
Chapter 9
Si Nanopowder for Photoluminescence
and Hydrogen Generation Materials

Yuki Kobayashi and Hikaru Kobayashi

Abstract Si nanopowder fabricated from Si swarf using the beads milling method
exhibits two kinds of photoluminescence (PL), green-PL and blue-PL. Green-PL
arises from band-to-band transition of Si nanopowder with band-gap enlarged by the
quantum confinement effect. Blue-PL, on the other hand, is attributable to adsorbed
9,10-dimethylanthracene (DMA) impurity in hexane because the structure of the
observed PL spectra is nearly identical to that of DMA solvent. The peaked PL
spectra arise from vibronic interaction of DMA, and nearly the identical separation
energies between the neighboring peaks correspond to the vibrational energy of
DMA in the electronic ground-state. The PL intensity of DMA is enhanced by
60,000 times due to adsorption of DMA on Si nanopowder. For excitation photon
energies higher than 4.0 eV, new peaks appear in the energy region higher than the
(0, 0) band, attributable to transition from vibrational excited-states.

Si nanopowder reacts with water in the neutral pH region between 7 and 9. The
hydrogen generation rate strongly depends on pH, while pH doesn’t change after
the reaction. Si nanopowder reacts with OH− ions, generating hydrogen, SiO2, and
electrons in the SiO2 conduction band. Electrons are accepted by water molecules,
generating hydrogen and OH− ions. Since OH− ions act as a catalyst, the hydrogen
generation rate greatly increases with pH. The generated hydrogen volume vs. the
reaction time follows a logarithmic relationship, indicating that migration of OH−
ions through the SiO2 layer is the rate-determining step. The hydrogen generation
reaction stops when the SiO2 thickness reaches to ∼5 nm.
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9.1 Photoluminescence From Si Nanostructures

9.1.1 Introduction

Si is a nonpoisonous material, and thus, its photoluminescence (PL) phenomenon is
applicable to biology [1]. PL from Si nanoparticles is attributed to (i) intrinsic band-
to-band transition [2, 3] and (ii) extrinsic transition involving states such as defect
states in an oxide layer [3, 4]. For case (i), the PL energy depends on the size of Si
nanoparticles because the band-gap energy strongly depends on the size due to the
quantum confinement effect [5, 6]. For example, the energy shift of the PL peaks
by oxidation of Si nanoparticles results from case (i) because oxidation decreases
the size of Si nanoparticles by the formation of SiO2 [2, 3]. For case (ii), on the
other hand, the PL energies are less dependent or independent of the nanoparticle
size [3, 4].

Trave et al. [6] fabricated Si nanoparticles by the laser pyrolysis method and
found that the PL intensity of as-deposited nanoparticles was weak, but it increased
after thermal oxidation at temperatures between 700 and 1000 ◦C accompanied by
blue shift to the wavelength region between 800 and 900 nm. Kang et al. [2] showed
that using the oxidation method which could control the size of Si nanoparticles, the
PL emission color could be varied in the wide wavelength range between red and
blue. For Si nanoparticles produced using the pulsed laser ablation method in liquid,
a PL peak was observed at ∼500 nm [7] or 450 and 600 nm [8]. Si nanoparticles
which exhibited PL were also formed by the use of the laser ablation method in
helium gas [9]. Si nanoparticles of ∼3 nm size were fabricated by implantation of
Si+ ions onto SiO2, and the PL peak was observed in the 750∼950 nm wavelength
region [10]. Si nanoparticles embedded in silicon oxide were formed by the rf co-
sputtering method, and their PL spectra were greatly changed by heat treatment up
to 1100 ◦C [8]. Using ball-milling of graphite and SiO2 powder, Si nanoparticles
with PL emission in the broad wavelength region between 650 and 900 nm were
fabricated [11]. For Si nanoparticles fabricated using ball milling of graphite and
SiO2 powder, broad PL spectra were observed in the wavelength region between
650 and 900 nm [12].

Several researchers investigated effects of adsorbates on Si nanoparticles on PL
behavior. Ryabechikov et al. [13] showed that adsorption of alkyl groups caused
blue shift of the PL peak accompanied with broadening of the peak and attributed the
phenomenon to prevention of energy transfer from small to large Si nanoparticles
by adsorption. For phenyl-passivated Si nanoparticles in hexane, Imamura et al.
[14] reported three-peaked PL spectra (∼3.52, ∼3.68, and ∼3.85 eV) which did
not depend on excitation photon energies. Fang et al. [15] observed enhancement of
PL from adsorbed porphyrin on Ag nanoparticle-covered Si surfaces and attributed
the enhancement to the resonant excitation by local surface plasmons and to the
increased radiative decay rate. We observed peaked structure in the PL spectra
for Si nanopowder in hexane and attributed it to 9,10-dimethylanthracene (DMA)
adsorbed on the surface by which the PL intensity was greatly enhanced [16, 17].
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9.1.2 Experiments

Si swarf generated during slicing of Si ingots by use of the fixed-abrasive wire
saw method was used as a starting material. After cleaning with organic solvent
to remove coolant and other organic species, Si swarf was milled with a ball mill
apparatus followed by beads milling with zirconia beads [16–19]. For one-step
beads milling, 0.5 μm diameter beads were used, while for two-step beads milling,
subsequent milling was performed with 0.3 μm beads. The following two different
methods were employed for production of green-PL and blue-PL Si nanopowder:
To obtain green-PL Si nanopowder, fabricated nanopowder was etched with an HF
solution, followed by centrifugation and filtration, and then, it was immersed in
ethanol. For fabrication of blue-PL Si nanopowder, milled swarf was filtered using
a Teflon membrane filter, followed by immersion in hexane solvent.

