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Abstract

We explore the use of tetraethoxysilane (TEOS) as a silica source for the formation of carbonate-silica composite materials known as
‘biomorphs’. The basic hydrolysis of TEOS furnishes silica in a controllable fashion, allowing a significantly higher reproducibility of the
obtained silica—barium and silica—strontium carbonate co-precipitates compared to commercial water glass silica used so far. We further
discuss the influence of ethanol used as a co-solvent on the morphologies of biomorphs, which are examined by optical microscopy, field
emission scanning electron microscopy (FESEM) and energy dispersive X-ray analysis (EDX).

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Silica—carbonate ‘“‘biomorphs” are characterised by a
wide range of non-crystallographic, biomimetic morphol-
ogies. For example, micron-sized worm-like biomorphs [1]
mimic closely the chemical composition and morphologies
of oldest microfossils [2].

The formation of these crystalline aggregates (bio-
morphs) involves two simultaneous, likely coupled pro-
cesses [3,4]: the nucleation and growth of alkaline-earth
carbonate crystals, and polymerisation of silicate species
into silica. The resulting aggregates display striking
structural features at many length scales, reminiscent of
natural biominerals [5]. They are built in part of rod-
shaped nano-crystallites of the alkaline-earth carbonate,
typically 200 nm in length, that adopt the usual aragonite
crystal structure, evidenced by X-ray diffraction. These
rods are organised to form orientational ordering of the
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crystal axes, with a slight twist between adjacent crystal-
lites, giving characteristic radial textures in transmission
optical microscopy between crossed polarisers. The rods
are embedded in an amorphous silica matrix, giving a
nano-scale composite. The radial ordering imparts striking
micrometre-scale morphologies to the biomorphs, dis-
cussed below.

Until now, biomorphs have been grown with water glass
as the silicate source [6]. Commercial water glass solution
contains 29.7wt% SiO,, though its detailed chemistry is
inherently complex, comprised of an undefined mixture of
different silicate species and 14wt% NaOH. Its alkaline
character induces CO, dissolution which lowers the pH. In
addition, aging of silica glass is likely to change the silica
speciation in solution, due to the complex kinetics of silica
oligomerisation. The age of water glass solutions can
therefore significantly affect the experiments. Indeed, in
some cases, we have observed that a specific water glass
batch fails to form biomorphs despite its efficacy in earlier
experiments. In those cases, a new batch of water glass (as
supplied) has induced biomorph formation.
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Since the pH of the growth solution and the concentra-
tion of silica species during precipitation are critical factors
in the resulting morphologies of biomorphs, we are
investigating other silica sources whose characteristics can
be better controlled, in order to obtain firmer data linking
material morphology to the chemical species and environ-
ment. To this end, we have studied the efficacy of
tetraalkoxysilanes Si(OR)4 [7] as a silica source, due to its
defined starting composition and pH stability under
storage. These organic silanes produce silica solutions in
situ by hydrolysis. We have used tetraethylorthosilicate
(TEOS) as a precursor. Tetrapropylorthosilicate (TPOS)
and tetrabutylorthosilicate (TBOS) were also considered,
but they are not soluble even upon addition of a co-solvent.
There is extensive literature on the hydrolysis of TEOS in
aqueous solutions [8,9], and the subsequent silica poly-
merisation. Acidic or basic catalysis is commonly used to
induce and control this process. As biomorphs form at pH
values around 10.5, TEOS hydrolysis was done under basic
conditions (formed by addition of NaOH). Since TEOS
and H,O are immiscible, the reaction was carried out with
ethanol (EtOH) as a co-solubiliser for TEOS, though the
addition of EtOH adds an extra dimension to the
complexity of the silicate solution. We show here that
TEOS can be effectively used as a silica source, allowing
better chemical characterisation and tunability of the
system compared with the water glass precursors. We also
investigate the influence of EtOH on the self-assembly
process of biomorphs to shed light on the complex issue of
silica chemistry and its influence on biomorph formation.

The mechanism for the basic hydrolysis of TEOS was
first proposed by Iler [10]. This follows a nucleophilic SN,-
type reaction in which OH™ displaces the —OR rests.
Under most conditions, condensation commences before
hydrolysis is complete. However, adequate choice of
parameters like pH [11,12], time and H,O/Si molar ratio
can force completion of the hydrolysis before condensation
starts [13]. According to Coradin et al., silicon alkoxides
allow a better control of the reaction kinetics than
otherwise possible [14].

