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ABSTRACT: Thin ﬁlms grown on mineral surfaces can immobilize toxic metals
in natural systems, but the eﬀects of epitaxy and ﬁlm thickness on dissolution rates
of the overgrowth are typically unknown. To explore these eﬀects, otavite
(CdCO3) ﬁlms were grown on dolomite (104) surfaces from aqueous solutions
containing [Cd] = [Ca] = [CO3] = 0.2 mM for 1−48 h and then dissolved in
deionized water. Films of various thicknesses and strain states were obtained by
varying the growth reaction time. Growth for up to 3 h produced strained thin
ﬁlms with Cd coverages of <4.3 ± 0.6 equivalent monolayers (ML)
(corresponding to a thickness of up to 17 Å), whereas reaction times of up to
48 h produced thicker ﬁlms with as many as 114 ± 14 equivalent ML of Cd. Intrinsic dissolution rates were measured as a
function of otavite ﬁlm thickness by a combination of synchrotron X-ray ﬂuorescence, specular X-ray reﬂectivity, and atomic
force microscopy. The initial dissolution rates for unstrained ﬁlms were comparable to those reported for synthetic otavite
powders, whereas the thinnest ﬁlms (<3.1 ± 1.1 ML) dissolved at a 50% slower rate, indicating that epitaxial strain eﬀectively
enhanced their stability. We discuss potential reasons for this diﬀerence.
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1. INTRODUCTION
Similar to other toxic heavy metal contaminants,1−3 cadmium
(Cd) tends to form sulfate, oxide, carbonate, or sulﬁde
minerals4 or adsorb to organic matter5,6 in environmental
systems. The high solid−liquid distribution coeﬃcient of Cd in
aqueous environments indicates that Cd associates with solid
phases, even at low concentrations. 7 At high CO 3 2−
concentrations (e.g., in groundwaters that are in equilibrium
with calcite (CaCO3)), the formation of CdCO3 is predicted
by its lower solubility product compared to calcite (log
Ksp(CdCO3) = -12.0 versus log Ksp(CaCO3) = -8.48).
Calculations show that a Cd concentration on the order of
0.1 μM, which is within the range of measured [Cd] in fresh
waters,8 is suﬃcient to induce supersaturation with respect to
otavite under these conditions. Considering that Cd would
occur as otavite (CdCO3) overgrowth ﬁlms in carbonate-rich
environments,9,10 it is critical to characterize the stability of
these ﬁlms for predicting the mobility of the toxic element.
Strain in these heteroepitaxial ﬁlms may cause faster
dissolution because of destabilization of the ﬁlm structure,
similar to increases in dissolution rates by up to 2 orders of
magnitude with increased dislocation density in bulk carbonate
and silicate phases.11−13 On the other hand, attractive
interactions between ﬁlm and substrate might counteract this
© 2018 American Chemical Society