Transmission electron micrography (TEM) measurements were performed using
an EM-3000F (JEOL) microscope with 300 keV incident electrons. X-ray diffrac-
tion (XRD) measurements were carried out by use of a Rigaku SmartLab diffrac-
tometer. Photoluminescence (PL) spectra were recorded using a Hitachi High-
Technologies Corporation F-7000 spectrometer. Ultraviolet and visible light (UV-
Vis) absorption spectra were measured by use of a JASCO V-570 spectrometer.
Time-dissolved PL measurements were carried out using a HORIBA DeltaFlex
photometer.

9.1.3 Results and Discussion

9.1.3.1 Structure of Si Nanopowder

Figure 9.1a shows the TEM micrograph of Si nanopowder fabricated by the one-
step beads milling method from Si swarf. The TEM observation was performed
after etching with an HF solution to remove amorphous SiO2. Many crystallites
with polygonal shapes and sizes less than 10 nm are clearly observed.

Fig. 9.1 TEM micrographs
of Si nanopowder fabricated
from Si swarf using the
following beads milling
methods: (a) one-step
milling, (b) two-step milling

(a) 10 nm

(b)

10 nm
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Fig. 9.2 XRD patterns of Si
swarf before (a) and after
beads milling using the
following methods: (b)
one-step milling, (c) two-step
milling

Fig. 9.3 Volume distribution
of the crystallite size of Si
nanopowder fabricated from
Si swarf using the following
methods: (a) one-step beads
milling, (b) two-step beads
milling
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Figure 9.2 shows the XRD patterns of Si swarf before (pattern a) and after
one-step (pattern b) and two-step (pattern c) beads milling. The intense peaks at
28.4, 47.5, and 56.2◦ are attributable to (111), (220), and (311) orientations of Si
nanopowder. After beads milling, all the diffraction peaks due to Si observed before
milling are present with nearly the same intensity ratio, but the widths of the peaks
are considerably increased, indicating that the average crystallite sizes are greatly
decreased.

From the analysis of the shape of the Si(111) XRD peak, the volume distribution
of Si nanopowder (i.e., distribution of the volume of Si nanoparticles vs. the
diameter assuming the spherical shape) obtained using the theoretical diffraction
line profile from spherical crystallites with lognormal size distribution (SLN profile)
method [20] is shown in Fig. 9.3. For one-step milling, the maximum of the volume
distributions (i.e., mode diameter) is present at 5.2 nm. The median diameter for
the volume distribution (i.e., the vertical line by which two regions, A and B, is
divided into the same areas) is estimated to be 10.5 nm and the average diameter to
be 13.2 nm. For two-step milling, the mode diameter, the median diameter, and the
average diameter are determined to be 4.8, 8.4, and 10.2 nm, respectively.

9.1.3.2 Photoluminescence from Si Nanopowder

Figure 9.4 shows the photos of the solutions containing blue-PL and green-PL Si
nanopowders, observed under 365 nm black light irradiation. Si nanopowder was
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Fig. 9.4 Photos of Si
nanopowder in the following
solvents under black light
irradiation: (a) Si nanopowder
without HF etching in
hexane, (b) Si nanopowder
with HF etching in ethanol.
Photo c is for hexane without
Si nanopowder

Fig. 9.5 PL spectra of
green-PL Si nanopowder in
ethanol with HF etching
observed under the following
excitation energies: (a)
2.76 eV, (b) 3.02 eV, (c)
3.26 eV, (d) 3.54 eV, (e) 3.76
eV
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fabricated using the one-step beads milling method from Si swarf. It is clearly seen
that PL color strongly depends on the treatments carried out after fabrication of
Si nanopowder. Si nanopowder without HF etching in hexane shows blue-PL (Fig.
9.4a) while that with HF etching in ethanol exhibits green-PL (Fig. 9.4b). It is noted
that hexane without Si nanopowder doesn’t show PL (Fig. 9.4c).

Green-Photoluminescence-Emitting Si Nanopowder
Figure 9.5 shows the PL spectra for green-PL Si nanopowder. Only one broad
peak is observed in the spectra, and the peak maximum shifts in the higher energy
direction by an increase in the excitation photon energy. The width of the peak
increases with the excitation energy (i.e., incident light energy). It should be noted
that Si nanopowder includes various size crystallites as shown in Fig. 9.3. With low
excitation energy, only large size Si crystallites with narrow band-gap energies are
excited, followed by low energy PL (Fig. 9.6a). With high excitation energy, on
the other hand, smaller Si nanopowder with higher band-gap energies can also be
excited, and thus, higher energy PL is exhibited (Fig. 9.6b). The broader structure
of the PL spectra results from wider distribution of PL-emitting Si nanopowder with
various band-gap energies, e.g., 2.2 eV band-gap for 2.4 nm diameter and 1.7 eV
for 4.5 nm diameter [5, 6].

