experiments were performed in the fluid cell allowing the direct observation of the 
surface dynamics during dissolution. The solution volume in the cell with the sample inside 
was approximately 38 µL. Images were taken at a scan rate of 3 Hz in contact mode, 
resulting in an acquisition time of approximately 90 seconds per image. Given dissolution 
times correspond to the time at the end of the scanned area. Injections of 2 ml of fresh 
solution were made between scans. No solution was injected while scanning to avoid 
interference during image collection. Images of the initially dry surfaces were obtained 
followed by the surface in contact with the solution. 



After being studied in the fluid cell, selected samples were dried and subjected to further 
dissolution in a 30 ml polypropylene reactor with external stirring of 110 rotations per minute, 
at room temperature (21 ± 1 ºC). 20 ml of the respective solution was used and renewed 
every 72 hours. At selected dissolution times the surface was analyzed by CP. 

3. RESULTS 
3.1. Effect of surface orientation on surface dynamics 
All surfaces exhibit dynamic changes within the first seconds in contact with every solution 
tested. The nature of these changes is dependent on the crystallographic orientation of the 
surface as well as the solution composition. Figure 1 shows the dissolution of a cleaved 
surface presenting several steps separating terraces along the (111) surface. Dissolution is 
visible at the step edges after 1 minute in solution 1. After 2 minutes the fluid cell was 
flushed with solution 2. During the first 2 minutes of contact with solution 2, dissolution is 
faster than in deionised water occurring mainly at the steps edges. After 31 minutes the 
smaller steps are no longer visible and rounded features protrude out from the edge of larger 
steps. This is visible in Figure 1e that shows higher regions with more developed rounded 
shapes, aligned where previously step edges existed. The rounded features increase in size 
with time, constituting the main units of the overall topography. The triangular shaped etch 
pits characteristic of these surfaces31 were not visible during this experiment.  

   

  
Figure 1: AFM deflection images of a cleaved surface along {111} at different dissolution times 
a) 0 min; b) 2 min in solution 1; c) 2 min in solution 1 + 2 min in solution 2; d) 2 min in solution 1 + 31 
min in solution 2; e) 2 min in solution 1 + 52 min in solution 2.  

The polished surfaces exhibit faster changes than the unpolished cleaved (111) surface. 
Figure 2 shows the different surface changes on (104) and (334) after contact with solution 2 
at different dissolution times. The roughening of the surface is visible during the first scan 
(Figures 2a and 2b) and continues during the first 37 minutes of dissolution (Figure 2e). 



During the first 2 minutes of reaction small pits with no specific dominant shape open on 
surface (334), while round features develop on surface (104) (Figure 2b). After 20 minutes of 
continuous scanning over the same area the topography on surface (334) is characterized 
by aggregates of rounded features separated by deeper areas (Figure 2d). A zoom out of 
the area continuously scanned during 37 minutes shows a faster dissolution in the scanned 
areas (higher etch pits on surface (334) and lesser rounded features on surface (104), 
Figure 2e). A smooth layer covers some areas of the unscanned (334) surface. At this stage 
both planes are covered by similar rounded features. However, it should be noted that the 
rounded features on surface (334) are formed by the dissolution of the surface around the 
features, and on surface (104) the features protrude out from the surface.  

   

  
Figure 2: AFM height image of the interface between (104) (lower side) and (334) (top side) 
surfaces at different dissolution times in solution 2 a) 0 min; b) 2 min; c) 6 min; d) 20 min; e) 37 min. 
The larger particles are most likely a contamination, which is not physically attached to the surface. 
Arrow in 2e indicates an area of accumulation of rounded features on surface (104) at the edge of the 
scanned area, indicating that they had been moved by the scanning tip.  

Figure 3 shows the differences in topography on different surfaces after the initial minutes of 
dissolution in solution 4. On (110) and (115) a surface layer similar to the layer developed on 
(334) formed. On (115) loose particles on the surface are also visible. The layer developed 
on surface (102) is restricted to smaller areas (Figure 3c). 

