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Abstract Pathological crystallization of calcium oxalate
(CaOx) inside the urinary tract is called calculi or kidney stone
(Urolithiasis). CaOx exhibits three crystalline types in nature:
CaOx monohydrate COM, dihydrate COD and trihydrate
COT. COD and COM are often found in urinary calculi, par-
ticularly COM. Electrocrystallization has been recently used
to perform oriented crystallization of inorganic compounds
such as Ca-salts. Although many mineralization methods ex-
ist, the mechanisms involved in the control of CaOx polymor-
phism still remain unclear. Herein, we induced selective elec-
trocrystallization of COD by modifying the electrical current,
time and electrochemical cell type. By combining above fac-
tors, we established an efficient method without the use of
additives for stabilizing non-pathological CaOx crystals. We
found notorious stabilization of CaOx polymorphisms with
hierarchically complex shape with nano-organization assem-
bly, size and aggregated crystalline particles. Our results dem-
onstrated that, by using an optimized electrochemical ap-
proach, this technique could have great potential for studying
the nucleation and crystal growth of CaOx through function-
alized synthetic polymers, and to develop a novel pathway to
evaluate new calculi preventing-compound inhibitors.
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Introduction

Biological mineralization (Biomineralization) is a very old
process by which living organisms produce hierarchical
inorganic-organic hybrid materials. Thus, biomineralization
refers to the formation of biominerals of biological origin,
such as vertebrate bone and teeth, invertebrate shells and exo-
skeletons, and even mineral particles secreted by plants and
bacteria [1]. Biomineralized materials have various functions
such as defense, detoxification and protection, among others.
These advanced materials often provide greater rigidity and
strength to some biomineralized tissues, which have major
inorganic and minor organic components. In the urinary cal-
culi and biomineralization context, the urinary stones may be
regarded as an example of biomineralization that involves the
formation of inorganic minerals by living organisms [2].
However, kidney stone (KS) is a pathological manifestation
of this phenomenon, exhibiting features typical of uncon-
trolled biomineralization of calcium oxalate (CaOx) [3].
Therefore, biominerals can also arise from pathological con-
ditions, such as: atherosclerotic plaque, gallstones, and kidney
stones formation or nephrolithiasis. Pathological manifesta-
tion inside the urinary tract occurs in pets and humans, and
in both the involved inorganic mineral is the CaOx [4]. CaOx
is one of the most abundant biominerals in superior plants and
represents the most abundant inorganic compound found in
mammal urinary calculi, including humans [5]. The preva-
lence of nephrolithiasis is approximately 6 % in women and
12 % in men in USA [6].

On the other hand, CaOx can crystallize into three forms or
polymorphs in nature: as monoclinic CaOx monohydrate
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COM (CaC,04 * H,0), tetragonal dihydrate COD (CaC,0, ©
2H,0) and triclinic trihydrate COT (CaC,0, * 3H,0) [7, 8].
Nevertheless, only the monohydrate form is thermodynami-
cally stable. Thus, in kidney stones, the first two forms are
most commonly found in urinary calculi, where COD has the
shape of square base bipyramid, while COM and COT are
prism slightly tilted parallelepiped. Low temperatures are re-
quired to obtain the trihydrate form. In turn, the polymorphs
differ in size. COM has approximated average size of 5.0x
2.0 um and COD of 1.2x2.7 um. COD is found in a nether
proportion than COM. COM has a high ability to form aggre-
gates that are added to renal tubular cells, favoring the forma-
tion of KS. On the contrary, the stabilization of COD crystals
by adsorption of urinary molecules avoids the formation KS
decreasing the urolithiasis risk by CaOx [9].