2. Experimental procedure
2.1. Materials preparation

TEOS (purity >98%), barium chloride dihydrate (purity
>99%), strontium chloride dihydrate (purity 99%) and
sodium hydroxide (NaOH, purity 99%) were purchased
from Sigma-Aldrich and used without further purification.
EtOH was purified by distillation before use. Purified water
with an electrical conductivity of less than 107°Sm™" was
taken from a Milli-Q system.

The alkaline silica solution was prepared in a 100 ml
plastic beaker by mixing TEOS (7.5 or 8.9mM), EtOH,
NaOH and water in appropriate molar ratios and stirred
for 60 min at ambient temperature. The EtOH content and
the pH were varied from 0 to 10vol% and from 9.5 to 12,

respectively. The biomorphs were grown by adding 0.5ml
of a 1 M barium chloride dehydrate or strontium chloride
dehydrate. The resulting mixture was transferred to open
reaction cells (plastic circular wells (Linbro Tissue Culture
from INC Biomedical Inc.) 1.6cm in diameter and 1.7 cm
in depth) and left in contact to ambient atmosphere
(~20°C). The barium biomorphs were grown in silica
solutions for about 9-10h. Alternatively, strontium
biomorphs were grown in silica solutions for 5 and 15h.
The diffusion of atmospheric CO, (~330 ppm [15]) leads to
the precipitation of self-assembled silica—barium or silica—
strontium carbonates. The precipitates were washed several
times with water and EtOH and examined by optical
microscopy, then Au/Pd coated for scanning electron
microscopy. The pH was measured before and after
growth.

2.2. Analytical methods

Light microscopy was performed using a stereo reflection
microscope from Leica (Model MZ 12). Pictures were
taken with a digital camera (Nikon, Coolpix 5000) having a
resolution of 5.24 megapixels and zooms of 4x digital or 3x
optical.

Field-emission scanning electron microscopy (FESEM)
was performed using a microscope (Hitachi, Model S4500)
operated at 3kV. It has “upper and lower” secondary
electron detectors (Robinson, Model Mk 6). The samples
were coated in Au/Pd with an Emitech sputter coater using
a rotational stage.

The pH of the aqueous solutions was measured using
an Ag/AgCl plastic-body electrode (TPS, Model smart-
CHEM-Lab).

Energy dispersive X-ray (EDX) analysis was performed
using an EDX microanalyser mounted on a Jeol JSM 6400
scanning electron microscope.

Dynamic Light Scattering (DLS) measurements were
done using a Zetasizer spectrometer (Malvern Instruments,
Model Z3000) equipped with a 633 nm Helium—Neon laser.
Measurements were carried out exclusively at a scattering
angle of 90°.

3. Results and discussion

3.1. Influence of the EtOH concentration on the basic
hydrolysis of Si(OC>Hs),4

The influence of EtOH on the basic hydrolysis of
tetraethoxysilane was studied by varying its concentration
whilst keeping the TEOS concentration constant at 7.5 mM
and pH 11. The hydrolysis reaction can be written as
follows [16]:

Si(OEt), +2H,0 + 20H™ = H,SiO;~ + 4EtOH. (1)
1

EtOH is both solvent and product of the hydrolysis

reaction. In dilute solutions most of the monomers
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dimerise to form Si,O3(OH);™ [17]:

SiO(OH); + HO — SiO(OH); = Si;03(0OH);~ + H,O0.
)

Fig. 1 shows the change of the pH with time during
TEOS hydrolysis at two different EtOH concentrations. At
low EtOH content the curve exhibits two distinct parts.
First, the pH decreases linearly as a function of time with a
slope of a«=—5.7x10"*s"". Finally, the pH becomes
nearly constant. The initial decrease in pH is due to the
SN, substitution. As soon as equilibrium is reached, the pH
remains constant.

At high EtOH content, the curve can also be divided in
two parts. In the early stage of the reaction, the pH again
decreases linearly, but with a slope of & = —2.6 x 10> s™".
After about 500s, however, the pH increases again. The
positive slope in this part of the curve decreases towards
zero at longer reaction times. Apparently, equilibrium is
not completely reached after 1h.

