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Qualitative observations of electrochemical deposition in thin circular cells have shown that radio-frequency 共rf兲 irradiation of zinc
sulfate solutions can dramatically affect the deposition patterns. For some growth parameters the rf-treatment can even induce
morphology transitions between the dense branching morphology and dendritic growth. We found that the effects of rf-treatments
can last for a long time 共hours兲. In addition, detailed studies using electron microscopy observations reveal that the effects span on
all scales, from the micrometer-scale organization to the self-organization of the macroscopic pattern. We propose that these
changes of patterning on all scales resulted from singular effects of gas-filled submicrometer bubbles or nanobubbles, which are
generated by the rf-irradiation. The idea is that hydration shells around the nanobubbles induce water ordering that acts as a new
singular perturbation mechanism in the solution. The latter is in addition to the well studied microscale singular perturbation
mechanisms in the deposit 共surface tension and attachment kinetics兲. We also studied electrochemical deposition in zinc sulfate
solutions prepared from water that is doped with nanoparticles under rf-irradiation, and found similar and even amplified effects.
Moreover, the nanoparticle doping stabilizes the effects—they are retained months after the solutions were prepared.
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Electrochemical deposition 共ECD兲 of metals in thin gap geometry has been widely used over the last twenty years to study the
foundation of pattern formation and self-organization in open systems far from equilibrium.1-41 First, a great variety of macroscopic
patterns 共morphologies兲 are formed as a function of several control
parameters: applied voltage, initial concentration, chemical composition of the solutions, its viscosity etc. Second, it is relatively
straight forward to perform both qualitative and quantitative measurements of the formed morphologies as well as the dynamics in
the surrounding fluid. For example one can study the correspondence between structure and the response current 共or the response
voltage兲,33,39,41 as well as between the structure and the concentration field20 and convection patterns in the solution.27-29 Third, and
perhaps most important, it is possible to measure directly the patterning on all scales from the crystalline structure on the microscopic scale 关using X-ray and transmission electron microscopy
共TEM兲 measurements兴, through the nano and micrometer scales organization 关using TEM and scanning electron microscopy 共SEM兲
measurements兴 to the macroscale patterning.5,7,10-16,35,37,38 Such
measurements on all scales played a crucial role in establishing the
theoretical framework about the micro-macro singular interplay reflected in the morphology selection and morphology
transitions.10-14,22,42-50 In particular, electron microscopy studies of
the deposition morphologies in thin circular cells showed that the
dendritic morphologies are characterized by ordered patterns down
to the micrometer scale with crystalline structure while the dense
branching morphologies 共DBM兲 are not ordered and have polycrystalline or amorphous structures at the microscopic level resulted in
rings in the diffraction pattern..5,10-14,38
It is now understood that the pattern formation results from a
competition between the macroscale diffusive instability 共connected
with the ion transport in the solution兲 which drives the patterns
towards decorated, irregular, scale free shapes, and the microscopicscale dynamics at the interface 共connected with surface tension, attachment kinetics, and crystalline anisotropy兲, which imposes local
characteristic length scales and overall symmetries.10-14,42-50 Out of
equilibrium 共i.e., finite voltage兲, the transport processes are intensified and at the same time they amplify the microscopic dynamics. As
a result the microscopic dynamics act as a singular perturbation that
can reach up and affect the macrolevel organization 共we note that
the mathematical term singular perturbation describes the situation
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in which very small change in the equation causes a new
solution兲.10-14,42-54 By the same token, the global tendency, acting as
singular feedback, can reach down and affect the microlevel organization by favoring one particular small-scale structure over the
others.10-13
Thus, according to the new theoretical framework, the balance in
the competition is determined via singular interplay between the
micro- and macrolevels. The two-level picture is often
insufficient.10-13 In such cases, a hierarchic multilevel organization
is the only solution to fulfill the imposed self-consistency 共solvability兲 requirement. We now know that beside surface tension, attachment kinetics, and crystalline anisotropy, other effects can act as
singular perturbation that completely alter the growth patterns, e.g.,
impurities in solidification from supersaturated solution turn the
dendritic pattern into needlelike crystal shapes.55
In the context of electrochemical deposition it has been shown
that induced convection,29 changes in the solution viscosity,36 mixing of different cations,10 and organic molecule additives56,57 can all
act as singular perturbations.
The preliminary studies presented in Ref. 14 showed that radiofrequency 共rf兲-irradiation 共in the MHz frequency range兲 of zinc sulfate solutions 共prior to deposition兲 can induce morphology transitions between the DBM and dendritic growth. The studies presented
here are aimed at better understanding this interesting phenomenon.
For that we performed detailed studies of the effects of rf-irradiation
共in the MHz frequency range兲 on ECD in thin circular cells and
focused on comparison between the deposition structures of growth
in rf-treated and in nontreated solutions. We found that in addition to
the induced morphology transitions reported in,14 the rf-treatment
can also induce significant changes in the structure of the DBM and
dendritic morphologies. Using electron microscopy observations we
found that the effects span on all scales, from the microscopic structure through the micrometer-scale organization to the macroscopic
pattern. Following Ref. 58, our guiding assumption is that the effects
of rf-irradiation are mainly mediated via the formation of stable
nanobubbles in the solution. In the next section we provide a concise
summary of previous studies that support the idea that rf-irradiation
of water can lead to the formation of stable 共hours兲 array of gas
nanobubbles59,60,65,67 A new idea hinted at by the experimental findings presented here is that the ordered shell of the nanobubbles
induces long range water structure and that this induced order can
act as new singular perturbation mechanisms that affect patterning
both on the micro- and macrolevels.
We also studied electrochemical deposition in solutions made
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from rf-irradiated water that is doped with nanoparticles 共barium
titanate, BaTiO3兲 that are injected during the rf-treatment 共see the
Appendix for details兲. We found similar and even more pronounced
effects in the solutions made from the nanoparticles doped water
共NPD water兲 to those in the rf-irradiation of zinc sulfate solution
made from RO 共reverse osmosis兲 distilled water. Moreover, the
nanoparticle doping generates durable stabilization of the effects—
they are retained months after the solutions were prepared. To explain the observations we propose that the doping process might
stabilize the nanobubbles and/or the nanoparticles also surrounded
by a shell of ordered water molecules similar to the clathrate shell of
the nanobubbles.
The Effects of rf-Irradiation on Water and Aqueous Solutions
During the past two decades, much effort has been devoted in
various fields of science and engineering to study the effects of
rf-irradiation on the behavior of aqueous solutions and
suspensions.58-75 The following long term effects of rf treatment are
currently well documented. 共1兲 Intake of dissolved air from the water into nanobubbles and formation of nanobubbles.59,60,67,70 共2兲 A
decrease in surface tension from 72 to 68 dyn/cm.66 共3兲 Increase in
the intensity of all three infrared 共IR兲 spectroscopy frequency bands:
3200 cm−1 共strong hydrogen bonds兲, 3400 cm−1 共distorted hydrogen
bonds兲, and 3600 or 3750 cm−1 共nonbonded molecules兲 by about
30%.67 共4兲 Increase in the concentration of atomic hydrogen.66 The
presence of the atomic hydrogen lasted for months and has been
stable with respect to boiling as well as freezing the water. 共5兲 Modifications in the spectra of dissolved hydrophobic fluorescent molecules 共but not the spectra of hydrophilic ones兲.68 共6兲 The zeta potentials of rf treated suspensions and solutions show oscillations
with about a 25 min period that can last for hours after
treatment.63,64 共7兲 Enhancement of cement hydration.81 共8兲 Fesenko
and co-workers found significant changes in the opening frequency
of potassium channels in cells that are grown in solutions that were
treated by rf signals.82-84 共8兲 Ben Jacob and co-workers found an
increase in the growth rate of bacteria grown in aqueous solutions
that were treated by rf signals.14,58
These phenomena pointout that rf-treatments of water and aqueous solutions induce physical alterations in the water structure that
can last for hours after treatment 共dubbed “water memory”兲. It was
proposed that the long term stability of water structure resulted from
the formation of a dense array of stable gas nanobubbles in the
water.58-60,67 The crucial role of gas nanobubbles is evident from the
observations that rf-treatment does not have an effect on water that
was outgassed before the treatment and outgassing of rf-treated water and solutions erases all the effects. It is also important to keep in
mind that much of the interaction of the rf signals is with gas/liquid
interfaces of the nanobubbles.67
Still, the idea of stable nanobubbles was discarded based on two
strong arguments. 共1兲 The nanobubbles are expected to dissolve rapidly due to the high Laplace pressure 共the internal pressure due to
the interfacial curvature兲. 共2兲 The claimed anomalous effects of rfirradiation could not be explained based on the current commonly
accepted theories of water.85-92 It was agreed that accepting the
anomalous effects as being real 共and not a reflection of overlooked
artifacts兲 poses a challenging problem in modern physical chemistry.
Therefore, these unusual effects were in general regarded until recently as rather anecdotal phenomena. Things begun to change less
than a decade ago when advanced methods were used to quantify
the above mentioned effects of rf-irradiation. And, more recently,
following the direct observations of nanobubbles 关using liquid
atomic force microscopy 共AFM兲 in high resolution tapping mode兴
on hydrophobic surfaces revealed that, once formed, the
nanobubbles can be stable for hours.76-80 To summarize, according
to the new nanobubbles-based paradigm the following is proposed.
共1兲 The nanobubbles have long term stability 共hours兲. This assumption is supported by direct observations using AFM.76-80 共2兲 The
gas-water interface of the nanobubbles is hydrophobic and therefore
at the interface the water molecules form clathrate shells with an