eﬀect. Films and nanoparticles can have dissolution rates
distinct from their bulk counterparts, as shown, for instance,
for hematite (Fe2O3) nanoparticles14 and epitaxial Pu
nanocolloids on goethite (α-FeOOH),15 demonstrating that
the intrinsic reactivity of a phase may depend upon its form.
Sequestration of Cd using seeding materials has been one of
the most eﬀective methods for its remediation.16 For instance,
liming by the addition of dolomite [CaMg(CO3)2] decreased
Cd concentrations in plants grown in contaminated soils.17
The extent of Cd uptake on carbonate mineral surfaces has
been systematically investigated previously.18−27 These studies
revealed the formation of Cd-rich carbonate precipitates
through Cd incorporation at advancing mineral steps during
growth or by the formation of Cd-rich islands. Cadmium can
be sequestered onto the dolomite (104) surface by the
formation of nearly pure otavite ﬁlms that grow epitaxially
from supersaturated aqueous solutions containing Cd2+, Ca2+,
and CO32−.27 The likelihood that Cd could be released to the
environment by dissolution of such ﬁlms would depend upon
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the stability of the ﬁlm as deﬁned by its chemical composition
and crystallographic structure, the latter of which may be
controlled by the epitaxial relationship between the ﬁlm and
substrate.
The Gibbs free energy, enthalpy of formation, and solubility
products in the Cd−Ca−CO3 system28−30 as well as the
dependence of otavite solubility upon pH, ionic strength, and
temperature30−32 are known. However, to our knowledge,
there has been only one study on the dissolution kinetics of
otavite. The steady-state bulk dissolution rate at 25.0 ± 0.5 °C
for synthetic otavite powder at pH values between 6.18 and
6.80 was obtained using a mixed-ﬂow reactor.33 The rate was
shown to be correlated to the bulk lattice energy of otavite but
was about an order of magnitude lower than the predicted
value that did not take into account ion solvation and surface
hydration.34 The dissolution rates of epitaxial otavite ﬁlms have
never been measured.
We previously showed that otavite overgrowths on dolomite
can have both strained and unstrained components depending
upon ﬁlm thickness because of the lattice misﬁt between
otavite and dolomite.35 In particular, thin otavite overgrowths
were commensurate with the smaller dolomite unit cell with a
compressive strain of ∼2% in the a and b directions (the twodimensional surface lattice of dolomite has dimensions of a =
7.70 Å and b = 4.81 Å, and that of otavite has a = 7.83 Å and b
= 4.93 Å).35 Lateral compression of the surface unit cell
resulted in expansion perpendicular to the surface, producing a
ﬁnal compressive volumetric strain in the thin ﬁlm of ∼2.5%
from comparison of the unit cell volumes of the ﬁlm, 111.0 Å3,
and bulk otavite, 113.9 Å3. As the overgrowth thickness
increased, strain in the ﬁlm was relieved and the newly formed
overgrowth became bulk-like in structure, although a thin
strained ﬁlm remained at the interface with dolomite.35 Strain
relief occurred by the formation of three-dimensional islands
that extended laterally up to a few micrometers and vertically
to several tens of nanometers.
In this work, we investigated the dissolution of otavite ﬁlms
grown epitaxially on dolomite (104) surfaces in aqueous
solutions to understand the relationships between strain, ﬁlm
thickness, and dissolution rate. Surface morphological changes
were observed by atomic force microscopy (AFM), and timedependent changes in Cd coverage on dolomite surfaces were
measured using synchrotron X-ray ﬂuorescence (XRF). The
structure and distribution of the ﬁlm were derived from
specular X-ray reﬂectivity (XR) and used to estimate the
overgrowth surface area, allowing for the intrinsic dissolution
rate of the ﬁlm to be determined (i.e., dissolution rate per unit
area of the otavite ﬁlm). When synchrotron X-ray-based
techniques are employed, minute changes (on the order of a
few atoms per Å2) in metal surface coverage can be reliably
resolved. The eﬀect of strain was evaluated by relating the
dissolution rates to the structure of the otavite overgrowths.

