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Chemical reduction of three-dimensional silica
micro-assemblies into microporous silicon replicas
Zhihao Bao1, Michael R. Weatherspoon1, Samuel Shian1, Ye Cai1, Phillip D. Graham1, Shawn M. Allan1, Gul Ahmad1,
Matthew B. Dickerson1, Benjamin C. Church1, Zhitao Kang1, Harry W. Abernathy III1, Christopher J. Summers1,
Meilin Liu1 & Kenneth H. Sandhage1

The carbothermal reduction of silica into silicon requires the use
of temperatures well above the silicon melting point ($2,000 6C)1.
Solid silicon has recently been generated directly from silica at
much lower temperatures (#850 6C) via electrochemical reduction in molten salts2,3. However, the silicon products of such
electrochemical reduction did not retain the microscale morphology of the starting silica reactants2,3. Here we demonstrate a lowtemperature (650 6C) magnesiothermic reduction process for converting three-dimensional nanostructured silica micro-assemblies
into microporous nanocrystalline silicon replicas. The intricate
nanostructured silica microshells (frustules) of diatoms (unicellular algae) were converted into co-continuous, nanocrystalline
mixtures of silicon and magnesia by reaction with magnesium
gas. Selective magnesia dissolution then yielded an interconnected
network of silicon nanocrystals that retained the starting threedimensional frustule morphology. The silicon replicas possessed a
high specific surface area (.500 m2 g21), and contained a significant population of micropores (#20 Å). The silicon replicas
were photoluminescent, and exhibited rapid changes in impedance upon exposure to gaseous nitric oxide (suggesting a possible
application in microscale gas sensing). This process enables
the syntheses of microporous nanocrystalline silicon microassemblies with multifarious three-dimensional shapes inherited
from biological4–6 or synthetic silica templates7–9 for sensor, electronic, optical or biomedical applications10–13.
Silica diatom frustules were converted into MgO/Si-bearing replicas by the following reaction with gaseous Mg:
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Images of a silica Aulacoseira diatom frustule, and of a reacted
MgO/Si-bearing product, are shown in Fig. 1a and b, respectively.
Aulacoseira frustules have a hollow cylindrical shape. Their end faces
contain a circular hole with a protruding outer rim. These frustules
were lined with rows of fine pores (102 nm in diameter) running along
the cylinder length, and also contained narrow channels between
intercalating fingerlike extensions. The MgO/Si composites (Fig. 1b)
generated by reaction (1) retained the three-dimensional (3D) cylindrical morphology and nanoscale features (rows of fine pores, narrow
channels) of the Aulacoseira frustules. X-ray diffraction (XRD) analysis (Fig. 2a) confirmed the presence of magnesia and silicon in
the reacted specimens. The MgO/Si composite replicas were then
immersed in a 1 M HCl solution for 4 h. XRD (Fig. 2b) and energy
dispersive X-ray (Fig. 1e) analyses indicated that this treatment
resulted in the selective and complete dissolution of magnesia.
The resulting silicon-based product (Fig. 1c) retained the 3D morphology and nanoscale features of the Aulacoseira frustules (see
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Supplementary Fig. 1 for images of other diatom frustule replicas).
The energy dispersive X-ray pattern in Fig. 1e contained a modest
oxygen peak, which was associated with amorphous silica (silicon
dioxide) formed during exposure of the silicon to the water-rich HCl
solution. The replicas were then immersed in an ethanol-based
hydrofluoric acid (HF) solution for 20 min. The absence of an oxygen
peak in the energy dispersive X-ray pattern in Fig. 1f indicated that
the silica had been completely and selectively dissolved by this HF
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Figure 1 | Shape-preserving magnesiothermic reduction of silica diatom
frustules. a, Secondary electron image of an Aulacoseira diatom frustule.
b, Secondary electron image of a MgO/Si composite replica after reaction of
an Aulacoseira frustule with Mg(g) at 650 uC for 2.5 h. c, Secondary electron
image of a silicon-bearing replica produced by selective dissolution of
magnesia from a MgO/Si replica in an HCl solution. d, Secondary electron
image of a silicon replica after the HCl treatment and an additional
treatment in a HF solution. e, f, Energy dispersive X-ray analyses obtained
from silicon frustule replicas of the type shown in c and d, respectively.
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treatment. X-ray photoelectron spectroscopy (Supplementary Fig. 2)
and Fourier transform infrared spectroscopy (Supplementary Fig. 3)
also confirmed the absence of silica in the specimens after the HF
treatment. The replicas exposed to this HF treatment (Fig. 1d)
retained the shape and fine features of the starting frustules.
A mixture of one mole of silicon with two moles of magnesia (the
products of reaction (1)) corresponds to 34.9 vol.% silicon and