“icelike” structure. This assumption is supported almost directly by
measured changes in IR spectroscopy.67 共3兲 The ordered shells induce order in the water molecules surrounding the nanobubbles that
can extend up to a micrometer in range. This idea is indirectly supported, for example, by the effect on zeta potential68 and the fluorescence of hydrophobic molecules.63,64 We note that ordered water
should be effectively less hydrophilic since it is expected that the
entropy of mixing of hydrophilic molecules will be lower than that
of mixing in the absence of order.
According to the new paradigm the original objections to the
idea of stable nanobubbles are based on macroscale consideration
that does not take into account the special properties of the air-water
interface and the existence of the ordered clathrate shells caging the
nanobubbles. Hence it is argued that entropy contributions can provide possible, yet to be discovered, stabilization mechanisms of the
nanobubbles and should be included in the theory.67,69,70,75,88 Inspired by the similarity in the effects on the zeta potential that have
been observed for colloidal particles and gas nanobubbles, it was
suggested that ions from the solution are integrated in the
nanobubbles shell and provide extra stabilization. Others call for
considerations beyond the classical theory of water 共that is based on
the water molecule as an electric and magnetic dipole兲, and suggest
that effects related to the quantum mechanics differences between
the two nuclear spin isomers, ortho- and para water, participate in
the stabilization of the nanobubbles. We take the view that these
mechanisms are not mutually exclusive and probably both relevant.
More specifically, we follow the idea that since the nanoscale is
outside the thermodynamic limit, the standard statistical physics
considerations should be modified and that nonlinear and even collective quantum effects might play a significant role.
Keeping in mind that the induced order around each of the
nanobubbles can extend over a distance larger than that between the
bubbles, it is reasonable to assume that the induced order mediates
bubble-bubble interactions. In the conclusions, we propose that
these exchange interactions have a singular collective effect: The
bubbles self-organize to form a pliable network with hierarchical
organization 共clusters of small bubbles around larger ones and clusters of clusters兲. We expect that the formation of such a network can
afford elevated stability and hence is consistent with the observed
long decay time of the rf-treatment effects. The idea is that there is
an exchange of gas molecules from the smaller nanobubbles to the
larger ones 共due to the imbalance in the internal Laplace pressure兲.
In the absence of bubble-bubble interactions, this process causes the
large bubbles to expand and float to the surface after exceeding a
critical radius due to Archimedes force. We propose that due to
bubble-bubble interactions, the smaller bubbles surround the larger
ones 共that serve as the hubs of the clusters兲 and hold them against
the Archimedes force so the critical radius for detachment is much
larger. In addition, we propose that the formation of the ordered
shell together with the water around the nanobubbles being less
hydrophilic should slow the rate of gas exit from the bubbles.
Experimental
The experiments reported here were performed in quasi-twodimentional electrochemical cells with a circular geometry. The
electrolyte 共zinc sulfate兲 solution is held between two Perspex plates
with 0.3 mm spacing. The ECD cell consists of a central copper
plate cathode, of diameter 30 mm and thickness 0.3 mm, and a circumferential copper wire 共0.5 mm thick兲 anode that forms a circle
with 93.5 mm diameter. Zinc sulfate solutions are usually prepared
from reverse osmotic 共RO兲 water using commercial zinc sulfate
共ZnSO4·7H2O, Sigma-Aldrich兲. Copper electrodes were used to
ease the construction of the cell. We note that the growth is not
affected by the use of copper electrodes as long as the deposit does
not get closer than 1 cm from the anode. At shorter distances cooper
ions that are dissolved from the anode integrate within the deposit
and change both the microscopic and macroscopic patterns.10 In the
experiments presented here we compared the growth patterns 共the
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Figure 1. A schematic representation of the concentration versus voltage
共CV兲 morphology diagram for the ECD cells used in this study.