Urolithiasis inhibitors are agents that delay various aspects
involved in the formation of KS such as nucleation, crystal
growth, aggregation and adhesion to renal epithelial cells, etc.
[10]. A number of studies have been carried out to investigate
the effects of additives on nucleation, crystal growth, aggre-
gation and phase transformation of CaOx hydrates. In this
context, CaOx controlled-crystallization has been mainly
studied in organic systems, including: Langmuir monolayers
[11, 12], vesicles [13], surfactants micelles [14], citrate, amino
acids, anionic polyelectrolytes, synthetic molecules [15], and
natural macromolecules. Other studies have addressed the
presence of natural inhibitors in urine, describing the involve-
ment of both low molecular weight (Mw) molecules such as
pyrophosphate, citrate, magnesium, among others and high
Mw macromolecules such as glycosaminoglycan (chondroitin
sulfate or heparan sulfate), Osteopontin protein (OPN),
Tamm-Horsfall protein (THP), nefrocalcina (NC), urinary
fragment 1 prothrombin (UPTF-1), etc.

While electrodeposition can be used to direct oriented crys-
tallization of organic or inorganic compounds [16—19], there
are studies concerning the polymorphism control by using
electrocrystallization. We believe that electrocrystallization
represents a very good model to investigate the transformation
of cluster to amorphous precursor materials, time deposition,
metastable crystalline polymorphs and to study the effect of
crystallization conditions on polymorphism selection with tre-
mendous implications for understanding of biomineralization
and of crystallization. With this in mind, electrocrystallization
technique should become as a novel deposition method for
controlling the micro or nanocrystallized inorganic deposition
and amorphous precursors in the classical and non-classical
crystallization [4, 20, 21]. It seems remarkable that the process
of crystal growth is between 1-5 min, but we must consider
that the deposited crystallization product is a non-conductive
material. The impact of the electrochemical strategy focuses
on the early events of crystallization, which it is strongly in-
fluenced by the generation of crystallization nuclei, which are
then developed by non-conventional electrochemical
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pathways. That is why the results are outstanding and showing
that we can control the mineralization process with a given
current. Electrocrystallization can be performed at short time
and allow us to study various aspects of the biomineralization
such as coating thickness, effects of the current density on the
morphology and the structure of the coating, concentration,
etc. It is also a good synthetic method to investigate morpho-
genetic and crystallographic aspects of crystals using extra
films deposition with either biopolymer or synthetic mole-
cules on ITO substrate under ambient condition.

Given the existence of three hydrates of CaOx, this is a
good model to evaluate the electrochemistry-induced poly-
morph selection. For instance, Windhausen and Switzer de-
posited CaOx by cathodic reduction of an acidic bath, con-
taining Ca®" and C,04> ions [22]. They describe that CaOx
precipitates at pH 5 and above. By applying current, a steep
increase in the pH is observed close to the cathode due to
hydrogen evolution and other companion reactions. This phe-
nomenon was referred to as “electrogeneration of base” [23].
Thus, COM crystals were deposited on the cathode and also
COT was crystallized using high degrees of supersaturation
brought about by enhancing the bath concentration [24, 25].
Joseph and Kamath evaluated how the electro-deposition pa-
rameters could affect the phase selection among the CaOx
hydrates [26].

It is well known that size, phase, and morphology of CaOx
crystals are controlled not only by the type of used crystalli-
zation technique such as gas and double diffusion methods,
kitano method, etc. in the classical crystallization theory but
also by the variation of experimental parameters e.g. molar
concentration of reactants, additive, temperature, time, order
of adding and molar ratio of the reactants, pH, etc. [27]. In
addition, time deposition of inorganic material can be change
from min to days in the classical crystallization theory.

The present work was undertaken to induce electrocrystal-
lization of CaOx modifying the current from 6 to 24 mA at
room temperature in a closed cell electrocrystallization set-up.
By this approach we pretend to establish an efficient method
towards stabilizing COM and COD crystals deposited on the
surface of indium-tin-oxide (ITO) substrate.

