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 Hydrothermal vent growth, presumed a source for origin of 

life, occurs at the seafloor where light penetration is limited. 
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otherwise would not form in light, portraying the significance 

of light-restricted dynamics in non-equilibrium processes. 
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Dark-induced vertical growth of chemobrionic
architectures in silver-based precipitating
chemical gardens†

Balanagulu Busupalli *‡ and Vipul Kirtikumar Patel ‡

The light sensitivity of many silver compounds has restricted the

observation of silver-based chemical gardens. Here, we report for

the first time, silver-based chemical gardens grown in the dark.

An identical reaction kept in the light resulted in no such structures.

We attribute the observation of silver-based chemobrionics to the

avoidance of light.

Chemical gardens is a term often used to describe inorganic
precipitates that resemble plant like growth, and these structures
grow within minutes or hours of plunging metal ion salts into
anionic solutions.1–12 Though the chemical gardens are entirely
composed of inorganic moieties, they have a biologically imitative
look arising from their non-equilibrium architectures. The plant
like or tube-like precipitation in the chemical gardens is a
consequence of the diffusive translocation of ionic species upon
osmotic imbalance arising in the reaction mixture. Reactant
anionic and cationic species can migrate a long distance along
the tubular structures, resulting in a variety of chemical garden
architectures. Following the addition of metal salt seeds, such
structures are often characterised by the sudden emergence of
coloured long tubular particles. The recent surge of research
interest in chemical garden architectures has led to a collaborative
area of research known as ‘‘Chemobrionics’’.13 Many experi-
mental techniques for producing chemical garden hollow tubes
have been reported, including the injection growth method.14,15

Some of the advanced methods to prepare these architectures
include microfluidic systems,16,17 the Hele-Shaw cell18–21 and the
delivery of a salt solution under controlled hydrostatic pressure.22

Copper, iron, nickel, zinc and calcium-based chemical garden
architectures have been extensively studied and reported to date,
including their applications in ammonia sensing, light emission
and fuel cells etc.23–26 Gold-based chemical gardens were very

recently reported.27 There is no similar report on silver-based
chemical gardens as of yet. Most silver compounds are extremely
light sensitive due to which silver-based chemobrionic structures
are not obtainable following conventional growth conditions, viz.
keeping the reaction vessel under daylight/natural light or under
the light from light bulbs in a typical laboratory setting. It is noted
that dark-driven growth in chemical gardens has not been of any
specific focus yet, but, when compared with the hydrothermal
vents which form on the seafloor where light penetration is
limited, these dark-grown chemobrionic architectures assume
prominence. For example, in the search for life on other celestial
bodies such as Enceladus on its subsurface due to its hydrother-
mal activity on the seafloor where penetration of light is limited
and where the spewing of molecules relevant to the origin of life
might occur, this result presented here on the dark-induced
chemical garden growth in silver-based chemobrionics could have
relevant implications for plausible biochemistry on such celestial
bodies.28,29 Thus, in this report, we first describe the experiments
that resulted in silver-based chemical garden-like structures.
Later, we provide substantial evidence for our hypothesis of
how light restricts chemical garden-like growth in silver silicate.
At the end, we propose how the removal of solvent from the as-
prepared silver silicate chemical gardens results in self-assembled
structures. To prepare silver-based chemical gardens, we
employed silver nitrate, one of the reactants that is extremely
light sensitive. Under light, cessation of chemical garden-like
structures in silver silicate occurred due to the influence of light
on the silver nitrate reactant causing conversion of Ag+ ions into
Ag metal. In contrast, a similar reaction mixture when kept under
dark conditions in a closed cabinet produced vertically grown
yellow colored chemobrionic silver silicate structures evident from
the camera images depicted in Fig. 1a (for experimental details,
please refer to the ESI,† and for time lapse images over the course
of the production of the gardens see Fig. S1, ESI†).

Optical microscopic images revealed tube-like architectures
in the as-formed silver silicate chemical gardens with a diameter
of about 200–400 mm (Fig. 1b and c). These tubes appear to be
brittle (ESI† Fig. S2). Microstructure from the SEM images of the
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as-prepared air-dried samples showed twisted tubular architectures
(Fig. 2a and b). At higher magnifications, as represented in Fig. 2c
and d, the surface morphology consisted of particulate matter
spread across the exterior to the layers of the tubes.