65.1 vol.% magnesia14. A uniform distribution of silicon and magnesia in such a product mixture should consist of co-continuous,
interpenetrating silicon and magnesia phases15. The interconnectivity of both phases enabled the magnesia to be completely dissolved
from the MgO/Si frustule replicas and the remaining silicon to be
retained as a highly porous, but interconnected structure that preserved the starting frustule morphology. Nitrogen adsorption
(Brunauer–Emmett–Teller, BET) measurements indicated that the
specific surface areas of the starting silica frustules and of the MgO/Si
composite replicas were only 1.65 m2 g21, and 1.56 m2 g21, respectively. After magnesia removal, however, the specific surface area
increased to 541 m2 g21. BJH (Barrett–Joyner–Halenda) analyses16
of the nitrogen desorption curves indicated that, unlike the starting
frustules or MgO/Si replicas, the silicon replicas possessed a significant population of micropores; that is, pores #2 nm in diameter
comprised 30% of the cumulative volume occupied by all pores
#125 nm in diameter (Supplementary Fig. 4).
The use of magnesium gas as a reducing agent enabled the reduction process to be conducted at a modest temperature, at which the
formation of volatile silicon-bearing gas species (such as SiO(g),
Si(g)) was suppressed17. As a result, the reduction reaction could
be completed on and within the frustules (and not within the gas
phase away from the frustule surfaces) to yield MgO/Si-bearing replicas. This modest 650 uC/2.5 h heat treatment, along with the formation of a continuous refractory magnesia phase intertwined with the
silicon product, inhibited substantial coarsening and sintering of the
silicon product, so that features as fine as a few tens of nanometres in
the starting silica diatom frustules could be preserved in the silicon
replicas after selective magnesia dissolution (see Supplementary Fig.
1). Although a few authors have previously examined the reaction of
silica with magnesium gas, the shape preservation and microporosity
of the liberated (magnesia-free) silicon product generated by such
reaction were not examined18–20.
Transmission electron images of cross-sections of a silicon frustule
replica are shown in Fig. 3a–d. A corresponding selected area electron
diffraction pattern is shown in Fig. 3e. Consistent with XRD analysis
(Fig. 2b), electron diffraction analysis indicated the presence of
silicon as the only crystalline phase throughout the replica crosssection. The fine sizes of the silicon crystals (Fig. 3b) detected within
the wall of the converted frustule were also consistent with Scherrer
analysis21 of the XRD pattern in Fig. 2b, which yielded an average
silicon crystallite size of 13 6 2 nm. The high-resolution transmission
electron image shown in Fig. 3c and the associated Fourier-filtered
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version of this image in Fig. 3d both reveal lattice fringe images of
adjacent silicon nanocrystals. The continuation of the lattice fringe
patterns from these adjacent grains up to the grain boundary indicated that this grain boundary was free of an amorphous silica phase.
Grain boundaries between other adjacent silicon nanocrystals were
also found to be free of an amorphous phase. Some of the silicon
crystals located at the outer surfaces of the silicon replicas were relatively large (,30 nm; Fig. 3b). A modified protocol was used to
reduce further the average size of the crystals in the silicon replicas.
The MgO/Si composite replicas were immersed in an aqueous solution of 1.1 M hydrogen peroxide and 2.2 M ammonium hydroxide at
70 uC for 0.5 h partially to oxidize the silicon grains (particularly the
relatively coarse grains on the external replica surfaces). The specimens were then immersed in HF and HCl solutions to selectively
dissolve the silica and magnesia, respectively. Scherrer analysis of the
XRD pattern obtained from such silicon replicas yielded a reduced
average silicon crystallite size of 8 6 1 nm.
Planar (two-dimensional) microporous silicon has been used as a
sensor for various gas species11,22–24. The high specific surface areas
and open (accessible) structures of the present 3D silicon frustule
replicas are attractive characteristics for use in sensitive and rapid gas
detection. To evaluate such gas detection, a simple sensor based on a
silicon frustule replica was fabricated (Fig. 4a). Platinum electrodes
were used to connect the ends of this replica to gold pads (not shown)
deposited on a silicon nitride substrate. A modest bias voltage
(100 mV at 100 Hz) was applied across the electroded silicon frustule
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Figure 2 | Phase content of diatom frustules after magnesiothermic
reduction. a, XRD pattern revealing the presence of magnesia and silicon
formed after exposure of Aulacoseira silica diatom frustules to magnesium
gas at 650 uC for 2.5 h. b, XRD pattern obtained after selective dissolution of
the magnesia from the MgO/Si composites in a.