Experimental

A set of CaOx electrocrystallization trials were performed at
room temperature modifying the voltage from 6 mA to 24 mA
in closed electrocrystallization system. The electrocrystalliza-
tion of CaOx were carried out by using ethylenediaminetetra-
acetic acid (EDTA), sodium oxalate (Na,C,0,4) from Sigma-
Aldrich and calcium nitrate tetrahydrate (Ca(NOs), x4 H,0)
from Merck. All reagents were of the highest available grade.
These solutions were sonicated during 5 min in an ultrasonic
cleaner Bronson 200. Ca(NOs), and EDTA solutions were
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first mixed and the resultant pH was adjusted to 10.5 with few
drops of 1 M NaOH. This solution was mixed with Na,C,04
solution and then 25 ml of the resulting solution was poured
into the glass electrochemical cell (ECC). Before beginning
the electrocrystallization, the system was purged with oxygen
(O,) flux for 30 min. The ECC measurements were conducted
in small pieces of ITO glass acting as a working electrode
(WE). A coiled platinum (Pt) wire was used as auxiliary elec-
trode (AE) and a silver chloride electrode (Ag/AgCl) as refer-
ence (RE). ITO from Corning® aluminosilicate glass, 25
25x1.1 mm, coated with one surface of RS=5-15 {2 was used.
Chronopotentiometry was used during the CaOx electrocrys-
tallization in a galvanostat / potentiostat BASi Epsilon (USA)
instrument. The used potentiostatic pulse was=10 V, with a
sample interval of 2 s and current convention [UPAC. SEM
images of CaOx crystals were observed in a FEI model inspect
F50 and in a Tesla 343 A scanning electron microscope
(SEM) instruments. Powder X-ray diffraction (PXRD) was
performed by using a Siemens D-5000X X-ray diffractometer
with Cu-K radiation (graphite monochromator) and an
ENRAF Nonius FR 590. The crystal structure of CaOx was
determined by using Cu-K « radiation (40 kV), steps of 0.02°,
and the geometric Bragg—Brentano (6—0) scanning mode with
an angle (20) range of 6-80° with step time of 189 s at 25 °C.
The DiffracPlus program was used as data-control software.

Results and discussion

Previous studies reported in the literature on the electrocrys-
tallization of CaOx have been performed by cathodic reduc-
tion of acidic aqueous solutions containing Ca*" and C,0,>~
ions [22, 24, 25]. On the other hand, in situ electrocrystalliza-
tion of Ca-salts particles such as calcium carbonate (CaCO5)
have been also developed [28]. An excellent critical review in
the area of electrocrystallization-nucleation, and concepts
such as half-crystal position mean and growth of metals, al-
loys and the history of electrocrystallization phenomena can
be reviewed by Milchev [29]. Here, we used an alternative
electrochemical approach of the electrosynthetic method de-
scribed by Joseph and Kamath [26]. We have tested argon and
oxygen (O,) gases to purgue electrolyte solutions during the
electrocrystallization experiments. The results shown for open
circuit potential is consistent with a reversible modification of
the interface, where low mineralization is expected from so-
lution conditions, however, no-change in the interface poten-
tial was observed after 5 min. The saturation of solution with
O, for 30 min was performed in order to reach the thermody-
namic equilibrium and to improve the electrochemical re-
sponse. In addition, effect of polyacrilic acid (PAA) on CaCO;
crystallization through ITO substrates using O, gas has also
been evaluated in our group (unpublished results). Electro-
crystallization of CaCOj; implies the use of an electrolytic

solution with O,, at pH alkaline and environmental tempera-
ture. The application of negative potential at the beginning of
the reaction implies the O, reduction in the electrode surface
immediacy. By this way, O, electro-reduction is produced,
promoting a local increase in the solution pH close to the
electrode (interface electrode-solution), which in turn pro-
motes that bicarbonate ions render to carbonate ion in the
interface reaching the precipitation of CaCOj3 by using a cal-
cium source. In case of CaOx electrocrystallization, different
[EDTA}/[Ca*"] ratios were used to obtain the Ca-EDTA com-
plex. This complex has high stability constant with pK=
10.59 at pH 7, whereby CaOx crystallization is suppressed
in pH range 5-13. Therefore, EDTA constitutes a useful tool
to tune the concentration of Ca®" in the electrolyte solution by
varying the [EDTA]/[Ca”"] ratio. Therefore, the different po-
tential (V) obtained when current from 6 to 24 mA was applied
(see Fig. 2) can be explain by the concentration ratio of
Ca(NOs), : Na,C,04 : EDTA, which controls the different
[EDTA]/[Ca*"] ratios, which is a critical point for the stabili-
zation of Ca-EDTA complex. CaOx deposition starts when pH
decreases. We found that the value of pH solution was a key
parameter during the electrocrystallization. pH value influ-
ence the CaOx deposition, which starts on the ITO and permit
the acid hydrolysis of Ca-EDTA complex releasing the Ca*"
ions into solution. Therefore, electrocrystallization at acid pH
is generated at the WE (anode) by the breaking of water mol-
ecules, generating free O, and protons [30]. The Ca-EDTA
complex stability decreases as the pH value decreases, releas-
ing the Ca®" ions by acid hydrolysis of Ca-EDTA complex.
By this way, the free Ca®" ions react with oxalate ions getting
CaOx particles as locally deposited on the WE surface. Equa-
tions 1-4 clarify the electrocrystallization of CaOx on ITO
surface.