To confirm our hypothesis that light hinders the growth of
chemical gardens in silver-based chemobrionics, we conducted
a controlled experiment in which an experimental setup was
assembled (Fig. 3a). In this setup, a 632 nm red laser was
employed and it was passed through a glass tube containing
the silver nitrate + sodium silicate reaction mixture. The laser
source was turned on continuously for 24 hours. After 24 hours,
the reaction mixture yielded a white gel as the product (Fig. 3b).
After noticing the white gel, we assumed that there were no
vertical structures in the reaction vessel; however, when the gel
was carefully segregated and discarded from the reaction
vessel, some very tiny vertical tubular structures were observed
in the reaction vessel grown from the bottom of the vessel.
Growth of the silver silicate vertical structures, though to tiny
lengths, could be accounted for by the effect of the dark
conditions. But, the vertical lengths of the growth of these
structures were limited because, as the laser light passed
through the reaction mixture, some photons could have got
diffused through the reaction mixture in all directions, which
included diffusion of the photons downwards too through the

reaction mixture that could have led to the sensing of these
laser photons by the vertically growing structures leading to the
restriction of the growth of these vertical structures to a certain
vertical position in the reaction vessel (Fig. 3c). Fig. 3d shows
that the experimental setup is completely closed to induce dark
conditions for the reaction to occur. In the experimental setup,
the cardboard box was cut to a specific width through which the
laser beam could be passed onto the reaction vessel, and the
rest of the box was closed (Fig. 3e). This controlled experiment
using laser light actually proves that the silver based chemical
gardens could not be grown under light, rather these can be
grown under dark conditions. It also proves that even a few
photons that got diffused from the monochromatic laser light
into the reaction mixture will lead to the termination of the
vertical growth in these structures.

In addition, we conducted a few other experiments by
utilizing newly purchased silver nitrate and aged silver nitrate
from other chemical manufacturers. No prominent free-
standing vertical structures were observed in these cases too
when the reactions were performed in light, and fully grown
free-standing vertical structures were seen when the reactions
were carried out under dark conditions (ESI† Fig. S3 and S4).
Though the SEM imaging disclosed tubular morphology in
the as-grown silver silicate chemical gardens, and via optical
microscopic images it was evident that the structures had twisted
tubular architectures, yet careful observation at the nanometre
scale of these structures showed no orderly arrangement (Fig. 4a
and b). Intrigued by this incongruity of arrangement from
the nanoscale to the microscale, we conducted post-synthetic
modification of the silver silicate chemical gardens. This was
carried out by simply heating the as-prepared material in an oven
at 108 1C for about 10 minutes. The oven-dried samples were then
collected carefully and characterization of the same was
performed. The hypothesis behind this post-synthetic modifica-
tion is that the oven-drying leads to loss of any solvent/water
molecules from the as-grown structure and this could give rise to

Fig. 1 (a) Camera images of the reaction vessels kept in the dark and in
light. (b and c) Optical microscopic images of the as-obtained vertical
structures collected from the dark reaction vessel (inset shows the tip of
the tube).

Fig. 2 SEM images of the air-dried samples. (a and b) A holistic view of the
vertically grown structures, and (c and d) higher magnification images
showing the microstructure.

Fig. 3 (a) Cartoon representation of the setup used for the LASER
experiment. (b) Gel formation. (c) Tiny vertically grown structures. (d and
e) Photographs of the actual experimental setup.
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ordered assemblies. Fig. 4c and d show the morphological
features of the oven-dried samples in SEM. Several thread-like
structures were observed to form ordered assemblies emanating
from globule like structures. The diameter of each thread is about
200 nm. In most cases, packs of threads constituting around 10–15
threads were observed to exist after oven-drying of the material.