Figure 9.7 shows the PL spectra for one-step beads milled Si nanopowder
(spectrum a) and two-step milled Si nanopowder (spectrum b). The maximum of
the PL peak for one-step beads milled Si nanopowder is located at 2.60 eV while
that for two-step beads milled Si nanopowder is present at 2.91 eV. Since two-step
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Fig. 9.6 Schematics to explain the relationship between the PL characteristics and the excitation
energy: (a) low excitation energy, (b) high excitation energy

Fig. 9.7 PL spectra for
green-PL Si nanopowder
fabricated with the following
methods: (a) one-step beads
milling, (b) two-step beads
milling
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beads milled Si nanopowder possesses higher band-gap energies due to the quantum
confinement effect, this result also gives the evidence that green-PL arises from
band-to-band transition of Si nanopowder.

Assuming the free electron model for valence and conduction bands of Si
nanopowder and using the indirect band-gap energy, Eg, indi, and direct band-gap
energy, Eg, di, the absorption coefficient, α, is written as

α2 ∝ hν − Eg,di, (9.1)

α1/2 ∝ hν − Eg,indi, (9.2)

where hν is the incident photon energy. The plots for green-PL Si nanopowder using
Eq. (9.1) and (9.2) are shown in Fig. 9.8a and b, respectively.Both the plots aren’t
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Fig. 9.8 Plots for estimation
of the band-gap energies of Si
nanopowder: (a) α2 vs. hν (α,
absorption coefficient; hν,
photon energy) plot for
estimation of indirect
band-gap energy, (b) α1/2 vs.
hν plot for estimation of the
direct band-gap energy
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linear but curves with the curvature increasing with the energy. These nonlinear
plots result from presence of Si nanopowder with various sizes (cf. Fig. 9.3). From
the intercept of the plot with the energy axis, the minimum of the indirect band-
gap energy of Si nanopowder is determined to be 1.3 eV, which corresponds to the
diameter of 6∼8 nm [21]. On the other hand, the minimum of the direct band-gap
energy is estimated to be 4.1 eV (cf. direct band-gap energy of crystalline Si: 3.4 eV
[22]).

Blue-Photoluminescence-Emitting Si Nanopowder
Figure 9.9 shows the PL spectra of blue-emission Si nanopowder fabricated by the
one-step milling method. Four peaks are clearly observed at 2.54, 2.72, 2.91, and
3.10 eV, and these peak energies don’t change at all by changing the excitation
photon energy from 3.17 eV (spectrum a) to 3.50 eV (spectrum c). This result
indicates that blue-PL arises from a single source. The PL spectra of Si nanopowder
coincide with that of DMA (spectrum d). These results show that PL emission
results from adsorbed DMA on Si nanopowder surfaces. (Low concentration DMA
is present in hexane as an impurity.) The PL emission is attributable to π − π∗
transition of DMA and the peaked structure to the vibronic bands with the total
symmetric breathing vibrational mode [23].

Figure 9.10 shows the PL spectra of hexane containing Si nanopowder before
(spectrum a) and after (spectrum b) addition of an HNO3 plus HF solution.
The HNO3 plus HF solution dissolves Si nanopowder [24], and after addition,
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Fig. 9.9 PL spectra of
blue-PL Si nanopowder
observed with the following
excitation energies: (a)
3.17 eV, (b) 3.35 eV, (c)
3.50 eV. Spectrum d is for
free DMS molecules for
comparison
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Fig. 9.10 PL spectra for
blue-PL Si nanopowder
fabricated using the one-step
beads milling method before
(a) and after (b) addition of
an HNO3+HF solution.
Spectrum c is 10,000 times
enlargement of spectrum b
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the PL intensity greatly decreases, indicating that adsorption of DMA on Si
nanopowder greatly enhances the PL intensity. The low intensity PL observed after
addition of HF+HNO3 is probably due to undissolved Si nanopowder stabilized by
adsorbed DMA. The PL intensity of a DMA-containing hexane solution without Si
nanopowder don’t change at all by addition of HF plus HNO3, showing that the
HF+HNO3 solution doesn’t react with DMA (i.e., no chemical reaction). Spectrum
c is observed after concentration of DMA in hexane solutions by 10,000 times by
evaporation. Comparison of spectrum a with spectrum c demonstrates that the PL
intensity of DMA is enhanced by ∼60,000 times by the presence of Si nanopowder.

Figure 9.11 shows the absorption spectra of blue-PL Si nanopowder in hexane.
For both the spectra, the absorption background due to hexane solvent is subtracted.
In the presence of Si nanopowder in hexane (spectrum a), the peaked structure is
observed, and it is attributed to absorption by DMA adsorbed on Si nanopowder. The
peaked structure in the absorption spectrum due to adsorbed DMA disappears by
addition of an HF+HNO3 solution in hexane containing Si nanopowder (spectrum
b), clearly showing that the peaked structure arises from DMA adsorbed on Si
nanopowder, but not from free DMA dissolved in hexane. It is confirmed that the
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Fig. 9.11 Absorption spectra for the following specimens: (a) blue-PL Si nanopowder in hexane,
(b) after addition of an HNO3+HF solution to specimen a

absorption spectrum of hexane containing DMA without Si nanopowder doesn’t
change at all by addition of the HF+HNO3 solution.

