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ABSTRACT: Molecular templating and self-assembly are fundamental mechanisms
for controlling the morphology of biominerals, while in synthetic two-dimensional
layered materials similar levels of control over materials structure can be achieved
through the epitaxial relationship with the substrate. In this study these two
concepts are combined to provide an approach for the nucleation and growth of
three-dimensional ordered mesophases on solid surfaces. A combined experimental
and theoretical study revealed how atomic ordering of the substrate controls the
structure of surfactant template and the orientation and morphology of the
epitaxially grown inorganic material. This dual epitaxial relationship between the
substrate, surfactant template, and inorganic mesophase gives rise to a highly
ordered porous mesophase with a well-defined cubic lattice of pores. The level of
control over the material’s three-dimensional architecture achieved in this one-step
synthesis is reminiscent of that in biomineralization.
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Heterogeneous substrate controlled nucleation is a
widespread phenomenon in both the synthesis of
materials and natural processes of biomineralization.

In synthetic materials such substrate-controlled crystal growth
often involves atomic-scale epitaxy between the substrate and
the crystal.1−5 This method is widely used for the growth of
atomically controlled thin films,6−8 However, achieving the
same level of control over crystal morphology at the mesoscale
remains a challenge despite a significant effort in developing
synthesis approaches for achieving extended ordering in
mesoporous materials9−23 and the importance of such three-
dimensional ordered materials for many applications including
catalysis, separation, sensing, and energy conversion.24−27 Here
we demonstrate that mesoscale ordering of an organic−
inorganic composite can be epitaxially controlled by the atomic
ordering of the substrate. Detailed characterization and
computer simulations are used to gain insights into the
complex molecular processes leading to the formation of these
atomically controlled organic−inorganic composite materials.
In particular, we report a pathway for the synthesis of highly
ordered mesophase crystals and porous materials, which utilizes
dual epitaxial relationships with the substrate: (1) substrate-
controlled three-dimensional surfactant templating and (2)
metal oxide−substrate epitaxy. The method is demonstrated
using the example of the epitaxial solution growth of uniform
pyramidal silicates with ordered mesopores on Si(100) surfaces.

RESULTS AND DISCUSSION

The silicate films were synthesized using a two-step process
(see Methods for more details). First, a BTME (1,2-
bis(trimethoxysilyl)ethane)/CTAC (cetyltrimethylammonium
chloride)/NaOH/H2O precursor solution was aged for 24 h
at room temperature. Then Si(100) substrates were introduced
into the solution, which was then heated to 100 °C and held at
that temperature for times ranging from 0.5 to 2 h, with some
samples exposed to repeated cycles of incubation in solution.
Only a clear solution was used in order to avoid deposition
onto the Si surface by silicate particles that had precipitated in
the bulk solution.
The substrates were then imaged ex situ using scanning

electron microscopy (SEM) and atomic force microscopy
(AFM) (Figure 1).
The SEM images reveal the presence of coaligned pyramidal-

shaped microscopic nanoparticles up to 20 μm in width on the
Si(100) surfaces (Figure 1a−c). Figure 1d shows a typical SEM
image of a large array of the pyramidal particles grown
following repeated processing. The pyramids are uniform in
shape, but the sizes vary over the range 3−20 μm. The studies
of the same samples using AFM demonstrated that untreated,
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EtOH-washed Si(100) substrates were very smooth (see SI
Figure S1a), but a 10 min reaction with the precursor mixture
generated a surface roughness of about 10 nm (see SI Figure
S1b). However, there were no detectable pyramidal structures
at that point. After 20 min of reaction, silicate islands 200−500
nm in diameter and 120−170 nm in height were observed (see
SI Figure S1c). Spiral patterns of steps characteristic of classical
dislocation-controlled growth were observed after reaction
times of 0.5−1 h. At this stage the pyramids exhibit a stepped
structure with step heights of 45−60 nm (Figure 1a,b). These
stepped pyramids grew from 3 to 4 μm to 4−6 μm in size
during this half-hour period. Fully formed pyramids with a
smooth surface were observed after 2.0 h of reaction (Figure
1c). Cooling the sample, introducing fresh precursor solution,
and then repeating the reaction at 100 °C for another 2.0 h
resulted in a higher packing density of identically shaped,
coaligned, pyramidal structures (Figure 1d).
Deep UV Raman microprobe spectroscopy was employed to

