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Abstract
In three-dimensional tanks, the bubble-guided growth of chemical garden tubes can be quite erratic. Here, we experimentally
analyze the bubble-guided growth of such chemical gardens in quasi one-dimensional geometries using a co-flowmicrofluidic
reactor. The confined environment tames the precipitation such that hollow straight tubes or thicker worm-like tubes can be
obtained. In some regions of the parameter space spanned by the flow rate and the ratio of the bubble diameter to the inner
width of the host capillary, an oscillatory motion of the bubble drives the growth of helices.
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Introduction

The far-from-equilibrium precipitation of chemical gardens
has long drawn attention thanks to the beauty of the various
erratic forms obtained when, typically, a seed of a metallic
salt is poured into a three-dimensional (3D) beaker contain-
ing a silicate solution [1]. Meanwhile, their growth has been
studied with various applications in mind, like the formation
of biomimeticmicro- and nanotubular forms [1–3], the devel-
opment of newnon-equilibriummaterials synthesis paths [4],
and even the investigation of life’s emergence in terrestrial
and extraterrestrial worlds [5–8].

Whereas properties of chemical gardens are nowadays
well understood [1, 3], their controlled and reproducible
growth is still a challenge. Understanding how to synthesize
given chemical garden tubes with specific forms or compo-
sitions is a prerequisite to progress in their use for nonlinear
materials synthesis.
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Scientific approaches developed recently for the con-
trolled growth of chemical gardens include: (1) the injection
of a solution of one reactant into a 3D reservoir of the sec-
ond reactant [9–11]; (2) the growth of pellets of controlled
composition in a beaker of the other reactant, allowing the
measurement of electrochemical potentials which are of par-
ticular interest for the understanding of life’s emergence in
marine vents [12]; (3) the two-dimensional (2D) growth by
injection of one reactant into the other reactant initially fill-
ing the confined geometry of a Hele-Shaw cell (two glass
plates separated by a thin gap) [13–18]; (4) precipitation in
microfluidic devices [19, 20]; and (5) or formation of tubes
in co-flow systems [21].

In some cases, the growth of chemical gardens can be
controlled by an air bubble. Indeed, one of the most striking
properties of classical chemical gardens grown in 3D beakers
is that, sometimes, a bubble appears spontaneously and
can guide the extension of a chemical garden branch when
attached to its tip while rising in the 3D tank by buoyancy.
This bubble-driven growth of chemical gardens was first
reported by Hazlehurst [22], who described that air-capped
chemical gardens grow in an erratic way. Bubble-guided
chemical gardens have been studied in a more controlled
way by using the injection method in a three-dimensional
beaker [11, 23, 24]. With this approach, a gas bubble is
attached to the tip of the growth zone of the tube where the
inner solution is injected. As the inner fluid is injected, a pre-
cipitate tube grows, and the gas bubble remains connected
to the top of the precipitate structure while more precipitate
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is formed. Buoyancy forces cause the bubble to rise directly
upwards, thus forcing the tubes to grow vertically [25]. Pre-
cipitate films over bubble surfaces and tube growth have also
been observed via electrochemical processes in corrosion
systems that are considered to belong to the chemobrion-
ics field [1, 26, 27]. For instance, Stone and Goldstein [28],
studying the electrochemical formation of iron tubes (“fer-
rotubes”) on a steel cathode, also showed that the precipitate
film forms over the bubble surface within seconds of its
emergence from the tube. Self-organized structures on a zinc
disc-electrode surface have also been shown to grow by a
mechanism similar to that of chemical gardens [29], such
that studies of new mechanisms of tube growth in chemical
gardens can also benefit corrosion studies.

In parallel, other studies have tamed the growth of chemi-
cal gardens by reducing the spatial dimensions of the system.
In quasi two-dimensional Hele-Shaw cells, a large variety of
patterns like spirals, worms, and filaments are observed upon
injection of one reactant solution into the bulk of the cell filled
with the other reactant [13]. For high concentrations of both
reactants, thinfilaments growwith irregular turnarounds [13–
18]. The reduced space allows to better quantify their growth
dynamics [26, 30]. In quasi 1D reactorswith injection, further
control allows to grow controlled hollow tubes and extract
new information about oscillatory dynamics [9, 21].