Ca(NOy), + EDTA-4Na 3 C4~EDTA-2Na + 2Na* +2NO;
(1)
Ca—EDTA-2Na +2Na* +2 NOj (2)

+ NayC,0,4 0230 min - No Reaction Occurs

2 H,0 A6 mA O, +4H T + de (3)
Ca—EDTA-2Na + 2Na™ + 2NO; + Nay,Cr04 (4)

+agt PE0, CaCy04) + EDTA-4Na + 2N O,
+2Na™ +4H"

ITO substrate is a popular material that is useful for many
opto-electronic applications using different substances and
nanoparticles materials [31-33]. We used ITO because is an
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electrode widely used in electrochemistry due to its excellent
optic transparence, high electric conductivity, wide work
window in electrochemical studies and high physical and
electrochemical stability [34, 35]. ITO has been also used
as WE in electrocrystallization of CaCOj test [36] as de-
scribed the method reported by Lédion et al. [37], where
consists in the deposition of CaCO; on WE substrate, by
using a fixed negative potential in relation to reference
electrode (RE). In case of electrocrystallization of CaCOs,
electrodes used are composed of carbon surface or those
covered by oxide, such as electrodes made from ITO. The
formed inorganic deposit, which is no conductive, reduces
the electrode active area, constituting a barrier for oxygen
diffusion. Then, total cathodic current decreases and can
be followed by chronoamperometric measurements [38].
The registered current could be analyzed according to its
variations in time, in fact, it is possible to identify when
the surface of electrode is covered totally by crystals, and
since chronoamperometric curves are obtained. On the oth-
er hand, Dickey et al. [39] described the controlled fabri-
cation of ordered arrays of nanotubes of ITO materials for
electro-optical applications such as sensors and photovol-
taics. In this sense, recently, Anoop et al. described its use
in a molecular electronic device with quantum dots (QD)
and fullerenes, with a promising performance, as well
[40]. Electrochemical technique is an appropriate and rel-
atively simple method leading to the formation of natural
and synthetic nanostructured deposit on ITO substrate [41,
42]. We also employed ITO subtrates due to its technical
reasons in electrocrystallization experiments on inorganic
materials such as CaCO; and CaOx.

The applied current utilized during chrono-potentiometric
studies was based on published work by S. Joseph and P. V.
Kamath (2008). These authors electrodeposited CaOx hy-
drates by using electrogeneration of acid at the anode from
an EDTA-stabilized calcium nitrate bath, containing dissolved
oxalate ions [26]. They controlled selectively the polymor-
phism of CaOx by fixing the following conditions: pH (9
and 11), temperature (~23 and 65 °C) and current density
(3 mA and 6 mA) of the electrolyte solution. The authors
indicated that the stabilization of COD was favored with
6 mA/ecm? at 23 °C, whereas the formation of COM crystals
was promoted with 3 and 6 mA/cm? at 65 °C. Both poly-
morphs showed oriented growth with respect to the substrate
under different deposition conditions. These authors hypothe-
sized that COD is formed first, then it transforms to COM in a
similar manner as in nature, namely by dissolution/
reprecipitation mechanism. COM crystals were stabilized at
pH 11 and 6 mA / cm” at 65 °C. It is well known that cyclic
voltammetry is crucial for evaluating the current vs. potential
profiles in Ca-based solution and in solution free of Ca®" or
even though in the electrodeposition of natural and synthetic
polymers but in the current was not performed. In this context,
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we have recently used chitosan as template for the electrocrys-
tallization of CaOx in our group (unpublished results). Elec-
trocrystallization of CaOx was performed as is illustrated in
Fig. 1 and the experimental conditions are summarized in
Table 1.