The peaked structure in the absorption spectra results from transition to the
electronic excited-state with various vibrational states. The peaks at 3.153, 3.341,
and 3.530 eV are due to (0,0), (1,0), and (2,0) bands. (For both the PL spectra and
the absorption spectra, (l, m) denotes transition between the l-th vibrational state of
the electronic excited-state and the m-th vibrational state of the electronic ground-
state.) The separated energy for these peaks of 0.19 eV is ∼0.02 eV higher than that
observed without Si nanopowder. This result indicates that adsorbed DMA in the
excited-state has a slightly higher C–C bond energy, possibly leading to a shorter
C–C bond length than that of free DMA.

The shortened C–C bond length in the exited-state results in an increase in
the difference in the bond length between the excited- and ground-states. The
PL spectrum of free DMA molecules has a (0,0) peak with the highest intensity
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Fig. 9.12 PL spectra for blue-PL Si nanopowder in hexane observed with various excitation
photon energies between 3.18 and 4.28 eV

(spectrum d in Fig. 9.9), which results from the nearly identical C–C bond lengths
of DMA in the electronic ground- and excited-states. On the other hand, the PL
spectra of DMA adsorbed on Si nanopowder possess the (0,1) peak with the highest
intensity (spectra a∼c in Fig. 9.9). This result is in accordance with the above
consideration that the C–C bond length of adsorbed DMA in the excited-state is
shorten.

Figure 9.12 shows the PL spectra of blue-PL Si nanopowder in hexane, i.e.,
DMA-adsorbed Si nanopowder, observed with various excitation energies. With the
excitation energies higher than 3.76 eV, PL peaks with energies higher than the
(0,0) band are observed at 3.21, 3.38, 3.55, and 3.73 eV, i.e., nearly the constant
energy separation, in a broad peak. The energies of the sharp peaks remain constant
by changing the excitation photon energy, while the broad peak shifts toward the
higher energy with an increase in the excitation energy. The broad peak is attributed
to band-to-band transition of Si nanopowder, similar to the case of green-PL (Figs.
9.5 and 9.7).

Each neighboring PL peak is separated by 0.17∼0.18 eV, which is nearly
identical to that observed in the absorption spectrum (Fig. 9.11). These PL peaks
with energies higher than the (0,0) energy are attributable to transitions from
the vibrational excited-states, and thus, the separation energy corresponds to the
vibrational energy in the electronic excited-state, i.e., the same as that observed
in the absorption spectra. The transition from the vibrational excited-states most
probably results from an increased probability of the transition between the
electronic excited-state and the ground-state, in analogy to electronic transition
observed in absorption spectrum b of Fig. 9.11.
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Fig. 9.13 PL excitation spectra for blue-PL Si nanopowder in hexane observed at various PL
energies between 2.21 and 3.65 eV

Figure 9.13 shows the PL excitation spectra for blue-PL Si nanopowder in
hexane. The excitation spectra are measured by scanning the incident photon energy
with the PL energy fixed, and thus, they correspond to absorption which causes PL
emission at the fixed PL energy. For the PL energies between 2.39 and 2.93 eV, i.e.,
transitions from the vibrational ground-state, peaked structure is observed, showing
that absorption by adsorbed DMA causes the PL peaks. In the higher energy region,
on the other hand, broad structure is present with no vibronic bands. The broad
structure is attributable to absorption by Si nanopowder, indicating that the PL peaks
with energies higher than the (0,0) peak result from band-to-band excitation of Si
nanopoweder.

Figure 9.14 shows the time-dependent PL intensity measured at 2.91 eV (curve a)
and 3.35 eV (curve b). The PL intensity at 3.35 eV for DMA without Si nanopowder
is shown in curve c for reference, and in this case, the PL lifetime is determined to
be 5.0 ns. The PL lifetime measured at 2.91 eV which corresponds to the (0, 1)
transition of DMA, on the other hand, is much shorter, i.e., 0.97 ns. Considering
that the pulse width of incident light is 0.75 ns, the real lifetime is estimated to be
0.62 ns for DMA with Si nanopowder and 4.9 ns for DMA without Si nanopowder.
The short lifetime results from the high PL transition probability, indicating that
the interaction of DMA with Si nanopowder greatly increases the PL transition
probability.

The PL energy for curve b (3.35 eV) corresponds to the (n+1, n) PL band
overlapped with the more intense band-to-band transition of Si nanopowder. The
lifetime considering the pulse width is estimated to be 3.1 ns, indicating that the
lifetime of electron-hole pairs in Si nanopowder is much longer than the PL lifetime
arising from adsorbed DMA of 0.62 ns.
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Fig. 9.14 Time-dependent PL intensity for blue-PL Si nanopowder in hexane measured with the
following excitation photon energies: (a) 2.91 eV, (b) 3.35 eV. Curve c is for DMA-containing
hexane without Si nanopowder

Photoluminescence Enhancement for DMA by Adsorption on Si Nanopowder
The absorption bands due to DMA appear in the presence of Si nanopowder in
hexane, while they aren’t observed in the absence of Si nanopowder (cf. Fig. 9.11).
This result clearly shows that the light absorption probability is greatly increased by
adsorption on Si nanopowder. Therefore, the PL enhancement is partly attributable
to an increased light absorption probability.

The transition probability from the ground-state to the excited-state is greatly
enhanced by adsorption of DMA on Si nanopowder as described above. Therefore,
it is quite likely that the transition probability from the excited-state to the ground-
state is also increased by the adsorption. The PL intensity is proportional to
the product of the light absorption probability and the PL emission probability,
leading to the great enhancement by ∼60,000 times by adsorption of DMA on Si
nanopowder (cf. Fig. 9.10).