synchrotron X-ray techniques. Solution saturation indices for
calcite and otavite were calculated with PHREEQC36 using the
minteq.v4 database (Table S1 of the Supporting Information).27,37 Initial solutions were supersaturated with respect to
otavite and the (CdxCa1−x)CO3 solid solution and undersaturated with respect to calcite. Additional details on sample
preparation, solution speciation, and evolution of the solution
with the extent of Cd uptake on the surface are given
elsewhere.27
2.2. Dissolution of Overgrowths: AFM. Otavite ﬁlms for
AFM studies were grown on the dolomite (104) surfaces for
17.4 or 120 h (Table S1 of the Supporting Information). The
crystals were then dried with a brief jet of nitrogen gas and
imaged by AFM as described previously.16 Duplicate samples
for each growth reaction time were dissolved in separate
centrifuge tubes containing 30 mL of water for 15 and 30 min,
then dried, and imaged by AFM.
2.3. Dissolution of Overgrowths: Specular XR and
XRF. X-ray measurements were performed at GSECARS
Sector 13-BMC of the Advanced Photon Source at an X-ray
beam energy, E = 28.6 keV, corresponding to a wavelength, λ =
0.434 Å. The methodology used for specular XR is given
elsewhere.27,38 Brieﬂy, XR was measured as a function of
momentum transfer, Q, which is related to the scattering angle,
2θ, by Q = (4π/λ)sin(2θ/2) = (2πL/d), where L is the Bragg
index for the crystallographic axis perpendicular to the
dolomite (104) plane and d is the lattice spacing in the
surface normal direction. Dolomite and otavite have vertical
lattice parameters, i.e., d104, of 2.884 and 2.95 Å, corresponding
to Bragg peaks at Q = 2.179 and 2.130 Å−1, respectively. The
XR data were collected with a Dectris Pilatus 100K pixel array
detector with a 1 mm silicon sensor, in the vicinity of the
otavite ﬁlm Bragg peak, as determined by its d104, i.e., 1.5 ≤ Q
≤ 2.6 Å−1. The Cd coverage, ∑θi, as quantiﬁed from the XR
data is the sum of the Cd occupancy of each layer, θi, which
can range from 0 to 1 monolayer (ML) [1 ML = 1 Cd/AUC,
where AUC = 18.542 55 Å2 is the area of the unit cell on the
dolomite (104) surface]. Thus, Cd coverage as expressed in
units of equivalent ML includes both complete and partial ﬁlm
layers. Data in this region are sensitive to the laterally averaged
distribution of the otavite ﬁlm as a function of height above the
surface but are less sensitive to ﬁner scale features at the ﬁlm−
substrate interface. The XRF signal was measured using a
Hitachi Vortex silicon drift detector, and the Cd coverage was
quantiﬁed using the Cd Kα emission line, which is at E = 23.2
keV. A strontium XRF standard was used to calibrate the Kα
signal in absolute Cd coverages (atoms/Å2 or, equivalently,
moles of Cd/cm2).
For dissolution experiments with synchrotron XR and XRF,
the initial otavite ﬁlms were grown for 1, 3, 8, 24, or 48 h
(Figure S1 of the Supporting Information). These reaction
times were selected to produce diﬀerent strain conditions in
the overgrowth, which are discussed in more detail below.
Each sample was dried with a brief jet of helium gas and
mounted on a brass post using beeswax. Because our previous
results showed that otavite coverage depends upon the local
spacing of steps on the substrate,27 initial XR and XRF data
were collected in three to six diﬀerent areas. DIW was then
ﬂowed over the top of the sample at a constant rate of 1 mL/
min using a syringe pump (Figure S2 of the Supporting
Information). The eﬄuent dripped down one side of the
sample and was collected through an outlet tube or by
absorption on disposable pads. The ﬂow was stopped

2. MATERIALS AND METHODS
2.1. Preparation of Otavite Overgrowths. Initial
overgrowths were produced by reacting freshly cleaved
dolomite (104) surfaces27,35 on crystals, 5−8 mm on each
side and 1−2 mm thick, in solutions in centrifuge tubes. The
growth solutions had a volume of 30 mL with composition
[Cd] = [Ca] = [CO3] = 0.2 mM prepared from ACS reagent
grade CdCl2, CaCl2, and NaHCO3 salts and deionized water
(DIW). Separate samples were prepared for diﬀerent periods
of time for the experiments characterized by AFM or
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Figure 1. Ex situ AFM height (top) and phase (bottom, in gray) images of partially dissolved Cd carbonate overgrowths on the dolomite (104)
surface. (a) Dolomite (104) surface reacted with a growth solution having the composition: [Cd] = 0.01 mM and [Ca] = [CO3] = 0.2 mM, for 120
h. The substrate (dark gray) is nearly fully covered with otavite (light gray), as evident in the phase image. (b and c) Separate dolomite sample was
reacted with the same growth solution and then reacted with DIW for 15 min. Dissolution etch pits on the overgrowth (yellow arrows) are evident.
The area outlined by the yellow box in panel b is shown in more detail in panel c.