The difference of the slopes in the early stage of the
reaction can be explained by the different solubilisation
rates of TEOS in the two media. At low EtOH content,
TEOS is not fully solubilised at the beginning of the
reaction and it takes a certain time for both the solubility
and the equilibrium to be achieved. The subsequent pH
increase during the later stage of the reaction at high EtOH
content is consistent with initial formation of acidic silanol
groups (Si—~OH) during TEOS hydrolysis followed by their
disappearance by condensation reactions (Si-O-Si), pro-
posed by Nagao et al. [18]. EtOH effectively enhances the
propensity of the silica species to condense, via formation
of relatively reactive Si—OH species. The reaction medium

is less polar, thus favouring the formation of polymeric
silica.
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Fig. 1. pH variation with time in the reaction mixture during TEOS
hydrolysis at 0.17vol% (OJ) and 10vol% (M) EtOH.
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As both the hydrolysis of TEOS and the subsequent
polymerisation reactions are strongly dependent on time
[19], the kinetics of silica formation can be varied in a
controllable manner, allowing preparation of aqueous
silicate solutions with reproducible species in solution.
Therefore, TEOS affords a better defined source of silica
than commercial water glass, improving the reproducibility
of biomorph growth. Indeed, this fact could help us to
better understand the mechanism of biomorph formation.

3.2. Influence of EtOH on structure formation of biomorphs

3.2.1. Nucleation and initial growth

Barium chloride was added immediately after TEOS
hydrolysis was complete, as detected by pH measurements,
discussed in the previous section. The growth of biomorphs
was then followed by DLS from solutions with different
EtOH content. The results are shown in Fig. 2. In the
presence of metal cations, silica species nucleate and grow
[19]. Addition of the barium salt to hydrolysed TEOS
solutions containing 0.17 vol% EtOH led to the formation
of detectable nucleates after an incubation time of 10 min
or more. The onset of nucleation (r=105nm) was
followed by a slow and gradual growth of the aggregates
with time. Apparently, Ba®" interacts with the negatively
charged silicate species, thereby screening the surface
charge of the anionic silica particles, leading to their
aggregation.

In the alkaline TEOS solution rich in EtOH (10 vol%),
the addition of barium cations dramatically enhanced the
nucleation, giving a cloudy appearance to the reaction
mixture within a few minutes. After 1h, the resulting
precipitate was collected and studied by means of SEM and
EDX analysis. SEM images (Fig. 3(A)) show an amor-
phous-looking material consisting of Si and traces of
Ba (EDX data). In a control experiment, in which no silica
was present, well-defined micron-sized rod-like crystals
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Fig. 2. Comparison of the light scattering curves obtained after rapidly
mixing solutions of BaCl, and TEOS hydrolysed at 0.17vol% (M) and
10vol% (O) EtOH.
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characteristic of witherite were produced within the same
timeframe (Fig. 3(B)).

3.2.2. Biomorphs characterisation after 9h in contact with
atmospheric CO,

After a period of time comparable with that of water
glass experiments [20], self-assembled silica-carbonate
aggregates were formed. Fig. 4 shows optical micrographs
of biomorphs at different EtOH concentrations and
pH~11 (corresponding to the optimal pH at which the
non-crystallographic helical filaments are found when
conventional water glass is used). At low EtOH content,
the resulting carbonate-silica biomorphs give similar
morphologies to those produced using water glass as silica
precursors. The helical filaments grow to a similar length
(100-200 pm) as found in ‘standard’ biomorphs. On raising

Fig. 3. SEM images obtained in the presence (A) and absence (B) of
TEOS after 1h from mixing solutions of BaCl, and TEOS hydrolysed.
Scale bar: (A) 1.5 and (B) 10 um.

0.17 vol% EtOH

1 vol% EtOH 5 vol% EtOH 10 vol% EtOH

the EtOH content, two, three or more helical filaments
ramify from one nucleation point, a feature also observed
in earlier work.