Figure 4 shows the differences in the topography developed on different surfaces after 
dissolution in solution 4 under continuous scanning with the AFM tip. The faster dissolution 
induced by the scanning caused a faster dissolution of the surface layer and the underneath 
surface. 



   
Figure 3: AFM height images of different surfaces after the initial dissolution minutes in solution 
4 a) (110), 2 min; b) (115), 6 min; c) (102), 3 min. 

  

  
Figure 4: AFM deflection images of different surfaces after dissolution in solution 4 and 
continuous scanning at different dissolution times a) (334), 39 min; b) (104), 34 min; c) (110), 44 min; 
d) (102), 41 min. 

3.2. Effect of solution on surface dynamics 
Surfaces (104) and (334) exhibit different surface dynamics if exposed to different solutions 
(Figure 5). The rounded features developed on surface (104) and the roughness developed 
on surface (334) are lower for dissolution in solutions 3 and 5 than when solution 2 was used 
(compare Figures 2c and 5). Also significant, are the differences observed after dissolution 
on surface (334) in solution 1 that show the development of loose particles on the surface 
(Figure 6a), and in solution 4 that show a well defined layer formed over the dissolving 
surface (Figure 6b). 



  

  
Figure 5: AFM height images of surfaces at the interface between (104) and (334) at the initial 
stages of dissolution in different solutions a) 11 min in solution 3; b) 11 min in solution 5; c) 36 min in 
solution 3; d) 36 min in solution 5.  

  
Figure 6: AFM height images of the (334) surface at the initial stages of dissolution in different 
solutions a) 7 min in solution 1; b) 2 min in solution 4. The artifacts along the scanning lines in 6a are 
possibly caused by the interference of nano particles that are dragged by the scanning tip. Note the 
accumulation of particles on the right side of the scanning area. 

3.3. Evolution of surface features with time 
The surface layer developed under specific conditions dissolves faster at the scanned areas. 
Details of the layer’s dissolution are exemplified in Figure 7 (Movie 1) that shows the 
formation of characteristic triangular shaped etch pits that spread laterally. Once this surface 



layer dissolved the surface underneath dissolved faster, even in the areas not continuously 
scanned (Figure 7d). Figure 7e shows terraces formed during dissolution of the layer. 

   

  
Figure 7: AFM deflection images of the (334) surface after contact with solution 4 during a) 60 
min without scanning; b) 60 min without scanning + 15 min of continuous scanning; c) 60 min without 
scanning + 35 min of continuous scanning; d) 60 min without scanning + 37 min of continuous 
scanning; e) 130 min without scanning. A movie in the electronic version can be viewed. 

   
Figure 8: CP image of the (334) surface after a) 140 hrs; b) 600 hrs; c) 1620 hrs. Solution 2 
was used. 

Figure 8 shows the persistence of the smooth surface layer on some areas of surface (334) 
for at least 1620 hours of dissolution. Note that dissolution of this surface occurred in a batch 
reactor without surface disturbances caused by the AFM scanning. Dissolution occurs by 
lateral shrinking of the layer area and not from the top (Z-direction). Figure 9 shows that the 
distance between the dissolving surface and the top layer, developed during the initial 
minutes, increases at an approximately constant rate up to 1620 hours of dissolution. 

 



 
Figure 9: Variation of the distance from the top layer (in Figure 8) to the average dissolving 
(334) surface determined by CP.  

Figure 10 illustrates the effect of the initially formed surface structures on the development of 
topography during dissolution. Figure 10a shows the surface layer covering part of a defect 
present on the surface before contact with a solution. Figure 10b shows the persistence of 
the layer on surface (334) (red areas) in contrast with a layer free (104) surface. The layer 
on (334) formed at the alignment of a preexisting scratch visible on surface (104). Figure 10c 
shows how the rounded structures initially formed on the surface are attach to the surface 
edges and persist for at least 240 hours of dissolution on (102). Higher topography develops 
at the edges with the rounded structures attached, and areas without the rounded structures 
dissolve. 

   

 
Figure 10: Evidence of surface structures formed during dissolution. a) CP image of surface 
(334) after 90 hours dissolution in solution 2. b) CP image of the interface between surfaces (334) 
and (104) after 150 hours of dissolution in solution 2. c) SE image of surface (102) after 240 hours of 
dissolution in solution 2.  