Here, we experimentally explore the growth of chemical
garden tubes by combiningbubble-guidedgrowth and taming
in a quasi one-dimensional co-flow system. We show that
regular hollow tubes, worm-like patterns, as well as helices
can be obtained depending on the injection flow rate and
on the dimensionless bubble diameter. This paves the way to
the use of flow conditions with controlled bubble guidance to
master the choice of tube forms and their chemical properties
in non-equilibrium conditions.

Materials andmethods

For the bubble-guided growth of chemical gardens, we use a
custom-made reactor which consists of two concentric capil-
laries forming a co-flowgeometry, as introduced in a previous
study [21]. The capillaries of the microfluidic reactor are flu-
orinated ethylene propylene (FEP) chromatographic tubes
(Vici Jour). The larger outer capillary initially containing sil-
icate has an external diameter dSiout= 3.2 mm and an inner
diameter dSiin = 2.1 mm whereas the dimensions of the inner
capillary through which the bubble followed by the cobalt
chloride solution is injected has dCoout= 1.59 mm for the outer
diameter and dCoin = 1.00 mm for the inner diameter. The two
capillaries are connected with a Poly-Ether Ether Ketone
(PEEK) junction positioned vertically on a plexiglass plate.

The injection of the reactants is done using a neMESYS low-
pressure pump syringe working with a BASE 120 controller.

The injected reactant is an aqueous 1.375 M cobalt chlo-
ride (CoCl2) solution obtained by dissolving CoCl2.6H2O
(Sigma Aldrich) in distilled water, whereas the host reactant
is a sodium silicate (Na2SiO3) solution, used as purchased
fromSigmaAldrich, andwith a chemical composition:Na2O
= 10.6 %, SiO2 = 26.5 %.

In all experiments presented here, the outer host solution
is stagnant while the inner solution of CoCl2 is injected with
a constant flow rate QCo. Before injection starts, the inner
CoCl2 is initially separated from the silicate solution that fills
the outer capillary by a given volume V of air.When the air is
completely pushed out of the inner capillary by the injected
CoCl2 solution, a bubble forms and precipitation starts on
the bubble surface. The bubble is squeezed if its diameter
d = (6V /π)1/3 is smaller than the inner diameter of the outer
tube dSiin . An important parameter of the problem, besides
the flow rate QCo is therefore the geometric parameter ξ =
d/dSiin . If ξ < 1, the bubble has a diameter smaller than the
width of the host outer tube and can thus rise in the gravity
field by buoyancy without touching the walls, if initially well
positioned at the center of the tube. On the contrary, if ξ > 1,
the bubble is larger than the tube and will thus fill in the
outer capillary while stretching vertically during its upward
motion. Let us see how the presence of such a bubble of
varyingdiameter can influence thegrowthof chemical garden
precipitates in the co-flow reactor.

Results and discussion

First, let us recall that a previous study has shown that, in the
absence of any bubble, filaments grow in this co-flow set-up
in an oscillatory way, forming precipitates with thin peri-
odically spaced membranes on their surface [21]. Here, we
analyze how the presence of a bubble can help to control this
growth in a vertical set-up. If we introduce a bubble of a given
volume V at the tip of the inner tube, in front of the solution
of CoCl2 injected at a flow rate QCo, the bubble is pushed
away and detaches from the tip of the tube. If the experiments
are performed in tubesmaintained in the horizontal direction,
the growth of tubes systematically fails due to the buoyant
tendency of the bubble to move in the upward direction. If
the set-up ismaintained vertically, regular precipitation tubes
can be obtained in a large zone of parameters.