At 10vol% EtOH, globular aggregates with apparently
inter-grown filaments are observed. The size and shape
of these globular clusters varies between 100 and 150 um
(Fig. 5). The surface texture of the aggregates consists of
orientationally ordered witherite nanorods. We could not
find evidence of a surrounding silica skin, in contrast to the
helical filaments grown from TEOS solutions with low
EtOH content and already reported in water glass
syntheses [1]. Another important observation concerns
the nuclei distribution. Increased EtOH content leads to
faster formation of a smaller number of particles.

Although the EtOH content ensures high miscibility of
silanol groups (Si—~OH) with water, the formation of typical
biomorphs only occurs at low EtOH content. On the one
hand, higher EtOH content strongly favours nucleation
and the growth of silica after combining the silica sol and
metal solutions. Possibly, EtOH molecules interact with the
silica surface via H-bonds and shield interactions with
metal ions, at least to some extent [21]. More likely, the
silica species interact with the EtOH molecules, forming
reactive intermediates that subsequently condense to form
silica oligomers. Consequently, the silica particles aggre-
gate to form a concentrated colloidal phase. The light
scattering data supports the hypothesis that silica is
removed from the solution via condensation. This allows
us to correlate the observed changes in morphology with
uncondensed silica species in the reaction mixture [22].

Fig. 4. Optical micrographs of self-assembled silica—carbonate at different EtOH vol%. [TEOS] = 7.5mM, [Ba>"] = 5mM, pH = 11, T = 20°C, and

t=9h.

Fig. 5. Zoom sequence of globular aggregates, showing details of the surface texture.
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3.3. Effect of pH on the formation of silica—carbonate EtOH content. Fig. 6 gives FESEM images of silica—
biomorphs barium carbonate biomorphs grown in hydrolysed TEOS
solutions containing 0.17vol% EtOH and 5mM barium

In the preceding section, it was shown that most chloride at various starting pH values. The given pH values
biomorphs (helical filaments and worms)—hitherto grown  correspond to the hydrolysed TEOS solutions after 60 min
in water glass—also appear in TEOS solutions at low  of mixing. The morphologies of the precipitates depend

114<pH>119 10.6 <pH>11.3 9.5<pH> 10.5

ph> 12

Fig. 6. FESEM images of a selection of various aggregates grown at pH values between 9.5 and 12. [TEOS] = 7.5mM, [Ba>*] = 5mM, 0.17 vol% EtOH,
t=9h,and T = 20°C. (A)~(C) Zoom sequence of ‘cauliflower’ biomorphs, showing details of the surface structure. (D) and (E) Helical barium carbonate
biomorphs grown at pH = 10.6-11.3. (F) Silica skin, coating the exterior of the helical aggregates. (G)—(I) Non-crystallographic morphologies of BaCOs,
showing the orientational ordering of crystallites (insets). (J) Colony-like aggregates of several globules arising from a single crystal core. (K) ‘Hairy’
spheres clusters with strong architectural resemblance to fluoroapatite—gelatin aggregates. (L) Micron-sized rod-like barium carbonate. Inset scale bar: (G)
1.2 and (I) 857 nm.
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critically on the pH of the system. We observe pH-
morphology relations for TEOS-induced biomorphs
consistent with the progression seen in water glass
experiments [5].

Uniform aggregates showing cauliflower-like morpholo-
gies, of about 75 um in length were produced by decreasing
the pH from 10.5 to 9.7. The shape consists of several
dendrite-like heads composed of radially aligned witherite
(BaCOs3) crystals (see Figs. 6(A)-(C)). When the pH is
decreased to below 9.5, no precipitation occurs.

Increasing the pH to 11 resulted in the formation of
typical helical filaments of about 100-200 pm in length and
5-15pum in width (see Figs. 6(D)—(F)). We have noted
already the remarkable resemblance of these structures in
size and shape to terrestrial bacteria and microfossils [23].
The filaments, ‘twisted ribbons’ (Fig. 6(D)) and ‘worms’
(Fig. 6(E)), are assemblies of micron-size witherite crystal-
lites coated with a continuous silica matrix, identical to
comparable biomorphs produced using water glass as silica
source. EDX measurements were performed to determine
the Si and Ba content (averaged over the silica membrane
as well as the inside of the worm).

% Si

— 1
0 20 40 60 80 100 120 140 160
Distance from tne bottom to the top (um)

Fig. 7. Sicontent (relative to Ba) on the surface of a biomorph “worm” at
different distances from the bottom of the worm.