 



4. DISCUSSION OF RESULTS 
Surface changes were visible on all surfaces studied within the initial seconds of dissolution 
even in the presence of deionised water. This is in contrast with the lower retreat rates 
observed by Godinho37 for synthetic fluorite surfaces with a similar pre-treatment and a 
NaClO4 solution with pH 3,6 (Table 1). Based on these observations and the fact that the 
dissolution rate is known to decrease with an increase in pH35,40 no dissolution features were 
expected within the first hours of dissolution. This suggests that during the initial minutes of 
dissolution the bulk dissolution rates calculated from data collected over 468 hours are not 
valid, but follow a faster dissolution rate with possibly more than an order of magnitude 
difference. This can be explained by the initially high density of defects of the surfaces 
studied. For example, in Figure 11 the theoretical structure of planes being studied is 
represented. The transected planes show the regular presence of step edges constituted by 
atoms deficiently bonded relative to the atoms on the stable {111} plane37. Furthermore, 
scratches caused by the polishing procedure may induce an additional instability to the 
polished surfaces. 

Table 1: Average retreat rate of the studied planes calculated for 468 hours in NaClO4 solution with 
pH 3,6. Data from Godinho37. 
 Surface (111) (102) (1 ) 10 (104) (3 ) 34 (115) 

Rate 
(nm.h-1) 0,11  0,07 2,8  0,5 2,5  0,5 0,7  0,1 1,0  0,4 1,1  0,1 

 

4.1. Effect of surface orientation and solution composition 
Dissolution on the cleaved {111} plane occurred mainly at the steps between terraces 
(Figure 1). A consequence of the preferential dissolution at step edges was the merging of 
smaller terraces. The development of rounded shaped features, especially at the edges, 
indicates the formation of more stable structures that subsequently dissolved slower (Figure 
1e). The fast changes observed at the step edges highlights their high reactivity and 
importance to the overall dissolution of a surface, also observed by other authors37,41,42.  

 
Figure 11: Model of the theoretical initial structure of the surfaces studied a) (334); b) (102); c) 
(104); d) (110); e) (115). Edges are marked with an arrow, and the constituting planes marked with a 
dashed line for plane {111} or a continuous line for plane {100}. 

The topography developed on polished surfaces is higher than on cleaved surfaces. The 
character of the developing and changing topography is dependent on the crystallographic 
orientation of the surface (Figures 2 - 4) and type of solution (Figures 5 and 6). Depending 



on the conditions, three types of structures can be developed on the surface during the initial 
minutes of dissolution. Feature I: loose (not firmly attached) particles on the surface (e.g. 
Figures 3b and 6a); Feature II: isolated rounded features protruding out from the surface but 
attached (e.g. (104) in Figures 2 and 4c); Feature III: a smooth and stable layer attached to 
the surface (e.g. Figures 6b and 7). The formation of different structures can be caused by 
the specific conditions at the mineral-solution interface for each system studied. These 
specific conditions could possibly form different types of complexes on the surface, e.g. pH 
dependent species, or different dissolution rates could cause different degrees of local 
supersaturation at a possible fluid boundary layer forming close to the surface. Although 
difficult to quantify, the degree of local supersaturation could vary according to the solution 
pH and would depend on the initial density of step edges of each surface orientation. 
Dissolution of surface (334) formed loose particles on the surface when deionised water was 
used (Figure 6a), small areas covered by a surface layer when solutions with pH 3.6 were 
used (Figures 2 and 5a), or a more continuous layer over larger areas when HCl solution 
with pH 2 was used (Figure 6b). Therefore, a lower pH, which is associated with a higher 
dissolution rate, seemed to promote the formation of a surface layer (Figure 12).  

 
Figure 12: Effect of pH on the type of features developed on surface (334).  