Figure 3 | Fine-scale structure of silicon replicas produced by
magnesiothermic reduction of Aulacoseira diatom frustules. a, b, Lowmagnification bright field and higher-magnification dark field transmission
electron images, respectively, of an ion-milled cross-section of a silicon
frustule replica. c, High-resolution transmission electron image of adjacent
silicon nanocrystallites. d, The same image in c after Fourier filtering.
e, Selected area electron pattern obtained from the silicon frustule replica
shown in a and b.
173

©2007 Nature Publishing Group

LETTERS

NATURE | Vol 446 | 8 March 2007

replica, and the change in impedance was evaluated upon exposure to
flowing NO(g) in an Ar(g) carrier stream at 300 uC. The impedance
of the silicon frustule sensor increased upon exposure to low (p.p.m.)
concentrations of NO(g) (Fig. 4b). Furthermore, changes of only
1 p.p.m. in NO(g) concentration could be detected. The response
(rise) and recovery (decay) times of this sensor were about 6 and
25 s, respectively, which are faster times than has been reported for
planar porous silicon sensors exposed to comparable NO(g) concentrations23. Such a combination of rapid (#25 s) and sensitive
(1 p.p.m.) detection of NO(g) from a microscale (minimally invasive) 3D silicon sensor operating with a bias voltage of only 100 mV
(instead of several volts) has not previously been achieved, to our
knowledge. Although further work remains to be conducted to
optimize the packaging of such a sensor, the high sensitivity and
rapid response rate of the silicon frustule replica demonstrate the
benefits of such an open, porous, 3D structure with such high surface
area.
Several authors have also reported the photoluminescence of
microporous silicon in ultraviolet light, particularly after partial
oxidation in water25,26. To evaluate such photoluminescence, the silicon frustule replicas were partially oxidized by immersion in water for
40 days. The photoluminescence of the 3D silicon frustule replicas was
dramatically enhanced after such partial oxidation (Supplementary
Fig. 5a and b). A fluorescence microscope image of such a photoluminescent silicon frustule replica is shown in Supplementary Fig. 5c.
The present work demonstrates that microporous assemblies of
silicon nanocrystals with intricate and well-controlled 3D morphologies may be synthesized by the shape-preserving magnesiothermic
reduction of microscale silica-based structures at only 650 uC.
Biologically replicable silica-forming microorganisms, such as diatoms, can provide a wide variety of intricate 3D silica structures for
this reduction process4. Sustained culturing of a given diatom species
can yield significant quantities of 3D silica frustules of similar morphology. For example, the diatom biomass production rate of a single
pilot-scale facility with 45 vertical bubble column photobioreactors
can be in excess of 700 kg (dry weight) per annum27, which corresponds to an annual silica frustule yield in excess of 70 kg (assuming a
modest 10 wt% silica content in the dry cells28). The magnesiothermic
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Figure 4 | Gas sensor based on a silicon frustule replica. a, Secondary
electron image of an electroded microporous silicon frustule replica.
b, Electrical response of this single silicon frustule sensor to NO(g). DZ is the
impedance change upon exposure to NO(g), and Zo is the sensor impedance
in pure flowing argon. Measurements were obtained every second.