Table 1 shows the experimental conditions used for the
crystal growth of CaOx performed through electrocrystalliza-
tion by varying the reagents ratio and current.

Fig. 2 shows the chronopotentiometry of CaOx samples A-
C, E-Jand L (Table 1). Data in Table 1 shows different potential
curves when 6, 12, 18 and 24 mA were applied during 1 to
5 min. Data corresponding to samples D and K were not in-
cluded in Fig. 2 due to an accidentally experimental error oc-
curred while handling the WE during the chronopotentiometric
measurement. We found that, for all reactant ratios and applied
current the range of 0.9 to 2.1 mV, different type of CaOx
crystals were growth and deposited on ITO substrate. In gener-
al, chronopotentiometry curve revealed an increase in the po-
tential value for all samples during the in vitro electrocrystalli-
zation test. In addition, it is clear that for samples C and F, both
with higher ratio of Ca(NOs),:Na,C,04:EDTA (50:50:75), a
constant chronopotentiometric curve was observed during the
whole electrocrystallization essay, when 6 and 12 mA current
was applied, respectively.

The chronoamperometry curves show indirect nuclei
generation rate of crystallization. So for a given electrolyte
composition as F, I and L, the increase in current interface
shows that at low current densities can generate a progres-
sive nucleation with a slow changing in the interface on the
other side high current densities show an evolution poten-
tial in the direction of an instantaneous nucleation which
generates multiple structures simultaneously. We found for
these samples that starting potential (V) value was 1.74,
1.52 and 0.94 V, and the final potential data of 1.84, 2.07
and 1.72 V, respectively. The chronopotentiometry curve
revealed an opposite starting potential respect to the applied
current; however, for all these samples an increase in the
chronopotentiograms evolution during the electrocrystalliza-
tion was registered. Sample L showed that the increasing in
the potential curve was more pronounced when 24 mA was
applied. Its chronopotentiometry curve had a fast increasing
of potential value at the initial of experiment less than
1 min (a fifth of one min) and then its potential curve
reached the final value of 1.72 V. Chronopotentiometry of
sample F presented a flat evolution curve of 0.55 V be-
tween the starting and final potential data when 12 mA was
applied. The chronopotentiometric curve of sample I
showed a similar behavior of sample L but with greater
final potential data. In the case of sample A with the lowest
ratio of reactants (10:10:15) and applied current, the
chronopotentiometric curve had a fast increasing at the ini-
tial of experiment ca.l min and then a slight decay until its
potential curve reached a constant behavior at the end of the
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Fig. 1 Experimental set-up for
the electrocrystallization of
CaOx. ITO (a), electrodeposition
of polymer on ITO (b),
electrocrystallization of CaOx on
ITO (c) and electrocrystallization
of CaOx on electrodeposited
polymer - ITO (d)

WE

RE

A ) S
ENL

(a)

experiment ca.5 min. It may also be distinguishable that when
higher ratio of reagents for samples B, E and I was used, the
chronopotentiometric curve showed higher values of potential
in the range of 1.7 to 2.0 V. In addition, the distribution and
type of CaOx crystals on WE surface was more homogeneous,
where isolated COD crystals with well-defined shapes and
edges were obtained. The chronopotentiometry measurements
suggests that current as low as 6 mA would be enough to
gather the water hydrolysis, decrease the local pH of electro-
lyte solution at the interface of WE promoting the crystal

Table 1 Electrocrystallization of CaOx on ITO substrate.
Concentrations of reagents were carried out in mMol/L

Samples  Reagents Ratio Current mA
A Ca(NO3); : Na,C,04 : EDTA  10:10:45 6
B Ca(NOs);, : Na,C,04 : EDTA 30 :30: 45