variation in Cd coverage from 0.8 ML (7.2 × 10−10 mol of Cd/
cm2) to 124 ML (1.1 × 10−7 mol of Cd/cm2) depending upon
the reaction time (Table 1). The Cd coverages (∑θi)
determined from XR analysis were in reasonable agreement
with values determined from XRF for samples containing up to
10 ML of Cd, whereas they were signiﬁcantly underestimated
for samples having more than 10 ML of Cd. The discrepancy
in estimated coverage between XR and XRF determinations
was observed previously and attributed to growth of randomly
oriented otavite particles and structurally incoherent otavite
ﬁlm that may not contribute to the specular XR signal.27,35
Our previous results showed that strain relief and lattice
relaxation begin to occur when Cd coverage is greater than 5−
6 ML (∼5 × 10−9 mol of Cd/cm2), corresponding to a
thickness of 10−20 Å.35 Here, on the basis of XRF
measurements of Cd occupancy, the 1, 3, and 8 h samples
contained strained overgrowths, whereas the 24 and 48 h
samples had overgrowths with both strained and unstrained
components.35 The ﬁlm morphology is shown schematically in
Figure 2 for (a) thin, strained ﬁlms, (b) thick, strained ﬁlms,
and (c) thick ﬁlms with both strained and unstrained
components. The Cd occupancy proﬁle is outlined in red in
the diagram to show how it may relate to the morphology.
3.3. Dissolution of Overgrowths. The amount of Cd on
the surface as measured by XRF decreased after each
dissolution time interval (Figure 3). After the ﬁrst 5 min of
dissolution, ∼20−60% of total Cd on the surface was removed
from the 1 h (0.8 ML), 3 h (2.0 ML), and 8 h (4.3 ML)
samples, whereas the percentages of Cd removed were smaller
for the 24 h (9.6 ML) and 48 h (114.5 ML) samples, i.e.,
between ∼10 and 30% and between 0.2 and 1%, respectively
(Figure 3); the respective initial average Cd coverages are
indicated in parentheses. The fraction of Cd removed
diminished with time for samples with up to 10 ML of Cd.

periodically to prevent further surface evolution, and the
sample was dried with a brief stream of helium gas prior to
XRF and XR measurements. The experimental setup avoided
contamination of the water from surrounding materials (e.g.,
beeswax glue and brass post) and allowed for the repeated
acquisition of data in the same areas on the sample after each
dissolution interval. XRF data were collected at each time step,
whereas full XR data were collected in selected areas at speciﬁc
time steps. The line shape of the reﬂected beam at Q = 1.2 Å−1
was measured at all times of stopped ﬂow to monitor the
average step spacing of the dolomite surface.39 The duration of
each dissolution experiment varied with the initial amount of
Cd on the surface. Durations ranged from 25 to 165 min, with
intervals between each dissolution period ranging from 5 to 25
min (Figure S1 of the Supporting Information).

3. RESULTS AND DISCUSSION
3.1. AFM Observations of Initial and Dissolved
Overgrowths. AFM images showed initial otavite overgrowth
morphologies similar to those observed previously (Figure
1).27 The otavite ﬁlm (light gray in the phase images) almost
fully covered the substrate (dark gray) for all growth reaction
times (Figure 1 and Figure S3 of the Supporting Information).
After reaction with DIW for 15 min, irregularly shaped pits
formed, indicating dissolution of the overgrowth (yellow
arrows in Figure 1c). Similar dissolution features were
observed after 30 min of reaction with DIW. The manner of
dissolution was similar for samples with shorter (17.4 h) and
longer (120 h) growth reaction times.
3.2. Structure and Cd Coverage of Initial Overgrowths. Analysis of XRF and specular XR data for the
initial samples reacted in growth solutions for up to 48 h
indicated the presence of otavite overgrowths having a large
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Table 1. Results of Analysis of XR Data for Cd Coverage (∑θi) and Cd Occupancy of the First Layer (θ0) for Diﬀerent Areas
within the Samples at t = 0 and Comparison to Cd Coverage Obtained from XRF
sample numbera