morphology transitions兲 when the deposits were more than 1 cm
away from the anode. Hence we do not expect the process to be
affected by the dissolved copper ions.
The ECD process was performed under constant voltage conditions while monitoring the response current. The voltage 共cell potential兲 is applied 10 min after placing the solution and closing the
cell. The deposition time was changed with the concentration and
the applied voltage, and it was typically 8–10 min for the DBM and
5–7 min for the dendritic morphology.
For the electron microscopy characterization we cooled the cells
at the end of the deposition 共while the applied voltage is on兲 using
liquid nitrogen for fast freezing and then the deposits were dried in
a vacuum desiccator and kept until they were inserted into the microscope chamber 共ultrahigh vacuum兲. This procedure was used to
reduce equilibration and oxidation processes at the deposited surfaces before characterization.10 To do so we used disposable cells.
Hence, although the results are qualitatively reproducible, one has to
keep in mind that there are some quantitative variations from cell to
cell. Quantitative variations also resulted from the RO water and the
NPD-water used for preparing the solutions. We monitored the conductivity of the solutions before deposition and found that it is about
18.9 ⫻ 10−3 Siemens with about ±0.15 ⫻ 10−3 Siemens variations
for all cases 共i.e., for the solutions made from the RO water and the
NPD-water as well as after the rf-treatment of the solutions made
from the RO water兲. The presented results are the typical ones. To
test the generality of the effect we also used solutions made from
MOS and HPLC water.
Morphology Diagram
In Fig. 1 we present a schematic concentration-voltage 共CV兲
morphology diagram of the deposition process in the cells used in
our experiments. Since we focus on the morphology transition between the DBM and the dendritic morphology we map a window of
0.05 M ⬍ C ⬍ 0.3 M and 9.0 V ⬍ V ⬍ 13 V. Similar to the findings of Grier et al.,5 the morphology transition is from DBM at
lower voltages 共cell potentials兲 to dendritic growth at the higher
voltages. Also, in agreement, the transition voltage is higher for
lower concentrations. Several of the comparative studies were performed for C = 0.2 M and V = 12.4 V that is on the dendritic side
of the morphology diagram but close to the morphology transition
voltage.
Illustration of the macroscopic patterns of the DBM and the dendritic morphologies during ECD 共similar to the results presented, for
example, in Ref. 5 and 10-13兲 is presented in Fig. 2. Figure 2a
corresponds to the DBM and Fig. 2b to the dendritic growth. Electron microscopy observations reveal that the differences between the
macroscale patterns of the different morphologies go hand in hand