Similarly, a comparison of the air-dried and oven-dried
samples was performed via powder XRD characterization. The
XRD patterns of the as-prepared air-dried silver silicate
chemical garden and oven-dried sample are shown in Fig. 5.
In Fig. 5, * indicates silver silicate indexing, while ’ indicates
metallic silver indexing. Firstly, it is very much evident from
these XRD traces that the silica amorphous halo observed in the
air-dried sample is lost in the oven-dried sample indicating the
collapse of any silica structures due to the loss of solvent.
The broad peak from 201 to 251 shows the amorphous nature
of the silica preserved in the chemical garden structures of
the vertically grown air-dried silver silicate chemobrionic

architectures, and this is absent in the oven-dried sample.30

Moreover, the peaks at 33.351 and 33.824 for the air-dried
sample are assigned to diffractions from the (�124) and
(�115) planes of monoclinic silver silicate (JCPDS 01-085-0281),
respectively.31,32 Similarly, in the oven-dried sample, the sharp
peak at 34.111 is attributed to diffraction from the (�132) plane
of monoclinic silver silicate (JCPDS 01-085-0281).31 Also, peaks at
19.11 and 32.27 for both the air-dried and oven-dried samples
are assigned to diffractions from the (�111) and (033) planes of
monoclinic silver silicate (JCPDS 01-085-0281). The presence of
metallic silver was also observed in both the air-dried and oven-
dried samples, though less intense via reflections at (111), (200)
and (220) in the XRD with the corresponding 2y values at 38.261,
42.781 and 62.311 for the metallic silver in the air-dried sample
and 2y values at 38.181, 44.251, 64.721, and 77.401 corresponding
to the reflections (111), (200), (220), and (311) of the crystallo-
graphic planes of the face-centered cubic silver crystals in the
oven-dried sample.33,34 The XRD data thus indicate the co-
presence of silver silicate and metallic silver in both the air-
dried and oven-dried samples (XRD data presented after baseline
correction in ESI† Fig. S5).

To confirm whether the drastic morphological differences
observed from air-dried to oven-dried samples are due to
changes at the molecular level in these chemical gardens, FTIR
analysis was carried out at room temperature in the range of
400–4000 cm�1 with a scan rate of 4 cm�1 s�1. Fig. 6 depicts the
FTIR spectra comparison between the air-dried and oven-dried
samples. The labelled reflections in Fig. 6 show bands at
around 1042 cm�1 and 1383 cm�1 for both the oven-dried
sample and the air-dried sample. At 1042 cm�1, there is a
strong asymmetric stretching vibration of Si–O–Si for the oven-
dried and air-dried samples. Also, the reflection at 801 cm�1

indicates in-plane bending vibrations of Si–O geminal groups
that could be due to Ag@SiO2 owing to the formation of
metallic silver from the decomposition of the silver silicate.35

The rest of the bands in the two traces pertaining to the
air-dried and oven-dried samples also indicate similarity in
the positions of the reflections. Results from the FTIR spectra
suggest that there are no noticeable changes at the molecular

Fig. 4 SEM images of the air-dried (a and b) and oven-dried (dried at
108 1C) samples (c and d).

Fig. 5 PXRD patterns of the vertically grown silver silicate chemical
garden after air-drying for more than 7 days and oven-drying at 108 1C
for 10 minutes (upper trace for air-dried and lower trace for oven-dried;
both air-drying and oven-drying were carried out in the light and not in the
dark).

Fig. 6 FTIR of the silver silicate chemical garden. The upper trace is from
the oven-dried sample and the lower trace is from the air-dried sample.
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scale, and the morphological changes from air-dried to oven-
dried are independent of the molecular interactions in these
chemical gardens. Raman spectral analysis of both the air-dried
and oven-dried samples too revealed no remarkable molecular
alterations between these two samples (ESI† Fig. S6).

Following the pendency of synthesis of silver-based
chemical gardens, we reported here for the first time the
formation and growth of silver silicate chemical gardens.
Specifically, we demonstrated here the formation of a silver
silicate chemical garden in dark conditions, as well as proved
with evidence that light hinders the growth of the silver-based
chemical garden-like structures by performing a controlled
light experiment via employing a red laser of wavelength
632 nm. These silver-based chemobrionic architectures were
thoroughly characterized via optical microscopy, SEM imaging,
powder XRD, FTIR spectra, digital photography and Raman
spectra. Owing to the relevancy to biological structures, the
dark grown silver silicate chemobrionic architectures could be
of immense help to understand the role of dark conditions in
some non-equilibrium processes. As this is the first report on
any dark grown chemical garden, we believe this could open up
a different line of study on the effect of dark conditions in
chemobrionic systems.
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project. Vipul Kirtikumar Patel performed the experiments and
collected the data. Both the authors analysed the data and
wrote the paper.
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