XRb ∑θi(σ)
(ML)

1 h (1)
1 h (2)
1 h (3)
1 h (average)d
3 h (1)
3 h (2)
3 h (3)
3 h (average)d
8 h (1)
8 h (2)
8 h (3)
8 h (4)
8 h (5)
8 h (6)
8 h (average)d
24 h (1)
24 h (2)
24 h (3)
24 h (4)
24 h (5)
24 h (average)d
48 h (1)
48 h (2)
48 h (3)
48 h (average)d

1.61
1.41
1.85
1.62
4.30
2.28
2.57
3.05
5.47
6.37
7.33
7.13
5.96
5.68
6.32
6.11
7.09
6.42
8.38
6.74
6.95
10.15
14.67
18.31
14.38

(0.07)
(0.05)
(0.07)
(0.22)
(0.18)
(0.10)
(0.09)
(1.09)
(0.94)
(0.77)
(1.40)
(1.09)
(0.21)
(0.57)
(0.77)
(0.28)
(0.52)
(0.68)
(0.77)
(0.61)
(0.88)
(4.69)
(1.26)
(2.34)
(4.09)

XRb θ0
(ML)
0.83
0.79
0.86
0.83
0.95
0.73
0.76
0.81
0.87
0.88
0.85
0.87
0.91
0.91
0.88
0.83
0.88
0.84
0.87
0.87
0.86
0.84
0.79
0.82
0.82

(0.04)

(0.12)

(0.02)

(0.02)

(0.03)

XRF ∑θi (ML)
0.80
0.83
0.92
0.85
2.42
1.58
1.91
1.97
4.24
4.29
4.96
4.93
3.75
3.62
4.30
5.86
12.49
11.15
10.55
7.75
9.56
120.84
124.08
98.50
114.47

dissolution rate
(×10−12, mol cm−2 s−1)
1.81
1.89
1.20
1.63
2.89
1.83
1.38
2.03
5.27
6.19
8.80
7.28
4.19
3.05
5.80
6.95
8.61
4.80
4.84
3.09
5.66
1.01
4.87
4.66
3.51

(0.06)

(0.42)

(0.56)

(2.69)

(13.9)

long-term dissolution ratec
(×10−12, mol cm−2 s−1)

(0.38)

(0.78)

(2.09)

(2.14)

(2.17)

9.91
8.14
4.37
7.47 (2.83)

a

Growth reaction time as in Figure S1 of the Supporting Information. The numbers in parentheses denote the diﬀerent areas on the surface where
measurements were carried out. bParameters as in the model in eq S1 of the Supporting Information. Detailed explanation of the ﬁtting and
goodness-of-ﬁt parameters are given in Table S2 of the Supporting Information. ∑θi is the Cd coverage at the surface, and θ0 is the Cd occupancy
in the layer closest to the dolomite surface. The uncertainties, σ, in ∑θi obtained from XR are given in parentheses. cAverage of the instantaneous
dissolution rates calculated for each dissolution time interval, normalized to θ0. dCorresponding standard deviations are given in parentheses.