Upon injection of the inner reactant into the outer capil-
lary, a reaction zone develops between the two fluids and the
bubble, where a very thin precipitate membrane is formed.
The bubble rises in the gravity field, templating the growth
of the tube. Figure1 shows examples of the various types of
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Fig. 1 Examples of
precipitation patterns obtained
in the co-flow system: A straight
tube, B worm-tube, C helix, D
unsuccessful experiment where
the bubble (visible in the upper
part inside the dashed rectangle)
has taken a cylindrical shape,
and E failed experiment where
the bubble was trapped between
the inner and outer FEP tubes.
The precipitation occurred
without the presence of a
bubble. F–I Various forms of
helices obtained. The scales of
the photos are given by the outer
diameter of the outer tube dSiout=
3.2 mm
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precipitation patterns obtained. Three major types of regu-
lar tubes are obtained: straight tubes (Fig. 1A), larger tubes
resembling worms (Fig. 1B), and spiraled tubes (Fig. 1C,
F–I). In some cases, either no reaction occurs because the
bubble prevents the mixing of the two reactants (Fig. 1D)
or the bubble-guided precipitation fails simply because the
bubble stays stuck between the two tubes (Fig. 1E). Note that
the spiraled tubes are here driven by the oscillatory motion
of the bubble and are thus different from precipitate helices
obtained in horizontal flow systems [31].

Parameter space

Figure2 summarizes where the various precipitation patterns
are observed in a parameter space spanned by the injection
flow rate QCo of the inner CoCl2 solution and the bubble/tube
aspect ratio ξ . For ξ = 0.55, straight precipitation tubeswith-
out any irregularities on their surface, such as the one shown
inFig. 1A, are obtained above a givenflow rate. Their regular-
ity is due to the fact that the bubble, having a smaller diameter
than the tube, moves without any disturbance inside the outer
tube, forming a thin, regular precipitation tube. Microscopy
images taken after the experiment show that the precipitate
is hollow and its inner and outer surfaces are smooth. If the
flow rate is too small (QCo = 10 μL s−1 for example), the
bubble-templated precipitation fails because the bubble stays
attached to the inner tube and does not rise in the upward
direction. In some cases, the bubble remains trapped between
the inner and the outer FEP tubes andprecipitation takes place
without a bubble (Fig. 1E), leading to the formation of pre-
cipitates with membranes on their surface as seen previously
in the same set-up in the absence of a bubble [21].

For larger ξ (here ξ = 0.93 and 1.04), the bubble shape
becomes cylindrical and fills totally the space between the

cobalt chloride and silicate solutions upon entry into the outer
tube. The dynamics then depend on the injection speed. For
lowerflowratesQCo = 10or 40μLs−1, the bubble retains its
cylindrical shape upon displacement, and acts like a piston,
i.e., pushes gently the silicate solution out of the reactor with-
out any contact with the CoCl2 solution. This results in no
precipitation as seen on Fig. 1D, where the upper part of
the image shows that the red CoCl2 solution is separated
from the transparent silicate solution by a bubble of cylin-
drical shape (inside the dashed rectangle). For larger flow
rates, we observe that the rising bubble starts to be squeezed
and oscillates between the two opposite walls of the outer
tube. This induces the formation of much larger worm-like
tubes (Fig. 1B) invading the whole width of the outer tube.
These tubes are hollow, as can be seen under the microscope
(Fig. 3B).

For intermediate values of ξ and lower values of QCo, new
dynamics inducing helical precipitates are obtained. Specifi-
cally, for QCo = 10, 20 or 40 μL s−1 and ξ = 0.79 (Fig. 2),
we regularly obtain precipitate tubes that take a helix shape,
as seen on Fig. 1C. For these values of parameters, the rising
bubble oscillates between the twowalls of the outer tube, tem-
plating the growth of the tube as a helical three-dimensional
structure. Both right-handed and left-handed helices are
obtained as the rising bubble has no preferable initial direc-
tion after leaving the inner tube (Fig. 4). Microscope images
show that, after aging, the inner side of the helical precipi-
tate takes a green color while the outer surface is rather white
(Fig. 3A). This is related to the fact that cobalt-based precip-
itates can exhibit a wide variety of colors depending on their
oxidation state, coordination sphere, and degree of hydration.
In newly formed spiralled tubes, the fresh precipitate is green,
which we attribute to the initial formation of cobalt(II) oxide
[CoO] - silicate interfaces. On aging, however, the outer wall

Fig. 2 Summary of the
observed type of pattern in the
parameter space spanned by the
injection flow rate QCo of the
inner solution of CoCl2 and the
bubble/tube aspect ratio ξ
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Fig. 3 Microscope images of A
the outer and inner surfaces of a
helix after opening it in its
middle and B a worm tube

of the tube comes in prolonged contact with the alkaline
silicate solution and experiences further hydration and con-
version of CoO to cobalt (II) hydroxide [Co(OH)2], which
is usually white in color. This explains why the outer sur-
face of aged helices turns white while the inner part, which
has lesser exposure to the silicate, retains the green color-
ing. These observations are consistent with those done on
tubes obtained in the absence of bubbles [21], where precip-
itate tubes of different colors were recovered as a function of
experimental conditions and extent of hydration or aging. In
our case, the change in color reflects a progressive chemical
evolution of the precipitate composition, from anhydrous or
oxide-rich phases (green) to hydrated hydroxides (white).