determine the chemical composition of the pyramidal particles.
Measured Raman spectra have multiple bands between about
500 and 1100 cm−1 (Figure 2a), characteristic of silicate glasses
and crystals.28 The lower frequency mode at 500 cm−1 is
associated with a bending vibration of the Si−O− nonbridging
oxygen group, and the higher frequency mode at 1100 cm−1

can be attributed to bond stretching vibration of the Si−O−Si
bridging group. The results show that the pyramids consist of
silicates; however, the small peak at 1426 cm−1 indicates CTAC
incorporation in these pyramidal silicates (see also SI Figure
S2). For pure silica29 and crystalline silica polymorphs30 no
intense Raman bands are observed in the high-frequency

region. Weaker Raman bands for silicates in the range 800 to
1200 cm−1 seen in the inset of Figure 2a are also critical to
assignment of the symmetric Si−O stretch vibrations νs(Si−
O−) of a SiO4 tetrahedron with 4, 3, 2, 1, and 0 bridging
oxygens (Q4, Q3, Q2, Q1, and Q0 species, around 1180, 1080,
1000, 920, and 850 cm−1), resulting from the presence of
network-modifying cations.31 The Raman spectrum has a peak
with stronger intensity at 1082 cm−1, indicating that Q3 species,
as expected, are more abundant than the other species that may
be present. Three other peaks at 1154, 1016, and 888 cm−1 can
also be assigned to a relatively small amount of Q4, Q2, and Q0
species. In addition, the shoulder at 971 cm−1 can also be
assigned to a small amount of Q1 species. Finally, a shift from
500 to 525 cm−1 is due to a distortion of bond angles on the
Si(100) substrate.32,33 Although there is no direct evidence for
the formation of the complete stoichiometric Na2Si2O5 layer on
the Si(100) surface from XRD, likely due to the poor crystalline
nature caused by the intimate mixture with the organic
materials, the pyramidal silicate structures can be assigned as
sodium disilicate (Na2Si2O5) with CTAC incorporation based
on these Raman spectra.34

Zero-temperature DFT and 100 °C ab-initio molecular
dynamics simulations were used to investigate the interface
between Si(100) and Na2Si2O5 (Figure 2b). We investigated
various polymorphs35 of Na2Si2O5 and concluded that the
(001) surface of δ-Na2Si2O5 matches most closely the Si(100)
lattice. δ-Na2Si2O5 has a monoclinic lattice with space group
P21/n,35 with a layered structure in the [001] direction.
Therefore, the formation of a Si(100)/δ-Na2Si2O5(001)
interface is in line with layer-by-layer silicate growth observed

Figure 1. Growth of pyramidal arrays on Si(100) surfaces. SEM (left) and AFM height (center) and phase shift (right) images taken after (a)
0.5 h, (b) 1.0 h, (c) 2 h, and (d) two cycles of 2 h reactions (see also Figure 2c) at 100 °C. Arrow in (a) highlights the spiral pattern of the
steps.
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in AFM experiments. The results predict a stable epitaxial
interface, based on long-time-scale dynamics with no
decomposition or significant relaxation of the interface
compared to that obtained in static energy minimization
simulations. A lattice mismatch between Si(100) and sodium
silicate of 9.6% is accommodated through the deformation of
the interfacial layer of sodium silicate. This deformation is
associated with rotation of SiO4 tetrahedra to form bonds with
surface Si atoms. The deformation is smaller for the next
sodium silicate layer. Nevertheless this degree of lattice
mismatch for inorganic solids is too high to support continuous
film growth.36 However, due to the flexibility of sodium silicate
layers, such compressive strain can be accommodated during
layer-by-layer growth of regular discrete particles,37 such as the
pyramidal particles observed in our SEM and AFM experi-
ments. Such gradual relief of strain within the layered structure,
which the simulations predict is achieved by each layer having
different two-dimensional lattice vectors compared to their
neighboring layers, suggests a loss of the overall bulk
crystallinity in the [100] and [010] directions of sodium
silicate, while the native lattice spacing in the [001] direction is
less affected. This prediction is supported by X-ray diffraction
(XRD) data, which do not show characteristic diffraction peaks
between 2θ = 15° and 2θ = 40° for crystalline sodium silicate
phases with different SiO2/Na2O molar ratios38 (Figure S3).

