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The Generation and Study of a Gold-Based Chemobrionic
Plant-Like Structure
Georgia D. Zissi,[a] George Angelis,[b] and Georgios Pampalakis*[b]
The generation of chemical gardens based on tetrachloroauric
acid and silicate is presented. The structures were studied with
SEM, XRD and micro-Raman spectroscopy and a new mechanism that participates in their development was revealed.
Specifically, the structures were decorated with metallic Au that
is derived during the process of plant-like growth. Probably, the
instability of gold salts and hydroxides on silica templates
accounts for their reduction to metallic Au.

Chemical gardens are hollow tubular, plant-like biomimetic
structures that mainly form when a metal (except alkali metals)
salt crystal is placed in a silicate solution. The field that studies
chemical gardens and related type phenomena that couple
diffusion and precipitation reactions has now been named
chemobrionics.[1] The growth of chemical gardens has also been
accomplished in solutions containing other that silicate ions,[1,2]
and in organic solutions.[3] Other variations of chemical gardens
include the injection of a metal salt solution in the silicate
solution[4] or the development of planar quasi-2D chemical
gardens.[5]
For many years chemical gardens were greatly known as a
demonstration experiment in chemistry. However, it is now
well-established that chemical gardens have applications in
cement chemistry, in metal corrosion, and in the formation of
hydrothermal vents.[1] Other more modern applications include
the production of energy as fuel cells,[6] as photosynthesis cells[7]
and as new biochemical delivery systems.[8] Finally, the study of
chemical gardens is important in the origin of life research[1]
and certain chemobrionic structures have been demonstrated
to catalyze the formation of DNA/RNA bases from the prebiotic
molecule formamide.[9]
Formation of chemical gardens based on gold salts was first
described by Glauber in 1646 in his book Furni Novi Philosophici, and were yellow colored plant-like structures.[10] However, to
our knowledge the composition and microstructure of the
golden chemical garden has not been investigated which it
may be related to the significantly higher cost of gold
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compounds relative to other metal salts. In the present study,
we investigated the chemical garden formed in the system gold
compound-silicate ion solution.
A small crystal of tetrachloroauric acid (HAuCl4) was
immersed in a 4.66 M sodium silicate solution. Immediately the
growth of yellow-to-orange plant-like structures was observed
(Figure 1). Further, as shown in Figure 1 (right image) if the
plant-like structure reaches the surface of the silicate solution
then it continues to grow in the same direction with gravity
forming an inverted chemical garden.
Briefly the mechanism of chemical garden growth enrolls
the formation of a semipermeable membrane at the interface
of the metal salt solution and the silicate solution. Solvent
molecules enter the membrane due to osmosis and decrease
the osmotic pressure of the highly concentrated metal salt
solution. This causes an expansion that at a certain point
ruptures the membrane. Then, the metal solution is ejected
forming a submerged jet with lower density than the external
silicate’s solution and due to buoyancy moves against gravity.
The newly exposed metal salt solution reacts with the silicate
and the process repeats in several steps forming the tube.[11]
This results in a membrane composed of silica gel-rich outer
layer and a metal silicate and/or metal hydroxide compounds at
the inner layer. Therefore, we speculated that at the initial steps
of seed dissolution gold silicate could form a membrane around
the seed. Alternatively, it could be that due to the high pH of
silicate solution, the HAuCl4 hydrolyses to Au(OH)3. Then, a

Figure 1. Growth of golden chemical gardens. The plant-like structures
immediately started to form after the immersion of a small crystal of
tetrachloroauric acid (HAuCl4) (Sigma-Aldrich, gold chloride hydrate,
99.995 %) in sodium silicate solution (27.99 % as SiO2, molecular ratio SiO2/
Na2O 3.34, specific gravity 1.374). Asterisk indicates the inverted growth of
the gold-based chemical garden.
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semipermeable membrane forms that separates the seed from
the silicate solution. Since the inner solution of HAuCl4 has
lower pH, when the solutions come in contact, the silicate
solution precipitates thus generating the outer of the membrane. Similarly, the Au from the inner solution precipitates in
the inner membrane as Au(OH)3 due to contact with the
alkaline pH of the external silicate solution.
The chemical gardens were removed from the alkaline
solution, washed with distilled water, transferred in a Petri dish
and allowed to air dry. The microstructure was studied with
scanning electron microscopy (SEM). As shown in Figure 2 the
outer layer of the tube is covered with flakes (marked with a
white arrow on the upper right image). Furthermore, sheet and

Figure 2. Scanning electron microscopy images of the golden chemical
gardens. Upper left: Cross-section of the tubular structure. Upper right:
Electronic magnification of the area marked in the left image to show the
flakes (white arrow) that cover the outer membrane surface. Lower left:
Morphological characteristics of the tube including flakes, needles and
sheets. Lower right: Higher magnification of the tube shows the nanoparticles that decorate the tubes and that potentially are gold nanoparticles.
SEM images were collected with a high-resolution field-emission scanning
electron microscope (FE-SEM, Zeiss, SUPRA 35VP).

