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Abstract The synthesis process of mesoporous silicon

spheres directly from MCM-48 through a metal thermal

reduction reaction is presented. The MCM-48 spheres

were reduced in vacuum at 620 �C, with the spherical shape

retained. The synthesized porous silicon spheres were con-

firmed as crystalline silicon by X-ray diffraction and trans-

mission electron microscope. The silicon spheres have a

microstructure different to those of etched silicon films by

traditional method. The sample exhibited a slight red shift in

PL spectrum after exposure to ammonia. This shift from 2.00

to 1.98 eV is ascribed to the Si–N adduct which disorder

the space charge region in the semiconductor to weaken

the quantum confinement effect. This design enables the

syntheses of mesoporous nanocrystalline silicon spheres

with multifarious three-dimensional shapes inherited from

MCM-48 for sensor or optical applications.

Abbreviations

XRD X-ray powder diffraction

SEM Scanning electron microscope

TEM Transmission electron microscope

HRTEM High resolution TEM

SAED Selected area electron diffraction

EDS Energy dispersion spectrometer

PL Photoluminescence

BET Brunauer–Emmet–Teller

BJH Barret–Joyner–Halendar

Introduction

Porous silicon has attracted more and more attention for its

excellent porous structure, optical property and electronic

performance [1–3]. It has been attracting interests for many

applications, such as sensors, optics, bio-material as well as

energy containing material since it was found of photolu-

minescence (PL) at room temperature in 1990 [4]. Tradi-

tionally porous silicon was synthesized by etching process

including electrochemical and chemical etching [5–7].

However, the analogical treatments result in similar

structures, which may restrict the variety of structures and

correlative applications. Various attempts have been

adopted to prepare different structures and it is proved that

displacement reaction is one of the highly effective and

promising methods, through which some natural forms of

SiO2 including rice husks, diatom shells, and sands have

been reduced to porous silicon [8–10]. Our studies focus on

converting the pure silica molecular sieves into porous

silicon. Compared with other natural forms, pure silica

molecular sieves, a special group form of SiO2, could be

studied in system and it is helpful to understand the

mechanism of structure forming by analyzing the changes

from the regular pores and channels in molecular sieves to

the pores in porous silicon [11, 12]. In this paper porous

silicon spheres were obtained directly from pure silica

MCM-48 by the magnesiothermal reduction process at

620 �C, during which the spherical shape and fine feature

were well preserved. The structure in samples is very dif-

ferent from those by traditional etching method, which may

be applied in the field of sensor or drug loading [8, 13]. In

addition NH3 was adsorbed into the sample and the chan-

ges occurred in PL spectrums has been discussed. The

result will help to understand the origin and characteristics

of this material.
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Experimental

Preparation of pure silica MCM-48

Hexadecyltrimethylammonium bromide (4.8 g) was added

to the solution composed of H2O (75 g), ethanol (80 g),

and aqueous ammonia (20 g, 40%). The solution was

stirred at a rate of 400 rev/min for 10 min and then 7.0 g

tetraethoxysilane (TEOS) was added. After the solution

was stirred for 2 h at ambient temperature, it was filtrated

and washed with deionized water. The product was dried at

100 �C for 30 min and calcinated at 550 �C for 3 h to

remove the template.

Synthesis of porous silicon spheres

A mixture of magnesium powder and MCM-48 (0.18 g,

molar ratio Mg: SiO2 = 2: 1) was placed in a ceramic boat

in a tube furnace. After the furnace was evacuated, the

mixture was heated to 620 �C for 2 h. The products were

collected and immersed in HCl solution (molar ratio of

HCl:H2O:EtOH = 0.50:3.57:6.73) for 6 h at room tem-

perature to remove the magnesia and excessive Mg pow-

der. The sample was then exposed to a HF solution (molar

ratio of HF:H2O:EtOH = 0.70:0.74:5.92) for 10 min to

ensure that any oxide was eliminated completely. At last

the obtained silicon granules were dried at 100 �C for 4 h.

Static adsorption of NH3

The porous silicon spheres were placed in a sample bottle

in a dryer. The dryer was blown by Ar (99.999%) and then

evacuated to a pressure of 260 mmHg. NH3 was introduced

into the dryer until the pressure was about 395 mmHg and

at last Ar was filled into 760 mmHg. The NH3 was

adsorbed for 2 h and the sample was analyzed immediately

to obtain the PL spectrum.

Characterization

The sample was characterized by a Shimadzu XRD-6000

diffractometer with Cu Ka (k = 1.54060 Å) radiation

(40 kV, 30 mA). The morphologies were observed by a

JSM-5600LV scanning electron microscope (5.0 kV) and a

Philips Tecnai G2 20 transmission electron microscope

(200 kV). The PL emission spectrum was measured with a

Perkin Elmer LS55 spectrometer using a xenon lamp as the

excitation source. The N2 adsorption–desorption isotherm

was obtained by using a Micrometrics ASAP-2020

analyzer.

Results and discussion

The X-ray powder diffraction (XRD) pattern of the as-

synthesized pure silica MCM-48 shown in Fig. 1a is

identical to the one reported by Romero et al. [14]. The

XRD pattern of product porous silicon is shown in Fig. 1b.

Only sharp peaks of crystal silicon (pdf 27–1402) were

observed, which demonstrated that the conversion from

SiO2 to crystal silicon was confirmed. The baseline is not

very smooth due to the existence of little amount of

amorphous phase [15].