For example, ∼60% Cd in the 3 h overgrowths was removed
during the ﬁrst 10 min, whereas only ∼20% Cd was removed
during the next 10 min. This decaying variation is presumably
controlled by the number of available Cd sites exposed to the
solution, which is proportional to the total surface area of the
overgrowth remaining with time. In contrast, the fraction of Cd
removed was constant for the 48 h overgrowth sample,
suggesting that the surface area remained unchanged over the
course of the reaction. These observations can be explained by
changes in the fraction of the dolomite surface coated by the
overgrowth with the extent of dissolution (Figure S6 of the
Supporting Information). For instance, θ0 decreased from ∼0.8
to ∼0.2 after 120 min in the 24 h sample (Figure S6 of the
Supporting Information). On the other hand, the decrease in
θ0 was not as pronounced for the 48 h sample. It can be seen
from the schematic in Figure 2 that the θ0 parameter is more
likely to change during dissolution of thinner overgrowths, for
example, by formation of etch pits that extend to the dolomite
substrate.
Following the analysis of how temporal changes in θ0 aﬀect
apparent dissolution rates, we selected only the rates at t = 5
min (the shortest time interval measured) for comparison
among samples. These rates were considered to approximate
initial dissolution rates and were computed using the amounts
of Cd dissolved in 5 min (obtained by XRF) normalized by the
initial surface area of the overgrowth, θ0AUC. Although total Cd
occupancies varied by more than 2 orders of magnitude among
the samples, the average values of θ0 were greater than 0.8 ML

for all samples, indicating that most of each surface was coated
initially with the otavite ﬁlm (Table S2 of the Supporting
Information). The fraction of the dolomite surface coated with
the overgrowth was considered the dominant control on the
overgrowth surface area, and the θ0 parameter was used to
normalize the 5 min dissolution rates as measured by XRF in
the discussion below.
3.4. Eﬀect of Strain on Dissolution Rates. Diﬀerent
initial dissolution rates were obtained depending upon the
thickness and type of ﬁlm. Speciﬁcally, rates varied by up to a
factor of 4.8, and the average dissolution rates, calculated by
averaging the 5 min dissolution rates determined for each area
in each sample, varied by a factor of 3 (Figure 4a and Figures
S8 and S9 of the Supporting Information). The initial
dissolution rates for the thin strained ﬁlms having Cd
coverages of 0.8−2.0 ML were ∼2 × 10−12 mol cm−2 s−1.
On the other hand, the rates for the thicker strained ﬁlm (i.e.,
4.3 ML) and those with both strained and unstrained ﬁlms
(i.e., 9.6−114.5 ML) were higher by at least a factor of 2. The
long-term dissolution rate of the thickest ﬁlm obtained for the
48 h sample was also similar to these rates (Table 1 and Figure
4a). These higher rates are comparable to the range of steadystate rates (from 3.5 × 10−12 to 5.6 × 10−12 mol cm−2 s−1)
measured for hydrothermally synthesized CdCO3 powders at
pH values between 6.18 and 6.60 in mixed-ﬂow reactors.33
This favorable comparison between dissolution rates of the
unstrained CdCO3 in the thicker ﬁlms and those reported for
powdered CdCO3 is supported by previous work showing that
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Figure 2. Schematic showing the relationship between ﬁlm morphology and Cd occupancy proﬁle from XR analysis (Figure S4 of the Supporting
Information) for the initial sample (top) and after some dissolution, represented by dotted outlines (bottom). The strained ﬁlm, which typically
forms as continuous layers, is represented in yellow, and the unstrained ﬁlm, which typically forms as three-dimensional islands, is represented in
blue. The ﬁlms shown here are (a) thin and strained, as in the 1 and 3 h samples, (b) thick and strained, as in the 8 h sample, and (c) thick with
both strained and unstrained components, as in the 24 and 48 h samples. The Cd occupancy proﬁles (Cd occupancy, θi, versus height of the ﬁlm)
are schematically represented by red circles, and the Cd occupancies of the ﬁrst layer, θ0, are labeled. The parameter θ0 was obtained from XR
analysis (Table 1 and Figure S4 of the Supporting Information) and was considered equivalent to the fraction of the substrate covered by
overgrowth.