More difficult to interpret are the different structures formed on surfaces with different 
crystallographic orientations when dissolving in the same solution (Figures 2 and 3). As we 
propose that the dissolution rates at the initial stage of dissolution are different from those 
previously obtained and reported in the literature for longer dissolution times, we cannot 
compare the formed structures to a known rate of dissolution. However, we can expect a 
specific reactivity for each plane caused by differences in their surface structure (Figure 11). 
These differences can cause a different epitaxial relation between the dissolving surface and 
any precipitating phase. In general, surfaces that are initially formed mainly by the {100} 
plane, such as (115), (104) and (102) (Figure 11), have less tendency to develop a surface 
layer over larger areas ((104) in Figures 2, 5b and 5c). Surfaces (334) and to a lesser extent 
(110) are formed mainly by the {111} plane (Figure 11), which apparently helps to promote 
the formation of larger areas covered by a surface layer. 

4.2. Development of surface features 
The nature of the surface structures developed on the surface is difficult to study due to their 
fast formation within the first seconds of contact between the solution and the surface, their 
limited thickness, and their irregular distribution on the surface. Therefore, we can only 
hypothesize about the origin and composition of these structures based on our results. In the 
following we summarize what we know about the surface layer developed in specific 
experimental conditions: it is bellow 10 nm thick for the conditions tested; it is smooth and 
approximately parallel to the main plane; triangular etch pits are present in the layer from the 
beginning and open on the scanned areas (Figure 7 and Movie); the area covered by the 
layer is related to the initial orientation of the surface and solution composition; and it 
dissolves much slower than the surface underneath, specially in areas undisturbed by the 



AFM scanning (Figures 8 - 10). Here we discuss three possible origins for this layer based 
on these observations: 1) an amorphous layer formed during polishing; 2) precipitation of a 
different mineral phase; 3) precipitation of fluorite. The formation of an amorphous layer on 
the surface can be caused by the stress induced by the mechanical polishing43. However, 
those layers would be unstable, and thus would dissolve first. This contradicts our 
observations, firstly because they persisted for at least 1620 hours of dissolution and also 
because they dissolve by forming crystallographically controlled etch pits. Furthermore, we 
expect that the mechanochemical treatment in colloidal silica minimizes the formation of 
these layers. The other hypotheses involve the deposition of a mineral phase from the 
solution. For example, Figure 10a suggests that a surface layer was deposited after contact 
with the solution covering a pre-existing scratch. In turn, precipitation requires the 
supersaturation relative to some solid phase in the solution close to the surface. As the 
surface structures were formed in different solution compositions it is not expected that they 
would be constituted by the electrolyte ions. Alternatively, CaCO3 could be formed due to the 
presence of carbonate absorbed from contact with air and a possible local enrichment of 
calcium close to the surface. This possibility was excluded because no extra precipitation 
occurred when a carbonated solution was used.  

The most supported explanation is that the surface structures are constituted by CaF2. 
Traditionally, this would be considered thermodynamically unlikely, if we consider that the 
bulk solution is undersaturated relative to fluorite. However, during the initial dissolution 
period, the first seconds of contact between surface and solution, the fast dissolution of a 
surface with high density of defects could cause a localised enrichment of calcium and 
fluoride ions within the mineral-solution boundary layer. For example, Figure 10b shows that 
the surface layer is more likely to develop at scratched areas i.e. unstable areas that 
dissolve faster. However, this is relative to the stability of the surface as the layer only 
developed on (334) and not on (104). If the dissolution of the dissolved ions is faster that 
their diffusion to the bulk of the solution a local supersaturation close to the surface can 
occur12. A similar explanation has been used to explain the growth of surface features during 
calcite dissolution41 and to explain the remineralization of UO2 pellets from undersaturated 
solutions10. Other studies suggest the possibility of rearrangements of surfaces with high 
density of defects in order to minimize surface energy44,45,46.  

