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We investigate the growth of self-organized tubes formed by injection
of metal salt solutions into silicate solution. The wall thickness
increases strictly in an inward direction and obeys square root
functions suggesting the presence of a traveling reaction-diffusion
front in the radial direction. We also demonstrate the construction of
multi-layered tubes.

The synthesis of materials far from thermodynamic equilibrium
is a widely uncharted area of chemistry." While examples are
abundant in biology,> man-made efforts are severely limited by
the problem of maintaining a reaction in a nonequilibrium state
while simultaneously extracting desired products. In the case
of molecular and colloidal substances, this task can often be
accomplished with continuous stirred-tank reactors.> For
solids, however, unconventional approaches are needed which
typically rely on self-propagating reaction fronts.

Front-mediated reactions can produce materials with
advantageous microscopic characteristics (e.g. frontal poly-
merization) as well as surprising macroscopic shapes such as
hollow precipitation tubes.*® The latter structures have diameters
in the range of 1 pm to 1 cm. They form in a self-propagating
ring-shaped reaction zone. Within this zone an exterior solution
mixes and reacts with a second solution from the tube’s interior.
The latter reactant is continuously supplied from a source at
the tube’s base. In the case of the prototypical ‘silica garden’
experiment® the source is a metal salt particle and the second
reactant is an aqueous solutions of sodium silicate. Numerous
chemical variations of this experiment have been reported
including borate, carbonate,” and phosphate-based® precipitation
reactions as well as corrosion processes* and polyoxometalate
reactions.” In most of these systems, the tube wall is several
micrometres thick and has compositional gradients in radial
direction.*!%12 Related features of the wall can include
hierarchical nano-to-macroscale architectures,' high catalytic
activity,'* and photoluminescence.'®

The tube diameter can be controlled by pinning a gas bubble
to the leading reaction zone. This templating process yields
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very straight, high-aspect ratio tubes and could allow doping
of the material.'®'® During synthesis the structures can be
permanently bent by applying weak electric fields.!” Moreover
naturally occurring precipitation tubes are possibly relevant to
the formation of life because complex prebiotic chemistry
could have been fueled by pH gradients across the catalytically
active tube wall.'® Unfortunately only few studies have
attempted to analyze tube growth quantitatively. Exceptions
include work on the selection of the outer tube radius (in the
absence of bubbles)'® and certain oscillatory features in the
growth dynamics.?%%!

Herein we report a method for increasing and controlling
the wall thickness of precipitation tubes. The approach is
demonstrated for structures formed in silicate solution but
should also be applicable to other systems. Moreover it yields
quantitative insights into the growth dynamics suggesting
that radial wall growth is driven by a unidirectional reaction-
diffusion front.

In our experiments we inject either aqueous CuSO, or
ZnSOy solution (0.5 M) through a nozzle into a glass cylinder
filled with sodium silicate solution at concentrations of 1.0,
1.5, or 2.0 M. At the nozzle we introduce a single air bubble
that attaches to the nucleating tube. It remains pinned during
the vertical growth process (Fig. 1a) generating a very straight
tube of a constant outer radius R. This radius is only slightly
smaller than the bubble radius. The vertical growth velocity
vis determined by R and the volume flow rate Q of the injected
reactant A according to v = Q/(nR?).'® For our flow rate of
Q0 = 4.0 ml h™", this yields v = 0.67 cm s~ which is in good
agreement with our observations. Accordingly the tube
reaches the meniscus of the 10 cm high silicate reservoir
within 15 s.

At the end of this initial phase (in the following ¢ = 0) the
slightly translucent structures are light blue (CuSQOy, injection)
or white (ZnSOy injection). We then continue the injection of
A at the same flow rate for up to 2 h. Notice that the injected
solution passes through the entire tube and only slowly
accumulates on top of the heavier silicate solution. During
this sustained injection the copper-based tubes become darker.
After completion of the experiment, the tube is extracted, cut
to smaller segments, rinsed in water three times, and allowed
to dry at room temperature.

Visual inspection of the dried copper-based tubes suggests
that the wall thickness increases with increasing injection time z.
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Fig. 1 (a) Schematics of the experimental setup. A precipitation tube
forms if solution of A (0.5 M CuSO,4 or ZnSO,) is injected into
solution of B (sodium silicate). Gas injection through a needle creates
a bubble which can pin to the growing tube. The image shows an
optical micrograph of a forming tube with an outer radius of 230 pm.
(b,c) Schematics of the probable concentration profiles during the
onset of reaction (b) and after formation of a precipitate P (c).