Figure 2. The macroscale patterning of 共a兲 a typical DBM and 共b兲 a dendritic morphology. Growth conditions in 共a兲 are C = 0.2 M and V = 11.0 V
and in 共b兲 are C = 0.3 M and V = 13.0 V.

with different organization on the microscopic scale5,10-12 as is
shown later. We found that close to the morphology transition, the
branches of the DBM are composed of short dendrites with random
orientations. At lower voltages and lower concentrations the
branches are composed of small crystals with random orientations.
The different morphologies are also characterized by the functional
dependence of the response current during the deposition 共the
current-time characteristics兲 as presented in Fig. 3.
The Macrolevel Effect of rf-Irradiation
The effect of the rf-treatment on the macroscopic scale is most
pronounced at the vicinity of the morphology transition. Hence we
mainly focused on macrolevel comparison of the ECD patterning
between control and rf-irradiated solutions for C = 0.2 M and
V = 12.4 V. For the rf-treatment we used electromagnetic signals
with a narrow band located at a frequency of 915 MHz and broadcast through a linear antenna that is immersed in a water tank at
25 °C. We irradiated 50 mL of zinc sulfate solution in a glass bottle
that is placed adjacent to the antenna in the same water tank.
In Fig. 4 we demonstrate that for these conditions a DBM pattern
emerges in the rf-treated solution instead of the dendritic growth in
the case of the untreated solution. We also demonstrate that the
effect of the rf-treatment lasts for over an hour. We note that the
results presented here reproduce those reported in.14 Different protocols of rf-treatment lead to the same effect of DBM growth instead
of the dendritic one but the DBM pattern is somewhat different for
each case as illustrated in Fig. 4 and 5.
From a pattern formation perspective we note that in the context
of Saffman-Taylor fingers 共formed while air is pushed into a viscose
fluid10兲 it has been shown that a small air bubble 共about millimeter
size兲 placed at the tip of the finger can provide stabilization against
the tip-splitting instability. Consequently, instead of the ordinary tip-
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Figure 3. Comparison between the time dependence of the response current
for the DBM 共at C = 0.2 M and V = 11 V兲 共the dashed curve兲 and the dendritic growth 共at C = 0.3 M and V = 13 V兲 共the dotted curve兲. Note the
differences in the functional dependence of the current for the two morphologies. This behavior is connected with the selection of the growing morphology. According to the fastest growing morphology selection principle, the
faster morphology is the selected one as explained in Ref. 10-13 and 42-50.

splitting pattern, the finger forms a dendrite 共parabolic shaped tip
and emergence of side branches93-95兲. This phenomenon might lead
one to expect that the formation of nanobubbles by the rf-treatment
should lead to the selection of dendritic growth rather than the DBM
one. The fact that we observed the opposite effect provides additional support to the idea 共presented in the Introduction兲 that the
nanobubbles form a network that induces long-range water ordering
for the following reasons: As was mentioned in the Introduction a
microlevel singular perturbation mechanism that involves symmetry
breaking is required for dendritic growth. In solidification it is
known that the crystal structure of the solid leads to anisotropic
surface tension and anisotropic kinetic of attachment that act as the
singular perturbation mechanisms that lead to dendritic growth. In
penetration of air into viscous fluid there is no internal anisotropy.
Hence an external singular symmetry breaking perturbation is
needed for dendritic growth as was demonstrated by Ben Jacob et
al.10-13,51 These results and the effect of a bubble placed at the tip of
the air finger demonstrate that an external mechanism can also act as
a singular perturbation during pattern formation. Electrochemical
deposition is similar to solidification as the crystalline structure of
the metal deposit provides internal singular perturbation that can
lead to dendritic growth in the absence of externally induced ordering. In the specific case of zinc deposition the anisotropy is so large
that at high voltages the DBM is composed of relatively short dendrites with random orientation as will be presented later. This phenomenon probably emerged as a result of competition between the
internal anisotropy and variations due to convective dynamics
around the deposit.33 We propose that in the case of rf-treated solutions, the long range water structure generated by the nanobubbles
has its own ordering that competes with the internal anisotropy of
the growing deposit and hence selects the DBM. This idea is supported by the microscopic observations of the deposits as will be
shown further on.
The Macrolevel Effect of Nanoparticle Doping (NPD)
In this section we proceed to show results on the macrolevel
patterning of electrochemical deposition in zinc sulfate solutions
prepared from nanoparticles doped water 共NPD-water兲—water that
is doped with nanoparticles 共barium titanate BaTiO3兲 under rfirradiation. A more detailed description of the production process
and the physical characterization of this NPD-water are presented in
the Appendix 共the Neowater™ by Do-Coop Technologies Ltd.兲.