Instead, only a dominant diffraction peak at 2θ = 69.16° and a
very small diffraction peak at 2θ = 32.96°, characteristic of
Si(004) and Si(002) from the silicon substrate,39,40 were
observed (see Figure S3). The incorporation of CTAC micelles
into the silicate structure, as evidenced by the appearance of the
characteristic CH2 bending modes in Raman spectra at 1426
cm−1 (Figure 2a), is likely to provide an additional mechanism
for strain relief within silicate layers. Surfactant incorporation
also suggests that the silicate layers are not continuous even
within a single pyramidal particle. Instead silicate layers are
expected to form around the CTAC scaffold and have an array
of extended defects.
Low-angle XRD indicates that, after reaction for 2 h at 100

°C, these pyramidal silicates have a cubic mesopore structure
with Pm3̅n symmetry (Figure 3a), similar to that seen in
previously reported mesoporous silicas.41,42 Five well-resolved
features indexed as (200), (210), (211), (320), and (400)

Figure 2. Structure of silicate on a Si(100) surface. (a) Raman
spectrum of epitaxially grown pyramidal silicates on Si(100). (b)
Simulated structure of Na2Si2O5 on a Si(100) surface. Si atoms are
shown as blue spheres, Na as yellow spheres, and O as red spheres.
(c) Large-area SEM image of silicate taken after two cycles of 2 h
reactions at 100 °C (see Figure 1d for the zoom-in image).

Figure 3. Structure and growth pathway of porous silicate pyramids
on Si(100). (a) Low-angle XRD patterns of pyramidal silicates with
cubic mesopores grown on a Si(100) surface at 100 °C for (1) 0.5
h, black line; (2) 1 h, blue line; and (3) 2 h, red line. (b) Electron
diffraction pattern and (c) TEM image of cracked silicate with
Pm3̅n pore symmetry along the [110] direction. (d) Schematic of
surfactant-directed silicate formation process showing trans-
formations in the surfactant template. More detailed AFM images
of surfactant layers on Si(100) and Si(111) surfaces are given in the
Supporting Information (Figures S4−S6).
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reflections are also clearly observed. The cubic mesostructure
was not clear during early stages of the process, but after
reaction for over 1 h rapid transformation to a stable cubic
structure was found.43 The unit cell parameter of the Pm3 ̅n
lattice, a, as calculated from the (210) diffraction peak, is 92 Å.
This cubic micellar structure of the pyramidal silicates was
further confirmed by the transmission electron microscopy
(TEM), which revealed regular periodic pores over a large area
(Figure 3). These findings clearly indicate that the pyramidal
silicates exhibit a well-ordered mesoporous structure. The
mesoscale structure can be calcined at above 500 °C to remove
the surfactant without damaging the structural integrity to
produce ordered mesoporous materials.
The mechanism for the growth of these organosilicates can

be understood based on the details of CTAC self-assembly in
solution and on Si surfaces combined with the epitaxial
relationship of the Si(100)−sodium silicate interface. In the
concentration range of 45−70 wt %, CTAC is known to form
cylindrical micelles in aqueous solution at room temperature.44