This qualitative result is confirmed by scanning electron
microscopy (SEM). Two representative examples are shown
in Fig. 2. The tube in Fig. 2a is prepared without additional
injection (¢+ = 0) and has an average wall thickness w of
about 5 um. Injection for 1 = 60 min yields thicker samples
with w &~ 60 um (Fig. 2b).

Due to the rough surface texture of the tubes, SEM data
yield only approximate values for the wall thickness. We
therefore analyze the nonlocal quantity pw in which p denotes
the average density of the dried samples. This quantity is
measured from the sample’s mass (m), length (/), and outer
diameter (d) according to pw = m/(lnd). Notice that the
volume of the tube wall is approximated as wind. Typical tube
fragments have lengths of 4—14 mm, diameters of 280—750 pm
and masses of 30—3000 pg.

The specific pw kinetics yield important insights into the
underlying growth mechanism. For CuSOy injection we find
that the data are well described by square root functions of the

Fig. 2 Scanning electron micrographs of copper-based silica tubes
prepared in 1.0 M silicate solution. (a) + = 0 min (immediately after
tube formation), (b) £ = 60 min. Insets show the magnified wall. Scale
bars: 1 mm, insets 0.1 mm.

form \/a(t — 1)) (see Fig. 3 and Table 1). This time dependence
suggests that wall growth is a diffusion driven process. The
process is controlled by an effective diffusion coefficient D that
we obtain from the fits using the relation D = a/p* assuming
p = 1.6 g cm> which is an average obtained from SEM
measurements of w. The data in Table 1 show that D is three
orders of magnitude smaller than the diffusion coefficient of
small ions in water. The rather small ¢, values average to 17 s
and might be related to the initial period of rapid tube
formation. We note that all results are widely independent of
the outer tube radius. For technical reasons, we did not
investigate possible differences between the width of hydrated
and dry tube walls.

Another important finding is that the outer diameter of the
tube does not increase during sustained injection. Consequently
the tube wall grows strictly in an inward direction. This
surprising result suggests that the outward-directed flux of
hydrogen (and copper) ions must be negligible or all together
absent. This finding is consistent with results from energy-
dispersive X-ray spectroscopy (EDS), which show that the
silicon content of the outer wall surface is very low (<10%;
see Supporting Informationt).

One possible explanation for this unidirectional growth is
that the wall is positively charged. For example Béhr ez al.
found that permeation of hydroxide ions in BaSO, membranes
is four times higher than that of hydrogen ions.??> However,
this effect would need to be much stronger in our system to
explain the absence of any measurable growth in outward
direction. A more relevant and likely explanation is the
presence of a propagating reaction-diffusion front. Galfi and
Racz analyzed such a front in the simple second-order reaction
A + B — P.2 In their analysis, A and B diffuse with equal
diffusion coefficients D; and the initial conditions confine the
reactants to separates halves of the medium at constant
concentrations [A]y and [B]y. A similar situation is shown in
Fig. 1b. The resulting precipitation front moves exclusively in
the direction of the lower initial concentration. Theoretical
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Fig. 3 Measurement of the product of the average wall density p and
width w as a function of the injection time ¢. Squares, open circles, and
filled circles are data from copper-based tubes prepared in 1.0, 1.5 and
2.0 M sodium silicate solutions, respectively. The lines are fitted square
root functions. Triangles denote data from zinc-based tubes (1.0 M
silicate). Inset: pw values of copper-based tubes as a function of
sodium silicate concentration. The different data sets correspond to
t = 0,2,7,and 15 min in the order of increasing pw.
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Table 1 Fitting results and effective diffusion constants for the wall
growth kinetics of copper-based tubes

[Na,SiOs]/M fo/min a/g® m™* min~! Djem?® 57!
1.0 0.43 + 0.08 139.0 £ 4.6 0.9 x 1078
1.5 0.18 £ 0.14 260.4 £ 19.3 1.7 x 1078
2.0 0.25 + 0.08 490.6 + 7.8 32 %1078

analyses show that the front position is given by v/aD;t where
aD; is an effective diffusion coefficient. The parameter
o depends only on [A]y/[B]o and is always larger than one.