The PL intensity, Ig, for transitions from vibrational ground-state of the electronic
excited-state is proportional to the number of electrons, ne, in the vibrational
ground-state and the rate constant, kr, for radiative transition. Considering the PL
enhancement factor by Si nanopowder of 60,000, we have

Ig ∝ ne
1kr

1 = 60, 000ne
0kr

0, (9.3)

where superscripts 0 and 1 denote the values without and with Si nanopowder,
respectively. For ne

0 and ne
1, we have the following differential equations:

dne
0

dt
= −

(
kr

0 + knr
0
)

t, (9.4)
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dne
1

dt
= −

(
kr

1 + knr
1
)

t, (9.5)

where knr is the rate constant for non-radiative transition. Since the PL lifetime is
inversely proportional to the total rate constant, we have

4.9 : 0.62 = 1

kr
0 + knr

0
: 1

kr
1 + knr

1
. (9.6)

Considering the quantum efficiency of 0.42 and 0.45 for PL in the absence and
presence of Si nanopowder, respectively, we have

kr
0

kr
0 + knr

0 = 0.42, (9.7)

kr
1

kr
1 + knr

1 = 0.45. (9.8)

Using Eqs. (9.6), (9.7), and (9.8), we have

kr
1 = 8.5kr

0. (9.9)

Therefore, using Eq. (9.3), ne
1 is given by

ne
1 = 7.1 × 103ne

0. (9.10)

The above consideration can lead to the following conclusion. The PL intensity
is increased by adsorption on Si nanopowder for the following two reasons: (i) an
increase in the number of electrons in the electronic excited-state (∼7100 times
enhancement) and (ii) an increase in the rate constant for radiative transition (∼8.5
times enhancement). The increased number of electrons in the excited-state results
from the increased transition probability which in turn results from a great increase
in the dynamic dipole moment by adsorption and/or enhancement of wave function
of DMA by adsorption, i.e., surface resonance state [25].

Photoluminescence Mechanism
The excitation spectra with the PL energies lower than 3.12 eV clearly possess
vibronic bands (Fig. 9.13), indicating that adsorbed DMA molecules are directly
excited. In the excitation spectra for the PL energies higher than 3.29 eV, on the
other hand, a broad structure is dominant. The peak energy of the broad structure
shifts in the higher energy direction with the PL energy. It should be noted that
for excitation with energies higher than 3.76 eV, the PL vibronic bands from
vibrational excited-states are observed (cf. Fig. 9.12). This result demonstrates
that for PL emission from vibrational excited-states, incident light is absorbed
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Fig. 9.15 Mechanism of blue-PL emission involving generation of electron-hole pairs in Si
nanopowder by incident light, followed by electron and hole transfer to adsorbed DMA with the
following order: (a) a photo-generated hole transfers to DMA first, (b) a photo-generated electron
transfers to DMA first

by Si nanopowder. Therefore, it can be concluded that for PL emission from the
vibrational excited-states, electron-hole pairs are generated in Si nanopowder, and
they transfer to adsorbed DMA, followed by recombination.

The lifetime of photo-generated electron-hole pairs (3.1 ns) is much longer than
the PL lifetime (0.62 ns), and therefore, a photo-generated electron and a hole
transfer to adsorbed DMA separately. We consider the case where a photo-generated
hole in Si nanopowder moves to adsorbed DMS first, and then an electron moves to
DMA. In this case, the hole is captured by the potential of the electronic ground-state
of DMA. The ground-state with a positive charge is stabilized due to solvation (Fig.
9.15a). Immediately when an electron is captured by a potential of the electronic
excited-state, transition from the electronic excited-state to the ground-state occurs.
Due to the high transition probability, transition from the vibrational excited-state
to the electronic ground-state proceeds. Since solvation lowers the potential energy
of the ground-state, the transition energy is increased by solvation, leading to a blue
shift of the PL peaks.

For the opposite case, an electron generated in Si nanopowder transfers to
adsorbed DMA first, followed by transfer of a hole to DMA (Fig. 9.15b). An
electron is captured in the electronic excited-state of DMA, and in this case, internal
relaxation to the vibrational ground-state proceeds before electronic transition
because of the absence of a hole in the electronic ground-state. There is enough
time for solvation of adsorbed DMA with the electron in the electronic excited-
state to proceed before a hole transfers to DMA (Fig. 9.15b). Due to solvation, the
potential energy of the electronic excited-state is lowered. When a hole transfers
to DMA, it is captured in the vibrational ground-state of the electronic ground-
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state. Immediately after a hole is captured, electronic transition of the electron in
the electronic excited-state occurs, resulting in PL emission. Because of lowering
of the potential energy for the temporary captured electron (i.e., the potential of the
excited-state), the PL energy decreases, in contrast to the case where a hole transfers
to DMA first. The above consideration clearly shows that the PL energy for case a in
Fig. 9.15 increases by solvation, while that for case b decreases. This consideration
is verified by observation of two (0, 0) bands (or one (0,0) band and one (n, n) band)
separated by 0.11 eV. Each solvation energy is likely to be approximately a half of
the energy difference of the two (0, 0) bands, i.e., ∼55 meV.