Figure 4. Induced morphology transition. 共a兲 The emerged morphology for
the control deposition for C = 0.2 M and V = 12.4 V. 共b兲 The emerged morphology in the rf-irradiated solution 20 min after treatment. 共c兲 The emerged
morphology after 40 min. 共d兲 The emerged morphology after 96 min. The rf
signal was applied at power P = 15 W and frequency 915 MHz for 30 min.
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Figure 6. The effect of nanoparticle doping on 共b兲 the electrochemical deposition vs 共a兲 control for V = 12.4 V and C = 0.2 M. In these experiments
MOS water was used both for the control and the preparation of the doped
water.

Figure 5. The effect of 共b兲 the rf-treatment vs 共a兲 control using power of
P = 15 W and frequency 915 MHz for 30 min. The deposition started
45 minutes after the rf-treatment. The results of Ref. 14 are shown in 共c兲 and
共d兲 for control and rf-irradiated solution, respectively. The rf-treatment was
at 915 MHz using power of P = 15 W for 17 min and the deposition started
30 min after the rf-treatment.

In Fig. 6 we show that similar to the case of the rf-treatment the
nanoparticle doping leads to the selection of the DBM pattern over
the dendritic one at C = 0.2 M and V = 12.4 V. More specifically,
for growth conditions at which dendritic growth is observed for
control solutions 共made from RO or MOS water兲, DBM patterns
emerge for ECD in solutions made from the NPD-water. We notice
that the effect is more pronounced in comparison to that of the
rf-treatment in the sense that the DBM pattern is denser and the
transition to the dendritic growth starts at a larger radius, i.e., at later
times.
As described in the Appendix, the NPD-water contains some
residual level of Ba+ cations. From previous studies it is known that
mixing of different cations can act as a singular perturbation that
changes the growth pattern.10 Therefore, in principle, the observed
effect can resulted from the free barium cations. So, we performed
ECD experiments and found that a detectable effect is indeed observed for concentrations down to about 10−3 to 10−2 M. Since the
concentration of the barium cations is lower than 1 M, we conclude that the effect does not resulted from the free barium cations.
To further verify that the observed effect results from the physical effect of the NPD-water 共the induced water structure兲, and does
not result from the differences in the chemical composition 共between
the NPD-water and the RO water兲, we performed the following
experiments. The nanoparticles were deposited in a passive process,
on the plates of the ECD cell with a very low density. The deposition was simply done by placing the NPD-water above the plates for
30 min. In Fig. 7 we show the effect of electrochemical deposition
in control solution, but when using the plates with deposited nanoparticles from the NPD-water. Based on AFM scanning we deduced
that the density of the deposited particles is lower than about 10
particles per square micrometer. Comparing Fig. 7b to Fig. 6b it is
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Figure 7. The effect of nanoparticles deposited on the plates of the ECD
cell. The pictures show comparison between 共a兲 the control electrochemical
deposition and 共b兲 electrochemical deposition using the same solution as in
共a兲 but performed in the cell after nanoparticles were deposited on the plates.
The growth conditions in both cases are for V = 12.4 V and C = 0.2 M.

evident that the effect of the deposited nanoparticles is similar to
that of the doped ones. We note that the plates are rinsed with
distilled water after plating to remove residual deposited salts from
the NPD-water. These findings hint that the deposited nanoparticles
can induce order in the solution presumably due to attraction of
nanobubbles. In this regard we note that it is known that
nanobubbles tend to accumulate at hydrophobic surfaces.76 The observed effect of the deposited nanoparticles also provides important
support to the idea presented earlier that the selection of the DBM
growth is due to the effect of external ordering that competes with
the effect of the internal anisotropy of the deposit. We propose that
the effect of the deposited nanoparticles is stronger than that of the
doped ones 共more symmetric and extended DBM patterns兲, since the
network induced by the deposited nanoparticles is more rigid 共the
particles are anchored to the surface兲.
The Singular Effect on the Microscopic Scale
According to the new picture of pattern formation,10-14,42-54 we
expect that if the rf-treatment and the nanoparticle doping act as
singular perturbations, the observed morphology changes on the
macrolevel should go hand-in-hand with significant effects on microscale structure of the deposits. Motivated by these theoretical
considerations we performed extensive studies using electron microscopy observations. More specifically, we compared the structure
of the DBM and dendritic deposits during growth in control solutions 共C兲, rf-treated solutions 共rf兲, and solutions made from NPDwater 共NPD兲 at different magnifications using SEM. We note that
three classes of growth conditions were selected: 共1兲 Low voltages
such that the ECD process for 共C兲, 共rf兲, and 共NPD兲 yields DBM
patterns on the macroscopic scale; 共2兲 high voltages such that dendritic patterns are observed on the macrolevel for the three types of