Due to the impossibility of calculating the concentration of ions or the thickness of a possible 
enriched layer forming at the interface we cannot determine the exact mechanism that would 
form the layer on the surface. We would like to highlight the fact that the solubility of CaF2 is 
determined as a bulk property of the solid. However, due to the nature of the starting plane, 
with high density of defective sites, the initial surface is unlikely to obey the same 
thermodynamic constraints as a cleaved plane5. In Figure 10c it is shown that the developed 
structures are linked to step edges. Following this possibility we expect that a lower 
concentration of calcium and fluoride ions relative to the bulk saturation concentrations 
would be needed to grow a more stable crystal phase on the defective sites of the surface. 
In this way the observed changes on the surface could be explained by a process of 
dissolution / precipitation at defective sites of the surface. This process controlled by the 
minimization of the surface energy would form surface structures more stable than the initial 
surface. Furthermore, the structures formed at the edges in Figure 10c clearly inhibit the 
edges from dissolving, which causes the development of a higher topography. The 
characteristic triangular shape of the etch pits and the high stability of the layer suggests that 



the layer may have grown to expose the {111} plane. It can also explain why the layer does 
not grow thicker than a few nanometers, as once formed the {111} layer, a higher 
concentration of calcium and fluoride ions are needed for further precipitation to occur. In 
addition the lower dissolution rate of the surface layer makes the fluid boundary layer less 
rich in ions. Furthermore, surfaces initially formed mainly by {111} planes developed larger 
areas covered by the layer, which may have been facilitated by an easier epitaxial fitting.  

4.3. New proposed dissolution model  
A new interpretation of kinetic and thermodynamic theories, specifically applied to dissolution 
of surfaces with high densities of defects, is necessary to explain our observations. A 
dynamic kinetic model that accounts for a faster initial dissolution rate caused by the initially 
high density of surface defects is suggested (Figure 13). Furthermore, the lower stability of 
the initial surface is expected to affect the concentration of calcium and fluoride ions 
necessary for precipitation to occur as a way to minimize the initially high surface energy.   

 
Figure 13: Schematic model of the initial 4 stages of dissolution; 1) Surface before dissolution; 2) 
Initial seconds of dissolution with formation of a boundary layer at the surface-solution interface rich in 
ions or complexes removed from the surface; 3) Surface covered with fluorite precipitates either as a 
surface layer (3a) or as isolated precipitates (3b); 4) The precipitates inhibited the dissolution of the 
surface at the most reactive edges. Areas not covered by the precipitates dissolved faster.  

Figure 13 schematically represents the dissolution process in a cross section of a surface. 
Initially the surface is composed by a high density of defects, either natural atomic scale step 
edges, dependent on the surface orientation, or defects caused by the surface preparation 
or crystal growth (step 1). During the first seconds in contact with a solution, fast dissolution 
occurring at surface defects causes the enrichment of the fluid boundary layer near the 
surface (step 2). It is difficult to predict the concentration of ions or complexes formed in this 
layer. However, we can assume that the diffusion rate of those species from the surface to 
the bulk of the solution is slow when compared to the fast dissolution rate of the initial 
surface. As the dissolution rates are dependent on the initial orientation of the surface and 
solution composition, the concentrations of species in the enriched layer may differ for 
different experimental conditions, causing different processes to occur. Furthermore, the 
surface orientation and solution composition can also affect the type of complexes formed at 



the interface. These complexes cause the development of stable surface structures either in 
the form of a surface layer (step 3a) or in the form of protruding structures (step 3b). 
Although the mechanisms that lead to the development of these structures could not be 
determined, we suggest it to be associated with the presence of surface defects. These can 
function as nucleation sites for growth to happen, lowering the concentrations necessary for 
growth to occur, even in a hypothetically undersaturated bulk solution. Finally, we suggest 
that the developed structures are more stable than the original plane and thus dissolve 
slower and protect the surface from further dissolution (step 4), which affects the long term 
dissolution rates. 

5. CONCLUSIONS 
Our results show the importance of considering the surface structure, such as surface 
defects, in order to determine accurate mechanisms and kinetic models of dissolution. Using 
information from cleaved surfaces, which have lower densities of defects than natural 
surfaces, may lead to an underestimation of dissolution rates. When comparing retreat rates 
of surfaces based on the direct analysis of a cleaved surface, results may present significant 
differences from surface area normalised dissolution rates obtained from solution analyses 
using natural or powdered samples with a higher density of defects, as well as steps and 
edges. Our direct observations highlight the need to carry out in situ experiments in order to 
fully understand dissolution processes. 
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