reduction process is also amenable to scale-up (the current yield of
the authors’ laboratory-scale magnesiothermic reduction process is
100 mg h21, which is comparable to the 20–200 mg h21 production
rate of silicon nanoparticles via laser-induced pyrolysis of silane29).
Hence, by applying the shape-preserving magnesiothermic reduction
process to biologically or synthetically self-assembled silica templates,
large quantities of similar 3D silicon nanocrystal assemblies with precisely controlled microscale shapes and nanoscale features (pores,
channels and so on) may be synthesized for use in sensor, electronic,
optical, biochemical, or other applications10–13.
METHODS
Conversion of silica diatom frustules into microporous silicon replicas.
Diatom frustules were spread evenly within a steel boat to form a 0.2-mm-deep
powder bed. The frustule-bearing steel boat and magnesium granules were
placed at opposite ends of a steel ampoule that was then welded shut. The
Mg:SiO2 molar ratio sealed within each ampoule was 2.5:1. Such ampoules
were thrust into a tube furnace that had been preheated to 650 uC, and then held
at this temperature for 2.5 h (at 650 uC, the oxygen and nitrogen partial pressures
associated with the Mg/MgO and Mg/Mg3N4 equilibria are only 1.7 3 10257 atm
and 3.1 3 10216 atm, respectively17). The reacted frustules were observed to
contain three regions of different colour. The region located nearest the magnesium gas source was blue in colour. A black region and then a brown region
were observed with increasing distance from the magnesium gas source. XRD
analyses indicated that each region contained magnesia (magnesium oxide).
The black and brown regions also contained silicon as a secondary product
phase, whereas the blue region contained magnesium silicide, Mg2Si (which
is a blue-coloured intermetallic compound14). Residual, unreacted silica (in
the form of cristobalite) was detected in the brown region. The MgO/Si composite material located in the black region of the reacted frustule bed was
collected and immersed in a 1 M HCl solution (molar HCl:H2O:EtOH
ratio 5 0.66:4.72:8.88) for 4 h at room temperature to selectively dissolve the
magnesia. The specimens were then exposed to a HF solution (molar
HF:H2O:EtOH ratio 5 1.05:1.11:6.45) to ensure that any silica formed during
exposure to the aqueous HCl treatment was removed. The HCl treatment and
the subsequent HF treatment were conducted within an argon atmosphere glove
box. The argon in this glove box was obtained from an ultrahigh-purity tank
(99.999% purity) and this gas was further scrubbed of oxygen with an oxygen
gettering system. The oxygen partial pressure in this glove box was maintained at
below 0.1 p.p.m. (as determined by an oxygen sensor).
Characterization of the microporous silicon replicas. The infrared spectra for
FTIR measurements were recorded using a Bruker Equinox 55 spectrometer with
a liquid N2-cooled MCT detector. Measurements were made in diffuse reflectance mode using a Praying Mantis DRIFTS attachment from Harrick Scientific.
Both the spectrometer and DRIFTS attachment were continuously purged with
N2 gas to minimize the background signal from atmospheric CO2 and H2O. The
spectra obtained were averages of 128 scans recorded at 4 cm21 resolution. The
sample spectra, measured from samples consisting of ,10 vol.% silicon frustule
replicas mixed with KBr powder, were referenced to a background of pure KBr
powder. XPS analyses were conducted with a Kratos Axis-165 instrument
(Kratos Analytical, Manchester, UK) using monochromatic Al Ka radiation.
The specimens were transferred into the XPS instrument under an argon atmosphere. After removal from the HF-bearing solution, the specimens were allowed
to dry in the argon atmosphere glove box. The frustule replicas were pressed onto
0.25-mm-thick indium foil and then sealed in plastic bags within the glove box.
The sealed bags were then placed inside a glove bag that was, in turn, sealed
around the evacuable antechamber of the XPS. After the glove bag was purged
with ultrahigh-purity (99.999%) argon, the specimens were removed from the
plastic bags and placed inside the antechamber. The antechamber was then
evacuated for XPS analyses. Milling of the specimens within the XPS system
was conducted with Ar1 ions. XPS analyses were calibrated with respect to the
carbon 1s excitation (285.0 eV).
For gas-sensing measurements, a single silicon frustule (Aulacoseira) replica
was placed on a silicon nitride substrate and platinum electrodes were then
applied to both ends of the replica with the aid of a focused ion beam instrument.
A potentiostat was used to impose a small bias voltage (100 mV at 100 Hz) across
the silicon frustule sensor, and to monitor the corresponding current passing
through the sensor, during switching of the sample gas from pure argon to argon
containing different concentrations of NO(g) at 300 uC.
The photoluminescence spectrum was obtained with a Spex 1000M spectrometer using an argon laser, with an emission wavelength of 275 nm (ultraviolet)
and a power of 5 mW, as the excitation source. The laser was focused to a spot of
,1 mm in diameter on the sample. The photoluminescence measurements were

174
©2007 Nature Publishing Group

LETTERS

NATURE | Vol 446 | 8 March 2007

performed at room temperature and recorded with a GaAs photomultiplier tube
with a cutoff wavelength of 920 nm. Fluorescence microscopy was conducted
using a Zeiss Axiovert 200 microscope, with a fluorescence excitation of 450–
490 nm.
Scanning electron microscopy was conducted with a Leo/Zeiss 1530 field
emission scanning electron microscope operating at an accelerating voltage of
10 kV. Transmission electron microscopy was conducted with a JEOL 4000 EX
microscope operating at an accelerating voltage of 400 kV.
Received 13 November 2006; accepted 2 January 2007.
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