The (0, 0) PL band for case a and the (n, n) band for case b are located at 3.10
and 3.21 eV, respectively. The (0, 0) band in the absorption spectra is observed at
3.15 eV, i.e., the average energy between the (0, 0) and (n, n) PL bands. In the
case of light absorption, both the initial and final states are in neutral charge states,
and therefore, solvation doesn’t occur. Therefore, the transition energy is between
that for the ground-state-stabilized case (case a) and the excited-state-stabilized case
(case b).

The intensity ratios of the PL peaks due to transitions from the vibrational
ground-states, i.e., (0, 0), (0, 1), (0, 2), and (0, 3) bands, are nearly independent on
the excitation energy. This is because after complete internal relaxation, transition
from the vibrational ground-state proceeds, and in this case, the PL intensity is
determined by the individual Franck-Condon factors which don’t depend on the
excitation energy. On the other hand, the intensity ratios of the PL peaks due
to transitions from the vibrational excited-states strongly depend on the incident
photon energy. To explain this phenomenon, we consider the case where an electron
enters the x-th vibrational state of the electronic excited-state. The n-th PL band
contains various transitions, (l, m), which satisfy the following equation:

l − m = n. (9.11)

The transition rate, Rl, m, is given by the product of the transition probability,
Pl, m, and the number of electrons in the l-th vibrational state, Nl:

Rl,m = Pl,mNl. (9.12)

Nl is given by

Nl = Nx (1 − ax) (1 − ax−1) · · · · · · · · (1 − al+1) = Nx

l+1∏
x

(1 − ax) , (9.13)

where Nx is the number of electrons transferred from Si nanopowder to the x-
th vibrational state of the electronic excited-state, and aj expresses the transition
probability from the j-th vibrational states to various vibrational states of the
electronic ground-state which probability is proportional to the sum of the Franck-
Condon factors:
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aj ∝
∑
m

Fj,m, (9.14)

where Fj, m is the Franck-Condon factor for the (j, m) transition. The term,∏l+1
j=x

(
1 − aj

)
, in Eq. (9.13) expresses the probability that an electron transferred

from Si nanopowder to the x-th vibrational state of adsorbed DMA relaxes to the
l-th vibrational state without electronic transition. Therefore, we have

Rl,m ∝ Fl,m

n−l+1∏
j

(
1 − aj

) = Fl,mPl,mNx

l+1∏
x

(1 − ax) . (9.15)

The intensity of the n-th band, In, is proportional to the sum of the transition rates
over l which satisfies Eq. (9.11):

In ∝ Nx

∑
l

Fl,l−n

n−l+1∏
j

(
1 − aj

) = Nx

∑
l

Pl,,m

l+1∏
x

(1 − ax) . (9.16)

Equation (9.16) clearly shows that the PL intensity of the n-th band (i.e., (a+n,
a), a = 0.1,2, 3 · · · · · ) depends not only on the Franck-Condon factor for the (n,
0) transition, Fn, 0, (i.e., a = 0), but also other Franck-Condon factors. When the
incident photon energy is varied, the vibrational energy state, x, to which a photo-
generated electron in Si nanopowder transfers, is changed, leading to a change in the
PL intensity, In. Therefore, the PL bands whose intensities depend on the excitation
energy support the transition from vibrational excited-states.

9.2 Hydrogen Generation from Si Nanopowder by Reaction
with Water

9.2.1 Introduction

Reactive oxygen species (ROS) are generated in the body for various reasons, e.g.,
metabolism [26], UV irradiation [27], and environmental pollution [28]. Among
ROS, hydroxyl radicals (OH radicals) possess the highest oxidation-reduction
potential, i.e., the highest oxidation power. Oxidation of cells, DNA [29], lipid [30],
etc., (i.e., oxidative stress) causes various diseases such as Alzheimer’s disease
[31, 32], Parkinson’s disease [31, 33], chronic kidney failure [34], cancer cell
proliferation [35], atopic dermatitis [36], cutaneous senility [37], etc. Hydrogen
reacts with OH radicals to form water molecules, and thus hydrogen can prevent
oxidative stress-induced diseases.

Although Si bulk doesn’t strongly react with water in the neutral pH region
between 7 and 9, Si nanopowder with sizes less than ∼30 nm does, leading to
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generation of hydrogen molecules [38–40]. Therefore, oral administration of Si is
expected to prevent oxidative stress-induced diseases.

To prevent oxidative stress-induced diseases by elimination of OH radicals
generated in the body without side effects, the following three requirements should
be satisfied: (i) a large amount of reducing species is present in the body, (ii) the
concentration of reducing species is always maintained high, and (iii) reducing
species reacts only with OH radicals among ROS. Requirement (i) arises from
the high reactivity of OH radicals, which easily attack and oxidize cells, and
therefore, hydrogen is necessary to react with OH radicals before they damage cells.
Requirement (ii) results from continuous generation of OH radicals in the body
due to mitochondrial respiratory metabolism. Other ROSes possess physiological
functions such as immunity, and therefore, their elimination may cause side
effects. Hydrogen reacts only with the most reactive OH radicals among ROSes
(requirement iii), and therefore, no side effects arise by hydrogen.