Figure 3. XRD of the golden chemical gardens. The peaks at 2θ 38.1° (111),
44.3° (200), 64.50 (220) and 77.5° (311) indicate the presence of fcc crystalline
gold, while the broad peak (shoulder) at 2θ 21.6 ° is probably due to
amorphous SiO2.The XRD patterns were obtained with a D8 ADVANCE
diffractometer (Bruker AXS Gmbh) using a Cu Ka radiation source.
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needle like morphologies can be recognized (Figure 2, lower
left). Higher magnification of the tube reveals some nanoparticle structures, potentially gold, that decorate the tube
(Figure 2 lower right, two nanoparticles are marked with black
arrows) and highly resemble the previously described gold
clusters generated upon reaction of HAuCl4 with silica
surfaces.[12] A number of SEM images taken from different parts
of the sample provided evidence for a size (diameter) distribution of the nanostructures in the range of about 20–250 nm. To
verify the presence of gold and determine its structure, X-ray
diffraction (XRD) was performed (Figure 3).
It is interesting to note that application of HAuCl4 solution
on silica surface results in the reduction of Au(III) to metallic Au
(0). Also, HAuCl4 under basic conditions forms mixed gold
chloro- hydroxy complexes that can be easily reduced to Au(0).
Indeed, it has been suggested that the adsorption of Au(III) on
silicate minerals and the associated reduction to metallic Au
that appears as gold clusters could be associated with the
deposition of gold in nature.[12] Further, it has been demonstrated that the Au(OH)3, is reduced in wet environments to
produce Au nanoparticles.[13] In addition, the HAuCl4 under
strong alkaline conditions produces Au(OH)3 that in turn under
wet conditions can be reduced to Au.[13]
The XRD analysis (Figure 3) showed the presence of a broad
peak at 2θ 21.6° which indicates the presence of SiO2.
Furthermore, the peaks appeared at 38.1°, 44.3°, 64.5° and 77.5°
are assigned to diffractions from the (111), (200), (220) and
(311) planes of face centered cubic (fcc) gold (JCPDS 04-0784),
respectively.[14]
Then, the sample was analyzed with Raman microscopy
(Figure 4). The Raman peaks at the area of 355 and 390 cm 1
can be attributed to Au Cl stretching modes of gold chlorohydroxy species and those at the area of 574 cm 1 to Au-OH
stretching mode of gold chloro-hydroxy and/or hydroxy
species.[15,16] Furthermore, the band at 636 cm 1, assigned as AuOH stretching, is an indication of the existence of Au(OH)3.[17]

Figure 4. Micro-Raman spectra of the golden chemical gardens. The spectra
were recorded with a Jobin-Yvon T64000 Raman instrument with a 632.8 nm
excitation laser beam, focused on the sample by a 50x objective (a).
Spectrum (b) is recorded after prolonged exposure of the sample to
radiation.
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While recording micro-Raman spectra the laser power was
kept low (0.3 mW on the sample) and the accumulation time
short (2 min) in order to avoid spectral changes due to heatinduced effects, observed in Figure 4 (spectra (b)), where a new
strong peak appears at 279 cm 1. A possible explanation is that
this intense band can be attributed to an emission/scattering,
probably from gold nanostructures[18] formed due to laser
induced dissociation of the Au(III) compounds after prolonged
exposure of the sample to laser radiation. Τhe energy of this
band is at 15523.8 cm 1 (nem = n0-nRs, where n0 is the wavenumber of the incident laser light and nRs the wavenumber of
the band which appears in the Stokes side of Raman spectrum)
that corresponds to 644.2 nm. Emission bands with similar
energy have been observed when exciting gold nanostructures
with the excitation line 632.8 nm that we also used.[18] As it has
been reported before,[19] laser induced dissociation/reduction of
the colored Au2Cl6 vapors by the absorbed laser line resulted to
solid deposits (Au and/or AuCl) that obscured the Raman
spectra.[19]
In conclusion, in the present study, we have studied the
generation and growth of gold-based chemical gardens. Their
investigation revealed the participation of an additional new
mechanism during their growth. Specifically, due to the ability
of Au ions to reduce to metallic Au when in contact with SiO2
or under strong alkaline conditions, the Au-based chemical
gardens are decorated by metallic Au.
Gold in various forms (metallic, nanogold, gold complexes
etc) has applications as catalyst in various organic reactions.[20]
In the future it would be interested to see whether the gold
decorated chemical gardens developed here, could have new
catalytic properties.
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