defects.35 In contrast, the ﬁlms grown for a longer time tend to
have both strained and unstrained components.
The slowest dissolution rates were observed for the thinnest
strained ﬁlms with Cd coverages of up to 2 ML, suggesting that
the total energy of these systems is lower than that for any of
the thicker ﬁlms. Although lattice strain is an energy cost that
increases the ﬁlm energy, the coherency between the dolomite
substrate and thinnest ﬁlms outweighs this excess energy cost
resulting from strain. As the ﬁlms grow thicker, strain energy
builds up, eventually leading to the formation of dislocations at
thicknesses above the “critical thickness” and the development
of a strain-relieved component of the ﬁlm. Previous XR and
AFM results showed that strain relief occurred through surface
roughening by the formation of three-dimensional islands
(Figure S10 of the Supporting Information) and the
development of angular mismatch between the ﬁlm domains
and the substrate.35 Hence, for thick ﬁlms, we observed
dissolution rates consistent with those measured for powdered
otavite,33 which have been attributed typically to the
abundance of grain surfaces having high densities of steps
and kinks.41 The 8 h ﬁlms, which are thick but fully coherently
strained (i.e., without strain relieved by the introduction of
defects), also have a dissolution rate equal to that of otavite
powders. This conﬁrms that strain is central in controlling the
dissolution rate. That is, attractive interactions with the
substrate counterbalance the strain energy for ﬁlms suﬃciently
thinner than the “critical thickness”. However, this stabilization
is lost for thicker ﬁlms as the increasing strain energy
approaches the stabilization associated with the substrate/
overgrowth interfacial energy. The impact of this interface
extends only a relatively short distance into the strained
overgrowth, and, at a distance where the two energy terms
cancel each other, the dissolution rate should be bulk-like, even
before any strain-relief features, such as dislocations, form.

dissolution rates measured by XR on orthoclase (KAlSi3O8) at
acidic pH were comparable to steady-state dissolution rates on
orthoclase powders.40
We considered whether this diﬀerence in dissolution rate
between the thinner and thicker otavite ﬁlms is the result of
signiﬁcant changes in θ0 within the ﬁrst 5 min of reaction,
which were not accounted for in the rate calculation. This
evaluation is based on the fraction of Cd removed and assumes
that the ﬁlms, which have thicknesses proportional to the Cd
occupancies, are continuous. From this simpliﬁed model, it was
estimated that the surface area of the otavite ﬁlm decreased on
average by ∼35, ∼20, ∼25, ∼10, and ∼0.5% for the 1, 3, 8, 24,
and 48 h samples, respectively, after 5 min of dissolution. Thus,
the lower initial dissolution rates in the thin strained samples
cannot be explained entirely by this estimated decrease in
surface area.
Mineral dissolution rates are generally proportional to the
number of reactive sites, which may vary with surface
roughness. Because the surface roughness of the ﬁlm increased
with increasing thickness (Table S2 of the Supporting
Information), it might be thought that the observed enhancement in rates was caused by this increase. However, the near
constancy of initial dissolution rates for the thicker overgrowths (i.e., those grown for 8, 24, and 48 h) demonstrates
that the rates are not a function of surface roughness, w0,
derived from XR. Similarly, the initial dissolution rates for the
thinner 1 and 3 h overgrowths, which featured surface
roughness values that vary by a factor of ∼2, are also nearly
constant. Thus, the variation in dissolution rates among ﬁlms
of diﬀerent thicknesses can be explained by the diﬀerence in
ﬁlm structure and relationship to the dolomite substrate. Films
grown for periods of 1, 3, and 8 h were strained coherently;
their Cd coverages were below the critical value of 5−6 ML, at
which strain relief begins to occur by the formation of
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Figure 3. Total Cd coverages measured by XRF in mol of Cd/cm2 of substrate (black symbols) and corresponding fractions of Cd dissolved (red
symbols) for initial overgrowths that formed in (a) 1 h, (b) 3 h, (c) 8 h, (d) 24 h, and (e) 48 h. Diﬀerent areas on each sample were measured
repeatedly and are designated in the legend with diﬀerent symbols. For panels a−c, most Cd (typically >80%) was removed from the surface after
about 20 min.