Hydrogen-rich water may have effects to prevent oxidation stress-induced
diseases. However, the saturated hydrogen concentration in water is only 1.6 ppm at
room temperature, and even in the case of the saturated concentration, only 18 mL
hydrogen gas dissolves in 1 L water. The hydrogen concentration in hydrogen-rich
water is usually much lower because hydrogen easily diffuses to air even when
it is contained in a container. Moreover, in 1 h, the hydrogen concentration in
every organ returns to the initial values before intake of hydrogen-rich water [41].
Therefore, the effects of intake of hydrogen-rich water on oxidative stress-induced
diseases seem to be limited.

Polyphenol [42, 43], vitamin C [44], and vitamin E [45] can eliminate OH
radicals. However, their reducing power is too strong to react with other ROSes.
Therefore, taking a large amount of these species may cause side effects. Moreover,
keeping a high concentration of these species in the body continuously is almost
impossible.

We have demonstrated that the above three requirements can be satisfied with
intake of Si composition, as explained below.

9.2.2 Experiments

Si nanopowder was fabricated from Si powder (Koujundo Chemical Laboratory,
Si Powder ca. 5 μm) by use of the beads milling method with 0.5 mm� zirconia
beads, unless otherwise noted. Fabricated Si nanopowder was etched in a 5wt% HF
solution for 10 min at room temperature, followed by immersion in ethanol to make
the surface hydrophilic.

For the reaction with water in the neutral pH region between 7 and 9, the
generated hydrogen volume was obtained by measuring the hydrogen concentration
in water using a TOA DKK DH-35A potable dissolved hydrogen meter, while that
generated by the reaction with strong alkaline solutions was determined just by
measuring the volume after subtraction of the volume of water vapor.
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Fourier transform infrared absorption (FT-IR) spectra were measured using a
JASCO FT/IR-6200 spectrometer. X-ray photoelectron spectroscopy (XPS) mea-
surements were performed by use of a KRATOS AXIS-165x spectrometer with
an Mg Kα radiation source in which photoelectrons were collected in the surface-
normal direction. SEM measurements were carried out using a JOEL JSM-6335F
microscope.

9.2.3 Results and Discussion

9.2.3.1 Reaction of Si Nanopowder with Strong Alkaline Solutions

Figure 9.16 shows the hydrogen volume generated by the reaction of Si nanopowder
with strong alkaline solutions having pH higher than 12.9 at room temperature.
The total amounts of generated hydrogen are 1589 mL/g for the pH 13.9 solution,
1530 mL/g for the pH 13.4 solution, and 972 mL/g for the pH 12.9 solution. The
maximum hydrogen generation rate in the case of the reaction with pH 13.9 solution
is 351 mL/min.g. This hydrogen generation rate corresponds to ∼10,000 times
that for photocatalytic hydrogen generation using efficient photocatalysts such as
Ta3N5/SiO2 which respond to visible light [46]. Using the 1 g photocatalyst under
AM1.5 100 mAW/cm2 irradiation, generation of 1,500 mL hydrogen requires more
than 1.5 years. In the case of Si nanopower, ∼1.500 mL hydrogen can be generated
in a few minutes although the reaction is irreversible.

We consider the following reaction mechanisms for hydrogen generation by the
reaction of Si nanopowder with water:

Si + 2H2O → SiO2 + 2H2O, (9.17)

Si + 2OH− + 2H2O → H2SiO4
2− + 2H2. (9.18)

Fig. 9.16 Hydrogen volume
generated by the reaction of
Si nanopowder with alkaline
solutions at room temperature
having following pHs: (a)
13.9, (b) 13.4, (c) 12.9, (d)
12.1
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Both the reactions generate 2 M hydrogen from 1 M Si, i.e., 1712 mL hydrogen
at room temperature from 1 g Si. Reaction (9.17) doesn’t consume OH− ions, while
reaction (9.18) does, resulting in a decrease in pH. Therefore, the reaction ratio, i.e.,
the hydrogen volume generated by reaction (9.18) divided by the total generated
hydrogen volume, can be estimated from the decrease in pH. This ratio is estimated
to be 1.0 for pH 13.4 and 13.9 solutions, 0.58 for pH 12.9 solutions, and 0.12 for
pH 12.1 solutions. By reaction (9.18), soluble H2SiO4

2− ions are formed, and thus,
all Si atoms in Si nanopowder can react with OH− ions because no materials to
prevent the reaction with OH- ions are present on the Si surface. For reaction (9.17),
on the other hand, SiO2 with low solubility is formed on the surface, and when the
SiO2 thickness reaches a certain value, the hydrogen generation stops because of
the migration-limited mechanism. (For reaction (9.17), OH− ions are the migrating
species through SiO2 as explained below.) We have observed that when the SiO2
thickness reaches to ∼5 nm, the hydrogen generation reaction stops. The decrease
in the volume of generated hydrogen with a decrease in pH can be explained by this
migration-limited mechanism.

1589 mL/g hydrogen generated by the reaction with pH 13.9 solutions is 93% of
the stoichiometric value of 1712 mL/g at room temperature. This small difference
is attributable to the presence of a silicon oxide layer on Si nanopowder before the
hydrogen generation reaction, i.e., 7wt% Si is already oxidized before the reaction.