C Ca(NO3); : Na,C,04 : EDTA  50:50:75

D Ca(NO3), : Na,C,0, : EDTA  30:30:45 12
E Ca(NO3), : Na,C,0, : EDTA  40:40:60 12
F Ca(NO3); : Na,C,0, : EDTA  50:50:75 12
G Ca(NO3;), : Na,C,0, : EDTA  30:30:45 18
H Ca(NO3), : Na,C,0, : EDTA  40:40:60 18
I Ca(NO3;), : Na,C,04 : EDTA  50:50:75 18
J Ca(NO;), : Na,C,04 : EDTA  30:30:45 24
K Ca(NOs), : Na,C,04 : EDTA  40:40:60 24
L Ca(NO3); : Na,C,04 : EDTA  50:50:75 24

i

(b) (d)

growth of CaOx on ITO substrate. For increasing EDTA con-
centration and applied current from 6 to 24 mA, we did not
find a predictable performance regarding the stabilization of
COD crystals, however new shape, nano-organization and
increasing growth of the non-pathological COD crystal was
promoted at room temperature (23 °C). In order to provide
more insights, we have performed various CaOx electrocrys-
tallization tests by using similar reactant ratios as above, lower
current than 6 mA, different temperatures and changing the
cell electrocrystallization set-up to study the deposition.
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Fig. 2 Chronopotentiometry of CaOx
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Fig.3 SEM images of CaOx crystals obtained by electro-crystallization.
Morphology and shape of these crystals are representative of the entire
sample population, while their size can be diverse from the average.

The morphology (Fig. 3) and polymorphism (Fig. 4) of
CaOx crystals were evaluated through scanning electron mi-
croscopy (SEM) and powder X-ray diffraction (XRD) tech-
niques, respectively. Fig. 3 shows the SEM images of CaOx
crystals obtained by electrocrystallization of representative
samples obtained by applying 6, 12, 18 and 24 mA. In general,
the experimental condition and the type of sample used show
considerable effects on the morphology of the resultant CaOx
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Sample A (a), sample B (b), sample C (c¢); sample E (d), sample G (e),
sample H (f), sample I (g), sample J (h), sample K (i), and sample L (j)

crystals in the absence of additives. Fig. 3a shows the forma-
tion of small (~2-5 pm) and micro rod-like COD crystals
(~20 um) on ITO when sample A (10:10:30) and 6 mA cur-
rent was applied. These elongated COD crystals have been
previously reported in the presence of a synthetic block copol-
ymer [15]. The elongation take place due to the stabilization of
{100} faces from tetragonal bipyramid crystals dominated by
the {101} face [15]. They found that rod-like COD crystals
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Fig.4 XRD patterns of the CaOx crystals grown on ITO substrate. Sample A (a), sample L (b), sample B (c¢), sample G (d). Peaks characteristic of COM

and COD were labeled as “M” and “D”, respectively

are kinetically favored in solutions. In Fig. 3b we observe
homogenous distribution of typical micro COD crystals
(~10 wm) with well-developed tetragonal prisms on ITO in
the presence of sample B (30:30:40) when 6 mA was applied.
Surprisingly, as seen in Fig. 3c, regular and homogenously
distributed dumbbell-shaped CaOx crystals (~5 pm) were
formed on ITO in the presence of sample C and 6 mA current.
It should be noted that this sample is composed of much
higher electrolyte reagent ratio (50:50:75). These CaOx crys-
tals showed nano-regular pointed tips structure, which appar-
ently are formed by the assembly of nano and micrometer
units on the CaOx surface. These leads to the spherical
dumbbell-like CaOx particles. In Fig. 3d, few and irregular
CaOx crystals in the range of ~10 pm in size are observed on
ITO in the presence of sample E (40:40:60) when 12 mA was
applied. On the other hand, distinct morphological COD with
slight crystalline shape for samples G, H and I occurred when
18 mA current was applied. Unexpectedly, unusual and regu-
lar COD flower- like crystals in the range of 10 to 20 um in