The scanning electron microscope (SEM) image of pure

silica MCM-48 is shown in Fig. 2a and plenty of smooth

spheres congregated together with the diameter of about

500 nm. As revealed in Fig. 2b, after reduction and treat-

ments the spherical shape and size were well preserved, and

even the state of congregation of spheres was retained.

Compared with MCM-48, but the surface of silicon spheres

was a little rough. The modest temperature and appropriate

reaction time prevent the shape from distorting and col-

lapsing. Meanwhile, the formation of a magnesia phase

intertwining with silicon also solidifies the framework of the

spheres. As a result, the original shape is well preserved [8].

Fig. 1 XRD patterns of MCM-

48 (a) and the as-synthesized

porous silicon spheres (b)
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The transmission electron microscope (TEM) image is

presented in Fig. 3a. The spherical shape and the state of

connecting spheres were well preserved. Figure 3b shows

one silicon sphere with very loosen structure. In the

amplified image shown in Fig. 3c there is many particles

join together to form a three-dimensional structure. Most

of the particles have a relatively uniform diameter of

about 15–20 nm. Figure 3d shows a high resolution TEM

(HRTEM) image and there are many crystalline silicon

nanodots approximately 5 nm in diameter, indicated by

Fig. 3 TEM images of porous silicon spheres (a), a single silicon sphere (b), an amplified part on a sphere (c), and HRTEM image of porous

silicon sphere (d), in the inset of d is the corresponding SAED patterns

Fig. 2 SEM images of MCM-48 (a) and the as-synthesized porous silicon spheres (b)
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the lattice fringes with different orientations. The inter-

planar spacing of the crystal state is about 0.32 nm,

matching very well with the (111) planes of crystal sil-

icon. The inset is the selected area electron diffraction

(SAED) pattern in which well defined diffraction rings

also match with polycrystalline silicon [16].

The N2 adsorption–desorption isotherm of the sample

was obtained at -196 �C and presented in Fig. 4a. The

isotherm shows a representative type IIb curve with

abrupt change in the relative pressure range of 0.8–0.9,

which means that the mesoporosity only arises from

particles interactions [17]. The hysteresis loop of type H3

occurs at the relative pressure range of 0.5–1.0, indicating

the presence of narrow slit-like pores [18]. The Brunauer–

Emmet–Teller (BET) report showed that the sample has a

surface area of 43 m2 g-1 and the single point pore vol-

ume is 0.109 cm3 g-1 at a relative pressure of 0.976. The

Barret–Joyner–Halendar (BJH) pore distribution is

observed in Fig. 4b and there are three peaks centered at

3.41, 5.10, and 16.92 nm, respectively, bigger than that of

MCM-48 (2.54 nm). The pore size distribution is calcu-

lated from the desorption branch, and then the peak at

3.41 nm may be an artifact due to the physical properties

of the nitrogen. The change in pore diameter originates to

the thermal contraction and defects of Si–Si bond from

Si–O–Si bond, where the oxygen atom is seized by Mg.

The relatively dispersed pore distribution is owing to the

disordered collapse or lattice distortion in the phase

change process [19].

Raman spectroscopy is very useful to gain structure

information about bonding and disorder in porous silicon,

because the wavenumbers and relative intensities of

vibrations and phonons depended on the structure and

chemical environment, as well as the structure and level of

disorder are decisive to depolarization factors [9]. The

Raman spectrum of the sample is shown in Fig. 5. The

520 cm-1 line can be assigned to crystal silicon, matching

the observation in TEM [20]. The broadening of the

970 cm-1 line is ascribed to the second-order Raman

scattering of TO mode at surface of crystal silicon or

porous silicon [21]. Normally the 480 cm-1 line belongs to

the amorphous silicon, matching the analysis to the XRD

result. Thus we can propose that there exist little amount of

amorphous silicon in the porous silicon sphere, due to the

Fig. 4 Nitrogen adsorption–

desorption isotherm of the

porous silicon spheres (a) and

the BJH pore size distribution

(b)

Fig. 5 Raman spectrum of porous silicon spheres

Fig. 6 Photoluminescence spectra of porous silicon spheres before

(a) and after (b) NH3 adsorption
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solid-phase crystallization from amorphous SiO2 to silicon

takes place via the bond rearrangement process [21].

PL is the most important property for porous silicon.

The PL spectrum of the sample was obtained at room

temperature and labeled as curve a in Fig. 6. There is an

emission centered at about 620 nm (2.0 eV), with an

excitation at 315 nm. It is in the emission range of normal

porous silicon (600–700 nm). After NH3 adsorption, the

band of 620 nm for porous silicon shifts to 625 nm (curve

b in Fig. 6). Meanwhile in FTIR spectrum we found a new

adsorption band of 1412 cm-1 after NH3 adsorption, due to

the vibration of –NH3? caused by the coupling between the

surface of porous silicon and the nitrogen molecules [22].

The nitrides formed on the surface of porous silicon could

efficiently disturb the space charge region in semiconduc-

tor, thus the quantum confinement effect resulted from the

nanocrystalline silicon in the porous silicon was weakened,

by which the little red shift in the PL spectrum was inter-

preted. More over, the steric effect from nitrogen mole-

cules dynamically blocks the surface of porous silicon to a

certain extent, which might also influence the light emis-

sion of porous silicon [23].

Conclusions

In general, mesoporous silicon spheres have been synthe-

sized from MCM-48 by a thermal reduction reaction. The

microstructure and possible mechanism for the formation

have been discussed. NH3 has been adsorbed by a static

method and the changes in the PL spectra are considered to

originate from the quantum confinement effect and the

steric effect. This general approach has considerable

promise for the further extensive study of the new struc-

tures of porous silicon.
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