solutions; 共3兲 intermediate voltage 共V = 12.4 V兲 such that for 共C兲
dendrites are observed on the macrolevel and the DBM is exhibited
for 共rf兲 and 共NPD兲. In Fig. 8 and 9 we show a comparison between
the micrometer scale ordering of the DBM deposits. The results
depicted in these figures clearly illustrate significant differences between the microscale structures of the deposits developed in the
control solutions vs those developed in the rf-treated solutions and
in the solutions made from the NPD-water.
The results show that for these growth parameters the DBM deposit in the control solutions is mainly composed of very wide dendrites while the deposits for both 共NPD兲 and 共rf兲 are composed of
narrow branches. The white bulges at the ends of the branches and
the dendritic tips are the results of equilibration and oxidation. The
patterns shown in these pictures provide a clear illustration that the
effects of the rf-treatment and nanoparticle doping are similar and
that are both act as a singular perturbation. We note that few nondendritic branches can also be observed in the case of control solutions as can be seen in 共c兲. Yet they have different structures on the
smaller level as shown in Fig. 9. At higher voltages the DBM deposits in the control solutions, while the rf-treated solutions and the
solutions made from the NPD-water are all mainly composed of
dendrites with scattered orientations. There are significant differences in the shape of the dendrites 共the tip curvature兲 and the organization of the side branches. An example of the dendrites embedded in the DBM deposits grown in solutions made from NPD-water
are shown in Fig. 11. The dendrites constructing the DBM deposits
grown in the rf-treated solutions are similar in shape and organization of the side branches and they both differ from those embedded
in the DBM deposits grown in the control solutions. In Fig. 10 we
show a comparison between the dendrites developed at high voltage
共V = 13.0 V兲 for 共C兲, 共NPD兲, and 共rf兲. The singular effects of the
rf-treatment and the nanoparticle doping are reflected in the dramatic changes in the electron microscopy observations. We also
show that deposits grown in an rf-treated solution two hours after
the treatment have similar structure to that of deposits grown in
control solutions. These observations demonstrate that the effect of
the rf-treatment does not result from irreversible modifications in the
chemical composition of the solutions. Thus the results support our
proposed picture that the effects are mediated via physical changes
in the water structure induced by the nanobubbles.
The results show the similarity in the microscopic structure between the deposits grown in the rf-treated solution and deposits
grown in a solution made from the NPD-water. Both show the existence of additional long-range order in comparison to the deposits
grown in the control solutions. We emphasize that the deposits in 共b兲
and 共d兲 are composed of small dendrites 共smaller tip curvature兲 and
more ordered side branches than the ones for 共rf兲 and 共NPD兲. These
small dendrites are distorted in the pictures here because the smaller
tips are subject to faster equilibration during the preparations for the
electron microscopy observations. Comparing pictures 共a兲 and 共c兲
we noticed that the effect of the NPD-water is stronger than that of
the rf-treatment in the sense that there is more pronounced ordering.
Comparing pictures 共c兲 and 共d兲 we note that after a long time 共hours兲
the effect of the rf-treatment fades away as reflected by the fact that
the deposit becomes similar to that grown in the nontreated solution.
These observations suggest that the effect of the rf-treatment is connected with reversible physical changes—the formation of long
range order—and not with irreversible chemical modifications of the
rf-treated solutions.
In the previous sections we showed a comparison at the vicinity
of the morphology transition between DBM and dendritic patterns
on the macrolevel. We presented a plausible explanation to the fact
that the DBM morphology is selected at V = 12.4 V for 共rf兲 and
共NPD兲 while dendrites are selected 共on the macrolevel兲 in the control solutions. The explanation was based on the idea of competition
between the dendritic order emerging from the singular effect of the
internal crystalline anisotropy of the deposit and the singular effect
of the external water order induced by the nanobubbles. The idea is
that, at lower voltages, the effect of the external order dominates the
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Figure 8. Secondary electron 共SE兲 SEM
micrographs of DBM growth on the macrolevel for 关共a兲 and 共c兲兴 V = 8.0 V and
C = 0.1 M for 共C兲, 共b兲 共NPD兲, and 共d兲
共rf兲.

Figure 9. SE SEM micrographs of the
DBM deposits for 关共a兲 and 共b兲兴 共C兲 vs 关共c兲
and 共d兲兴 共rf兲. Comparison of the two sets
of pictures reveals that additional long
range order is induced in the 共rf兲 deposits.
Interestingly, this additional ordering goes
hand in hand with an apparently less ordered looking structure on the micrometer
scale. Growth conditions are V = 9.0 V
and C = 0.2 M.

growth and thus leads to a DBM pattern on the macrolevel. At a
higher voltage, since the deposition process is faster, the singular
effect of the internal anisotropy is amplified 共see Ref. 10-13 and

dominates dendritic growth on the macrolevel. We mentioned before
that the nanobubbles form a pliable and not rigid network, and hence
we expect that the external order will adjust to the developing de-
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Figure 10. SE SEM micrographs of dendritic growth V = 13.0 V and C = 0.3 M
for 共a兲 共NPD兲, 共b兲 共C兲, 共c兲 共rf兲, and 共d兲 共rf
after two hours兲.