Fig. 7 visualises the relative at% of Si (i.e. the fraction of
Si atoms out of the total Si+ Ba atom count) on the surface
of a biomorph worm at different distances from the
bottom. It is evident that the relative Si content decreases
smoothly from the starting point of growth to the later
stages, when barium carbonate predominates.

Significant changes in the biomorph morphologies occur
on increasing the pH further to 11.5, where a wide range of
novel, astonishing non-crystallographic morphologies such
as ‘snail’-like (Fig. 6(G)), ‘arum-flower-like’ (Fig. 6(H) and
‘tortoise-like’ (Fig. 6(1)) aggregates appear. Higher magni-
fications of the surface texture reveal that these biomimetic
morphologies too are composed of arranged rods (see Fig. 6,
insets) and lack a silica membrane. The helical filaments
observed at pH 11 are suppressed under these conditions.

Above pH 12, aggregates such as dendrite-shaped
BaCOj or ‘hairy’ spheres grow (Figs. 6(J) and (K)). These
clusters are composed of radially aligned crystals. Similar
shapes have been reported for other composite structures
such as fluoroapatite—collagen aggregates [24]. Simulta-
neously, micron-sized particles consisting of witherite
nanorods in parallel arrangement were generated in the
reaction cells (Fig. 6(L)). The formation of these rods is not
attributable to the presence of silicate anions since similar
micron-scale morphologies were produced by diffusion of
atmospheric CO, into silica-free barium chloride solutions.
Under these conditions, the dissolution of carbon dioxide is
fast, silica condensation is minimal and therefore the silica
exerts little influence on the morphology.

Lastly, we point out that the use of TEOS is not confined
to growth of silica—barium carbonate biomorphs. Silica—
strontium carbonate biomorphs also readily form under
ambient conditions with TEOS as a silica source. The
growth sequence of these strontium biomorphs mirrors
exactly that of the strontium biomorphs grown using
water-glass solutions as a silica source. Initially, floral
spherulites were produced (Fig. 8(A)). The size of these
globular clusters varies between 40 and 70 um and the
thickness of the curvilinear sheets is about 2—4 um.

If the cluster is left in solution for 15h, twisted filaments
grow outward from the tips of these sheets (Fig. 8(B)). We
note that the morphological evolution of the cluster grown

K788 16rm WD 4

Fig. 8. SEM images silica—strontium carbonate biomorphs grown for 5 (A) and 15h (B) in TEOS solutions (8.9 mM) at pH 11 containing 5mM Sr*".
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in aqueous solution of TEOS bears a striking resemblance
to that reported by Terada et al. [25]. In their case,
strontium carbonate clusters were prepared in a silica gel at
pH 10.5.

4. Conclusions

Silica—carbonate biomorphs have been precipitated
reproducibly using tetraethylorthosilicate (TEOS). Experi-
ments were done in alkaline TEOS solutions at pH and
concentrations identical to the former water glass experi-
ments. It was found that TEOS offers an alternative silica
source for the growth of biomorphs, provided the EtOH
content remains low. Indeed, ethanol (EtOH), an essential
co-solvent for TEOS solubilisation, has a significant effect
on the growth process. Experiments conducted at high
EtOH content led to fast formation of a small number of
globular morphologies strikingly dissimilar to biomorphs.
This is most likely due to the promotion of silica
condensation in the presence of raised EtOH levels. It is
therefore likely that the speciation of silica and the
associated availability of silica to co-condense with the
metal carbonate in the reaction mixture is a critical
parameter for the formation of the complex curvilinear
forms characteristic of biomorphs.

In conclusion, TEOS offers a preferred silica source over
water glass solutions for detailed investigations of material-
structure aspects of these biomorphs, due to its better
defined chemical properties. In summary, the use of TEOS
in the presence of low concentrations of EtOH allows
reproducible growth of biomorphs. We therefore recom-
mend its use as a silica source for biomorph growth in place
of water glass used previously. The control over kinetics
and species of silica formation offered by hydrolysis of
organic silanes (e.g. by variation of hydrolysis time) will
allow us to tune the many parameters affecting biomorph
formation more carefully, thereby improving our techni-
ques for study of these fascinating materials.
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