A variety of helical precipitates has been obtained: (1)
long helical precipitates (Fig. 1F), irregular twisted tubes
(Fig. 1G), precipitates in which their initial and last part
is a helix while a straight tube is created in between
(Fig. 1H), helices with local flat surfaces giving twisted rib-
bons (Fig. 1I). For QCo = 10μLs−1 and ξ = 0.79, almost 60
% of the experiments lead to no precipitation, while roughly
40 % feature the formation of helical precipitates, as shown
in Fig. 1C. This suggests the proximity of a critical value of
QCo for ξ = 0.79 above which the rising bubble starts to
oscillate, templating the helical precipitates.

Note that the phase space diagram of Fig. 2 gives a general
indication of the values of parameters where typical pat-
terns are obtained. In practice, the system is very sensitive to

differences in initial conditions and to irregularmotions of the
bubble. Two main perturbations are regularly encountered:
(1) the bubble can be trapped on the walls between the inner
and outer FEP tube, resulting in precipitation patterns fur-
ther downstream similar to those developing in absence of the
bubble; (2) the bubble leaves the inner tube but slides without
oscillating on the walls of the outer tube. Here again, precipi-
tates similar to those previously studied without a bubble are
obtained [21]. These two experimental problems cannot be
avoided. Hence, multiple experiments need to be performed
to obtain several regular helices.

Tube widths

Figure 5 shows the average value of the width of the tube
as a function of the injection flow rate for the straight tubes
and the worm tubes. For ξ = 0.55, where straight tubes are
obtained (Fig. 1A), the average width of the tube remains
around the value of 1.6 mm independently of the CoCl2 flow
rate. The corresponding bubble diameter for ξ = 0.55 is 1.15
mm. The additional 0.45mm is the thickness of the tubewall.
For ξ > 0.79, where the worm tubes are observed (Fig. 1B),
the average width is around 1.9 mm, meaning that the worms
almost entirely invade the thickness of the reactor. In this
case, the width of the precipitate tube is mainly controlled
by the outer tube diameter.

Fig. 4 Example of left-handed and right-handed helices

123



Journal of Solid State Electrochemistry

Fig. 5 Average width of the
tubes as a function of the
injection flow rate QCo

Conclusions

The bubble-guided growth of chemical garden tubes has been
studied experimentally in a quasi-1-dimensional co-flow
microfluidic device in which a solution of cobalt chloride
is injected into a solution of silicate at a constant flow rate
QCo. Various precipitation structures have been obtained
when varying the injection flow rate and the bubble/inner
tube aspect ratio ξ . If the CoCl2 solution is injected at a
sufficiently high velocity, straight tubes dominate at lower
bubble size, while thicker worm tubes are obtained for larger
bubbles. If the injection flow rate is too small, precipitation
can either fail or produce some patchy, irregular precipita-
tion structures. Nevertheless, for a given intermediate value
of ξ and low flow rates, very regular spiralled precipitation
tubes are obtained when the bubble starts to have an oscil-
latory motion within the tube. The percentage of the right
and the left-handed helices is roughly equal, meaning that
there is no preference in the chirality of the precipitate. These
results show that the use of a bubble to grow a chemical
garden tube allows to control the width of the tube, switch-
ing from straight tubes of smaller diameters to larger worm
tubes when the volume of the bubble is increased. More-
over, at lower injection speeds, helices can be obtained in
some cases thanks to an oscillatory motion of the bubble in
the confined geometry of the tube. This paves the way to
analyze bubble-controlled growth of the tubes in quasi two-
dimensional confined geometries, like in Hele-Shaw cells,
where the additional degree of freedom could trigger new
spatio-temporal dynamics.
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