posit but not fade away. Indeed, this is the case as is illustrated in
Fig. 11 by comparing the dendritic structure of deposits grown in
solutions made from NPD-water at different voltages.
Figure 11 compares between dendritic structures of NPD water at
different voltages. In 共a兲 we show the dendrites that compose the
deposit at V = 11.0 V so that on DBM a pattern is developed on the
macrolevel. As is explained in the text at this level of voltage the
singular effect of the external order is the more dominant one. In 共b兲
we show the opposite case of growth in high voltage in which the
singular effect of the internal anisotropy selects a dendritic pattern
on the macrolevel. Yet the singular effect of the external order is
reflected in the special ordering of the sidebranches. In 共c兲 and 共d兲
we show the structure of the dendrites embedded in the DBM patterns grown at intermediate voltages, V = 12.4 V. In this case, the
competition between the internal and external ordering lead to a
cascade of order disorder between the different scales. The small
dendrites have relatively ordered sidebranches but they have a nonordered orientation. On a higher magnification, there is a longer
range order.
Discussion and Conclusions
The experimental studies presented here were intended to provide additional insight toward a better understanding of a newly
observed phenomenon in electrochemical deposition—the singular
effect of rf-treatment of the solutions. Using electron microscopy
observations, we showed that rf-treatment of an electrolyte solution
affects the deposition process and that the effect on the deposit
structure spans over all scales, from the microscopic structure,
through the micrometer-scale organization, to the macroscopic pattern. To further substantiate the universality of the phenomenon, we
also studied electrochemical deposition in solutions where the solvent was nanoparticle-doped water 共NPD-water兲, doped under rfirradiation as described in the Appendix. We showed that similar and

even more pronounced effects were observed with the NPD-water
and that the effects could be retained for months after production.
We mentioned in the Introduction that various mechanisms have
been shown to act as singular perturbations during electrochemical
deposition,
including
modification
of
the
solution
viscosity19,23,29,30,34,36 and changes in the double layer at the solidliquid interface20,24 and in the kinetics of attachment.22,27,32,34 It is
also known, as discussed in the first section, that rf-treatment induces changes in the solution surface tension, in the viscosity, and in
the zeta potential. Put together, the above known facts imply, as we
explain below, that rf-treatment of an electrolyte solution can, in
principle, have singular effects on electrochemical deposition.
The chain of explanation begins with the idea that rf-irradiation
of water and aqueous solutions can lead to the formation of stable
共hours兲 gas nanobubbles.59,60,65,67 The latter induce ordering in the
water around them that is assumed to generate the observed anomalous effects of the rf-treatment. This idea is strongly supported by
the fact that degassing of the treated water or solutions erases the
effects, and rf-treatment has no effect on degassed water.58-69
Let us look again at the previously proposed assumptions in the
literature regarding the formation and effects of nanobubbles 共see
the first section兲: 共1兲 The nanobubbles have long-term stability
共hours兲; 共2兲 the gas-water interface of the nanobubbles is hydrophobic and therefore the water molecules form clathrate shells with an
“icelike” structure around the gas nanobubbles; 共3兲 the ordered
shells can induce order in the water molecules surrounding the
nanobubbles that extends up to a micrometer in range.
Back to electrochemical deposition, the above proposed assumptions provide a plausible explanation to how rf-irradiation can act as
a singular perturbation: The water ordering induced around the
formed nanobubbles can act as a local 共from nano to micro兲 singular
perturbation since it affects the properties of the double layer, the
kinetics of attachment, and the diffusion and transport of ions near
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Figure 11. Comparison between the dendritic structures on the microlevel between
共NPD兲 deposits grown at different voltages.

the interface of the deposit. These can explain the observation of
micrometer scale structural differences between dendrites grown in
the control solution vs those grown in the rf-treated solutions and in
the solutions made with the NPD-water.
However, as we pointed out earlier, the additional observations
presented here connected with the selection of the DBM morphology for the 共rf兲 and 共NPD兲 might indicate the presence of an additional effect, besides the induced order around the nanobubbles.
More specifically, the observations indicate the existence of longrange 共dozens of micrometers兲 ordering that competes with the internal ordering imposed by the crystalline anisotropy of the growing
deposit. It was suggested that external long-range order is generated
by the nanobubbles that are dispersed in the solution with a nonarbitrary distribution resulting from the collective effect of the exchange interactions between the bubbles. We specifically suggested
that the bubble-bubble interactions lead to self-organization of the
bubbles into a pliable network with a hierarchical organization of
clusters and clusters of clusters of nanobubbles, with larger bubbles
being the hubs of the clusters.
We emphasize that this picture also provides a putative explanation to the unexpected effect of the nanoparticle doping—the dramatic stabilization of the rf-treatment anomalous effects. The nanoparticles presumably replace the large gas nanobubbles. Unlike the
large gas nanobubbles, the nanoparticles do not expand and hence
provide totally stable anchors to the entire array of the gas
nanobubbles. Furthermore, we can say that the observation of the
stabilization of the effects of rf-treatment by nanoparticle doping
supports the idea of hierarchical organization of the nanobubbles. As
was pointed out earlier, the idea of the formation of a pliable network of nanobubbles is also consistent with the observed effect of
nanoparticles that are deposited on the surfaces of the ECD cell.
Clearly, many additional experiments as well as theoretical investigations need to be performed in order to validate and substantiate the new idea. As a step in this direction, we used isothermal