Our molecular simulations predicted that such cylindrical
micelle geometry is retained upon micelle adsorption on the
Si(100) surface.45 Moreover, these micelles follow the top-
ography of the Si substrate, resulting from the c(4 × 2)
reconstruction of the (100) surface, and are arranged in a
regular array with the long axis along Si[100] direction (Figure
3d). Such micelle morphology and orientation with respect to
the protruding ridges on the reconstructed Si(100) surface
maximizes the strength of the hydrophobic interactions
between CTAC and the substrate.45 AFM data confirm the
formation of a highly oriented surfactant structure on the
Si(100) surface (see Figure 3d and Figure S4). The 0.7 nm
height and 6.5 nm spacing between the neighboring stripes in
the AFM images are in-line with those previously observed for
CTAB on graphite, an almost identical surfactant on a
hydrophobic surface; this pattern was interpreted to be that
of hemicylindrical structures.46,47

On the basis of these experimental data and theoretical
predictions for the initial and final stages of templated growth
of sodium silicate pyramids on Si(100), we propose the
following pathway. The first stage of the reaction is likely to
involve the transformation from a hexagonal micellar surfactant
structure to a bicontinuous cubic structure (space group Ia3̅d)
upon heating to 100 °C. Although it is challenging to
experimentally observe this temperature-induced phase tran-
sition on the Si surface, the transformation is expected based on
the CTAC phase diagram.44 This bicontinuous surfactant phase
then provides a three-dimensional template for the growth of
porous silicates. We note that, upon silicate growth, the
surfactant may be partially displaced (schematically shown in
Figure 3d). Such local reduction in surfactant volume fraction
was reported to trigger transformation of the surfactant Ia3 ̅d
phase to a micellar cubic Pm3 ̅n structure,48 as observed in the
final product.
In contrast to the situation on the Si(100) face, such a

pathway for transformation of the surfactant template from
hexagonal to bicontinuous cubic and to micellar cubic phase
(Figure 3b) is not possible on a Si(111) surface. On this
surface, surfactants do not retain their hexagonal micelle
structure. Instead, as revealed by our AFM data (Figure 3d and
Figure S4) and molecular dynamics simulations, surface
symmetry dictates the formation of hemispherical CTAC
micelles.45 These micelles are randomly arranged on Si(111)
and do not support the formation of a well-ordered three-

dimensional template. As a result, no silicate growth is observed
on this substrate under otherwise identical conditions (Figures
S5 and S6).
Similarly, if the CTAC concentration is too low (e.g., 100

mM) to support the transition to the bicontinuous phase at 100
°C, no ordered porous silicate is formed on Si(100). Instead,
irregular mesoporous particles with poorly developed morphol-
ogy are observed (Figure S7). In contrast, increasing the CTAC
concentration while within the hexagonal phase stability region
at room temperature produces more stable templates, hindering
further transformation to the surfactant cubic phase. As a result,
the increase in CTAC concentration to 150 mM produced
dodecahedral shape silicate precipitates, but with slightly
deformed cubic pore morphology (SI Figures S8 and S9).
Elevation of temperature facilitates the transition from
hexagonal to bicontinuous cubic phase at lower CTAC
concentrations. For a CTAC concentration of 125 mM, 100−
110 °C is an optimal temperature for producing well-defined
organosilicate crystals. In these conditions the reaction of 20−
30 mL of reaction mixture is completed in 2 h, and the repeat
of the reaction produces homogeneous silicate pyramidal
crystal arrays.