The key results of this analysis are in excellent agreement
with our observations. The model species A and B are best
assigned to the protons and hydroxide ions from the acidic
copper sulfate and the basic silicate solutions, respectively.
This interpretation also explains the increasing rate of wall
thickening with increasing concentration of sodium silicate
(Fig. 3) as the pH of the solution slightly increases with silicate
concentration, thus, amplifying the flux of hydroxide ion into
the tube. However, we note that the model does not explicitly
include Cu®" ion although it is needed for the precipitation of
the main wall-forming compound Cu(OH),. In addition, the
diffusion coefficients of the reactant species are not equal.
Nonetheless one can speculate that the low magnitude of the
effective diffusion coefficients in Table 1 is not due to a value of
o much smaller than one but rather due to slow and/or
inhomogeneous ionic transport within the forming wall.
Clearly more detailed models are needed to describe the
reaction events in a chemically more satisfactory way.

The data in Fig. 3 also reveal a striking difference in the
behavior of copper and zinc based tubes: the latter have pw
values that cannot be described by a square-root function but
rather saturate at a relatively small value (equivalent to 15 um).
Moreover zinc-based tubes dissolve within approximately
10 min if left in the silicate solution without continued injection
of ZnSOy; copper-based tubes, however, do not change if the
injection of CuSQy is stopped. These findings are surprising
because—based on our discussion—one should expect the growth
kinetics to be widely independent from the employed metal ion.
However this anomaly can be explained by considering the
amphoteric character of zinc hydroxide, which renders it
soluble at pH values®® higher than 11 (as well as in acidic
medium). The measured saturation value (Fig. 3) is hence likely
to be the result of a stationary, reaction-transport controlled
pH gradient in close vicinity of the tube’s interior wall. A
description of this gradient is further complicated by the
formation of ZnO. The latter oxide is clearly present in dried
tubes formed for > 2 min as those samples show a characteristic
orange luminescence® if excited by ultraviolet light.

Our results suggest the possible synthesis of structures in
which the wall consists of several layers of distinct materials.
To demonstrate the feasibility of such experiments, we first
inject 0.5 M copper sulfate solution into 1.0 M sodium silicate
solution for about 20 min. We then switch the injected solution
to 0.5 M zinc sulfate and continue injection for about 25 min.
Visual inspection of the resulting tube reveals a white layer of
precipitate on the inner surface of a blue wall. SEM-EDS
measurements of a representative sample are given in Fig. 4.
The micrograph in (a) shows a cross-section of the tube wall,
in which the outer (inner) surface extends in horizontal direction

close to the top (bottom) edge of the frame. The image suggests
the presence of two layers. This observation is confirmed by the
corresponding EDS profiles in (b). The ordinate denotes the
radial space coordinate across the wall with the tick pair marking
the approximate positions of the inner and outer wall surface. The
abscissa represents the EDS intensities averaged in perpendicular
direction (i.e. along the wall). The total concentrations in the
analyzed area correspond to 49.0, 47.5, 2.3, and 1.2 wt% for Cu,
Zn, Si, and S, respectively. The data further reveal that the outer
layer is rich in copper while the inner one is rich in zinc. The
copper and silicon profiles are tightly correlated although the
latter decays more rapidly for decreasing radii. Notice that the
overlap of the copper and zinc profiles might be due to Taylor-
dispersive mixing of the two solutions in the injection system and
the precipitation tube.

Intensity

Fig. 4 (a) SEM micrograph of a layered tube wall produced by
consecutive injection of Cu®* and Zn>" solution. Scale bar: 50 pm.
(b) Elemental distribution across the wall obtained by horizontal
averaging of the EDS map of the micrograph in (a). The tick marks
in (b) denote the approximate positions of the inner and outer wall
surface. Vertical space coordinates in (a) and (b) are matched to allow
a direct comparison of the data.

In conclusion, our results reveal that radial wall growth is
controlled by a propagating reaction-diffusion front or, in the
case of amphoteric species, a stationary pH profile. Future
work should explore the material features of multi-layered,
composite tube structures and develop more detailed reaction-
transport models.

This work was supported by the National Science Foundation
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