The eﬀectiveness of minerals to sequester toxic elements is
determined by not only the amount of uptake, which we and
other workers have demonstrated to be signiﬁcant for
cadmium on carbonate surfaces, but also the rate of release
of the metal after it has been incorporated. It has been
observed that the mobility of Zn, Ni, and Cd in calcareous soils

is controlled by carbonate minerals, even in the presence of a
strong adsorbent, such as hydrous ferric oxide.42 Cadmium
concentrations in contaminated soils can be as high as ∼8
μM,43 whereas groundwaters can have varying concentrations
of dissolved inorganic carbon, with those in carbonate-rich
aquifers having elevated HCO3− and CO32− concentrations
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Here, a compressive volumetric strain of 2.5% resulted in a net
lowering of the initial dissolution rate of the overgrowth. The
eﬀect of tensile strain on the dissolution of thin ﬁlms has yet to
be explored. The observed variation in the initial dissolution
rate with ﬁlm thickness implies that there is an increased
sequestration potential for thin ﬁlms on carbonate surfaces in
groundwater aquifers and soils10,45 compared to thicker ﬁlms
and that dissolution rates of metal-containing thin epitaxial
ﬁlms may be distinct from those of thick ﬁlms or powders of
equivalent compositions.
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Figure 4. (a) Comparison of dissolution rates at t = 5 min,
normalized for the fraction of the surface coated with the overgrowth,
θ0, for samples with diﬀerent growth reaction times. Dissolution rates
for individual areas on the sample are given in red diamonds, and the
average rates are given in blue squares. The long-term dissolution rate
for the 48 h sample is also plotted. The previously reported powder
dissolution rates27 are shown in dashed (average) and solid (range)
orange lines. (b) Relationship between initial total Cd occupancy
(from XRF) and growth reaction time. Total Cd coverages varied by
more than 2 orders of magnitude between the 48 and 1 h samples.
The 1, 3, and 8 h samples, which had XRF-derived Cd occupancies
that were less than 5−6 ML (Table 1), contained only strained
overgrowths, whereas the 24 and 48 h samples contained both
strained and unstrained overgrowths. The approximate threshold in
Cd coverage for strain relief to occur is given by a dotted pink line.18
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often in equilibrium with calcite.44 These conditions would
produce a solution with a saturation index (SI) with respect to
CdCO 3 , deﬁned as SI CdCO 3 = log({Cd 2+ }{CO 3 2− }/
{Cd 2+ } eq{CO 32−} eq), where {} denote the actual and
equilibrium activities of the respective ions, of 1.9, similar to
the SI of solutions used to grow the ﬁlms in this study.27
Typical groundwaters have relatively low Cd concentrations of
<0.9 μM; hence, it is likely that thin otavite ﬁlms, similar to
those present in the 1 and 3 h samples, could form in
environments where isostructural carbonate mineral surfaces
are present. Eﬀects of other solution components on the
observed trend in ﬁlm dissolution rates are beyond the scope
of this work. Nonetheless, dissolved ions may either increase or
decrease rates by promoting release of the metal ion by
complexation or adsorbing on dissolving steps and hindering
access of water and the release of metals.
Our results indicate that the morphology of the substrate/
overgrowth interface can have a measurable eﬀect on the
dissolution rates of thin ﬁlms. Particularly, the strong
interaction at the substrate−ﬁlm interface has a stabilizing
eﬀect on the ﬁlm. The dissolution rates of overgrowths may
also be inﬂuenced by the type of strain that exists in the ﬁlms.
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