titration calorimetry 共ITC兲 to test the effect of injecting solutions
made with the NPD-water into control solutions and vice versa. The
preliminary results show an endothermic peak in the former case,
implying that the NPD-water solutions have lower free energy,
which is consistent with the idea of nonarbitrary distribution. We
also note that the magnitude of the effect and the small size of the
injected droplets rule out explanations based on chemical activity.
To conclude, we reported here on interesting observations relating to the effects of rf-treatment on electrochemical deposition and
its stabilization by nanoparticle doping. We propose that the previously reported anomalous effects of rf-treatment58-69 together with
our new findings hint to the existence of unknown physical phenomena related to the fundamental properties of water. The experiments
reported here might provide important clues to revealing these principles.
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Appendix
Nanoparticles Doped Water
As was mentioned in the text, the effects of the rf-treatments can be amplified and
stabilized by doping the water with a low density of insoluble nanoparticles. The process is owned by Do-Coop Technologies Ltd. which produces Neowater™. The process
starts with reverse osmosis 共RO兲 water that is kept below the anomaly point 共i.e., below
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4°C兲 and is irradiated by a rf signal at 915 MHz at a power of 60 W. After 10 min of
rf-irradiation, submicrometer size powder of barium titanate that is heated to about
900°C is dropped from the furnace into the water and the rf-irradiation continues for an
additional 5 min. Then the water is placed at room temperature for two days, until most
of the source powder 共that contains larger particles兲 sinks to the bottom and the clear
part of the water is separated.
In Fig. A-1 A we compare the source powder and the nanoparticles at the clear
doped water following the production and the separation processes. It can be seen that
while the source powder contains large agglomerates composed of small particles with
rectangular and faceted shapes, after the doping process most of the particles have
almost perfect spherical shape as if due to melting, and their diameter ranges between
10 and 100 nm. These observations indicate that during the production some of the
large agglomerates disintegrate and some of the individual particles alter their shape and
become spherical. The effect is reminiscent of the phenomena observed during
sonochemical synthesise of nanoparticles using cavitation.96-98 In sonochemistry acoustic signals are used to generate cavitation. We propose that during the production process of the NPD-water, nanobubbles are generated by the rf-treatment and cavitation is
generated due to the injection of hot particles into water below the anomaly temperature. The idea is that since the water is kept below the anomaly temperature the hot
particles cause local heating that in turn leads to a local reduction of the specific volume
of the heated location that in turn causes underpressure in other locations.
The rf-treatment prior to the injection of the particles generates nanobubbles that
are used for the cavitation. Interestingly, it takes a long time 共hours兲 for the special
properties on the NPD-water to emerge. We propose that during this time the water goes
through a self-organization process that includes an exchange of gases with the external
atmosphere and selective absorption of the surrounding electromagnetic radiation. We
further assume that this self-organization process leads to the formation of the stable
structured distribution composed of the nanobubbles and the injected particles that is
described in the Discussion section.
In order to estimate the density of the nanoparticles in the NPD-water the water was
analyzed using inductively coupled plasma mass spectrometry 共ICP-MS兲 which is a
very powerful tool for trace 共ppm-ppb兲 elemental analysis. We found that the NPDwater contains 0.2 mg/L barium and ⬍0.01 mg/L titanium. Since the ratio of the
barium vs titanium does not fit the stoichiometric ratio 共there is an excess of barium兲,
we assumed that there are free barium ions and titrated the NPD-water with sodium
sulfate. As expected, after titration, the barium content decreased to about 0.04 mg/L
which is close to the correct stoichiometric ratio of barium titanate. Next, based on the
typical size of the nanoparticles as estimated from the electron microscope observations

Figure A-1. 共a兲 SE SEM micrographs of the source powder and 共b兲 bright
field TEM micrographs of the nanoparticles after the injection process.

and the measured total amount of titanium 共assuming all the titanium is in the nanoparticles兲, we estimated that the density is below 1012 nanoparticles/1 mL. Hence the
distance between the nanoparticles is larger than 1mL. For additional investigations of
the effect of nanoparticles on water structure, see Ref. 99.
Back to the free barium ions, it has been shown that there is a spontaneous leaching
of barium from barium titanate surfaces of nanoparticles and that the process saturates
at pH 艋 7.100 With regard to the observed effects in the solution using the NPD-water
as a solvent we emphasize that the effects are not due to the chemical activity of the
residual barium ions since the concentration is below 1 M and we used above 0.1 M
concentrations of zinc sulfate.
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