size were formed when sample G (30:30:45) was used
(Fig. 3e). This crystals shape appearance enabled to distin-
guish the tetragonal bipyramid having central part as square
base, typical of COD crystals. We note that the number of
petals of the flower-shaped crystal can vary from 2 to 8. On
the other hand, in the presence of sample H (40:40:60), char-
acteristic CaOx crystals with "swirl" peripheral growth and
more defined vertices were deposited on the WE surface
(Fig. 3f). These crystals correspond also to COD with the
tetragonal bipyramid as a central nucleation point, which has
slightly lost the flower-crystal appearance. At high magnifica-
tion (see fland f2), selected “swirl” crystal is observed, which
exhibit multiple foci arranged in ventral crystalline faces, cor-
responding to nanometer clusters arrangement (18-24 nm). In
the presence of sample I, (50:50:75) similar COD crystals with
size of 5 to 10 wm were observed when 18 mA current was
applied (Fig. 3g). At the end, Fig. 3h, i and j shows that when
the highest current 24 mA was applied COD, circular and
CaOx-parallelepiped like crystals for samples J, K and L were
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crystallized on ITO, respectively. Unpredictably, the Fig. 3h,
shows the formation irregular filamentous and circular CaOx
crystals (~5 to 7 um) on ITO substrate, which were formed in
the presence of sample J (30:30:45) when 24 mA current was
applied. These CaOx crystals showed nano-regular structure
(18-25 nm), which appears as a self-assembly of nano and
micrometer CaOx units crystallized on the ITO surface
(Fig. 3h1 and h2). Fig. 3i shows SEM images of irregular
COD crystals grown in the presence of sample K (40:40:60)
when 24 mA current was applied. Here we observed different
sub-micron and micro parallelepiped (Fig. 311 and i2) crystals
deposited on the COD-petals. We also observed “swirl” mor-
phology with extended petals-shaped morphology for CaOx
at this current. Finally, abundant sub-micron and micro paral-
lelepiped (3j1) crystals were formed in the presence of the
highest concentration ratio (50:50:75) of reagents and applied
24 mA current (Fig. 3j). These parallelepiped-shape CaOx
crystals are in turn composed of countless unique and inde-
pendent nanocrystals.

As we known XRD is a more suitable technique than elec-
tron microscopy to identify inorganic constituents in kidney
stones by their unique diffraction patterns, which allows def-
inite identification of crystalline substances unknown. There-
fore, XRD was used in our electrocrystallization study to con-
firm the most representative electron microscopic morphol-
ogies. In the Fig. 4 we selected and showed the XRD patterns
of samples A, B, G and L. In order to illustrate the character-
istic morphologies of CaOx grown on the ITO substrate, we
added the insert SEM pictures showed in the Fig.3, that is, al,
bl, el and j1. In general, Fig. 4 shows the XRD patterns with
reflection peaks observed at around 20=8°, 21.5°, 22.8°,
24.2°,25.8°,30°, 35° 50°, 53° and 60° confirming the pres-
ence of COM and COD crystals [43—46]. In the Fig. 4a and b
for samples A and L, it can be seen peaks at 20=8°, 21.5°,
22.8°,25.8°, 30°, 50 and 53°, which are ascribed to the dif-
fraction of mix of COM and COD crystals. We found here an
unidentified reflection peak at 26=8°. For samples B and G
with flower-like crystals morphologies, Fig. 4c and d, we
found a major reflection peaks of COD at 20=21.5°, 23.5°,
25.8°,30°, 35°, 50°, 53° and 60°.

Conclusions

Electrocrystallization of CaOx with different morphology and
size on ITO surface at short time through chronopotentiometry
was obtained. The control of the experimental parameters
such as electrical current, concentration of reactants, time
and electrochemical cell type allowed us to induce selective
crystallization of COM and COD. The morphology of COD
crystals was strongly influenced by the concentration ratio of
Ca(NOs),:Na,C,04:EDTA and the applied current from 6 to
24 mA at 23 °C. In summary, we demonstrated that without

@ Springer

the use any additives during the electrocrystallization process,
CaOx crystals with self-assembly organization at nano/micro
scale were obtained.
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