CONCLUSION

In conclusion, Si(100) surfaces can act as templates for growth
of long-range-ordered, uniform crystal-like pyramidal silicates
with cubic mesopores. Detailed characterization and modeling
revealed that the Si(100) surface plays the dual role of a
substrate for epitaxial growth of sodium silicate and one that
directs CTAC self-assembly. The resulting highly ordered
mesophase crystals and pore structure are a consequence of a
series of transformations in surfactant template geometry from
hexagonal phase to micellar cubic. Such complex nucleation
and growth pathways to ordered three-dimensional architec-
tures involving a series of transformations of organic templating
agents are reminiscent of biomineralization processes. The
latter often involves complex transformations in organic
(protein) and inorganic phases ultimately leading to highly
ordered hierarchical materials.49 In this study we demonstrate
the same level of control over materials architecture in a purely
synthetic system. The mechanistic model of the synthesis
pathway developed here broadens the horizons for knowledge-
based design of ordered hierarchical materials for practical
applications.

METHODS
Synthesis. In a typical synthesis of silicate pyramids on a Si(100)

surface, 1,2-bis(trimethoxysilyl)ethane [(CH3O3Si-CH2CH2-Si-
(OCH3)3)] was added to a mixture of cetyltrimethylammonium
chloride, sodium hydroxide, and water under vigorous stirring at room
temperature, and this solution was aged for 24 h. The molar ratio of
BTME:CTAC:NaOH:H2O is 1.0:0.6−0.9:2.10:353. The aged solution
was transferred to a Teflon container, and a small Si(100) piece was
placed vertically into the solution. The Teflon container was placed in
the oven at 100 °C for 2 h. The Si(100) piece was taken out of the
container and washed with DI water.

Characterization. The XRD patterns were obtained on a Philips
X’ert MPD X-ray diffractometer using Cu Kα (1.540 59 Å) radiation
with the X-ray generator operating at 45 kV and 40 mA. TEM images
were obtained on a JEOL JEM 2010 microscope. For TEM analysis,
pyramidal silicates were carefully scratched from the Si surface. Raman
spectra were excited using 244 nm cw radiation from a Lexel model
85SHG laser equipped with harmonic doubling optics. For Raman
spectra measurement, approximately 10 mW of the filtered probe
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radiation was directed into a confocal microscope stage (Olympus
model U-5RE-2) having a 40× UVB objective. Backscattered light was
collected, filtered to remove the excitation wavelength, and imaged
through 100 μm slits into an 800 mm FL LabRAM HR spectrometer
equipped with a 2400 g/mm grating blazed at 250 nm. A 5 s exposure
time was used, multiple spectra were acquired for each sample, and the
signal was averaged. All ex-situ AFM images were captured in tapping
mode at room temperature (23 °C) with a NanoScope 8 atomic force
microscope (Digital Instruments J scanner, Bruker) with silicon tips
(model AC160TS-R3, rectangular lever, k = 26 N/m, tip radius 9 ± 2
nm; resonance frequency 300 kHz in air; Asylum Research). The drive
amplitude was about 20 nm in air, and the signal-to-noise ratio was
maintained above 10. The scanning speed was 1−2 Hz. The amplitude
set-point was carefully tuned to minimize the average loading force
(∼50 pN) during imaging.
Simulations. The first-principles simulations were performed using

the projector augmented wave method50,51 implemented in VASP
code.52−54 The generalized gradient approximation parametrized by
Perdew, Burke, and Ernzerhof was used for the exchange−correlation
terms,55,56 and wave functions were expanded by plane waves with a
cutoff energy of 500 eV. The atomic positions were optimized until
residual ionic forces became less than 0.02 eV Å−1. A 2 × 2 × 1
Monkhorst−Pack grid was used. A 3 × 4 Si(100) supercell (120
atoms) and the corresponding 2 × 2 d-Na2Si2O5 supercell (144 atoms)
were used to construct the interface. A 25 Å vacuum gap was used in
the direction normal to the interface.
Ab-initio molecular dynamics simulations at 373 K (100 °C) were

performed within the canonical (NVT) ensemble. A Verlet algorithm
was integrated with Newton’s equations of motion at a time step of 2
fs for a total simulation time of 30 ps. The frequency of the
temperature oscillations was controlled by the Nose ́ mass during the
simulations. K-point sampling at the Γ-point was used.
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