972 mL/g hydrogen is generated by the reaction with the pH 12.9 solutions,
which is equal to 61% hydrogen generated by the reaction with 13.9 solutions,
and therefore, unreacted Si is estimated to be 39% that before the reaction. The
weight of SiO2 formed by the hydrogen generation reaction is estimated to be 1.22 g
from initial 1 g Si nanopowder. Assuming that Si nanopowder before the reaction
possesses spherical shape with the 23.4 nm diameter (i.e., the average diameter
before the reaction), the diameter of unreacted Si nanopowder is estimated to be
17.1 nm. From the diameter of unreacted Si nanopowder, its weight, and the weight
of formed SiO2, the thickness of formed SiO2 is estimated to be 5.1 nm, in good
agreement with that estimated from XPS measurements, i.e., 4.8 nm.

9.2.3.2 Reaction of Si Nanopowder with Neutral Water

Si nanopowder was produced from Si powder for hydrogen generation experiments
with neutral water. The size of Si nanopowder is larger than that produced from Si
swarf, i.e., for one-step milling, the mode diameter, the median diameter, and the
average diameter are 6.6, 14.0, and 23.4 nm, respectively, and those for two-step
milling are 5.8, 9.6, and 13.8 nm, respectively.

Figure 9.17 shows the hydrogen volume generated by the reaction with water
in the neutral pH region vs. the reaction time. Even in the case of the reaction
with ultrapure water of pH 7.0, Si nanopowder generates hydrogen (plot a), but
the hydrogen generation rate is low, i.e., 0.026∼0.047 mL/min.g. The hydrogen
generation rate increases by the reaction with tap water having pH 7.4 (plot b). The
hydrogen generation rate further increases by increases of pH to 8.0 (plot c) and 8.6
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Fig. 9.17 Hydrogen volume
generated from Si
nanopowder vs. the reaction
time for the reaction with
water having following pHs:
(a) 7.0 (ultrapure water), (b)
7.4 (tap water), (c) 8.0, (d)
8.6
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(plot d). The initial hydrogen generation rates for pH 7.4, 8.0, and 8.6 solutions are
higher by approximately 10, 50, and 100 times than that for ultrapure water of pH
7.0. On the other hand, the change in pH observed after the hydrogen generation
reaction is much lower than that calculated assuming that OH- ions are consumed
for the hydrogen generation reaction. (The slight pH change is due to dissolution of
CO2 in the air to the solutions during the hydrogen generation reaction.) From these
results, the most probable reaction schemes are written as

Si + 2OH− → SiO2 + H2 + 2e, (9.19)

2H2O + 2e → 2OH− + H2. (9.20)

In reaction (9.19), Si reacts with OH− ions, forming SiO2, H2, and electrons
most probably in the SiO2 conduction band. Electrons transfer to the SiO2 surface,
and water molecules accept them, resulting in the formation of OH− ions and H2.
OH− ions are consumed in reaction (9.19) but generated in reaction (9.20), and
therefore, after the overall reaction (reaction (9.17) = reactions (9.19) + (9.20)), the
concentration of OH− ions, i.e., pH, doesn’t change. The reaction rate for reaction
(9.19) is much lower than that for reaction (9.20), and therefore, the total reaction
rate greatly increases with the concentration of OH− ions.

If reaction (9.19) was the rate-determining step for hydrogen generation reaction,
then the reaction rate should be proportional to the square of the concentration of
OH− ions. However, the initial reaction rates for the reaction with pH 7.4, 8.0, and
8.6 solutions are approximately 10, 50, and 100 times that for ultrapure water of
pH 7.0. It is very likely that even in the early reaction stage, a silicon oxide layer
is present on Si nanopowder, and migration of OH− ions through the oxide layer is
the rate-determining step, as explained below.
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Fig. 9.18 Hydrogen volume generated from Si nanopower vs. the reaction time for the reaction
with ultrapure water. The dashed and dotted lines show the calculated curves for the reaction-
limited and migration-limited mechanisms

Figure 9.18 shows the generated hydrogen volume vs. the reaction time for the
reaction of Si nanopowder with ultrapure water of pH 7.0 at room temperature.
The observed plot is well expressed by the curve calculated with the following
procedure: Si nanopowder is assumed to possess spherical shape with the initial
diameter, r0, and the diameter changes to r1(t) by the hydrogen generation reaction.
The weight of an SiO2 overlayer, Wox, is simply written as

Wox = 4π

3

(
ro

3 − r1
3
)

DSi
60

28
, (9.21)

where DSi is the density of Si nanopowder. Using the SiO2 thickness, lox, Wox is
given by

Wox = 4π

3

[
(r1 + lox)

3 − r1
3
]
Dox, (9.22)

where Dox is the density of silicon oxide. The hydrogen volume generated from unit
weight Si nanopowder, VH2 , is given by

VH2 = 4π

3

[ (
r1 + lox

)
3 − r1

3
]
Dox

3

4πr0
3DSi

C0 =
[ (

r1 + lox

)
3 − r1

3
]

r0
3

Dox

DSi
C0,

(9.23)

where C0 is a constant.
When anions are the moving species through SiO2 and their migration is the rate-

determining step, the relationship between the SiO2 thickness, lox, and the reaction
time, t, is given by [47]
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lox = kT

C1
ln

C1C2 (t + t0)

kT
− W

C1
, (9.24)

where W is the activation energy for migration of anions, and C1 and C2 are
constants. Using Eqs. (9.23) and (9.24), the relationship between the generated
hydrogen volume, VH2 , and the reaction time, t, can be calculated, and the result
is shown by the dotted line in Fig. 9.18.

In cases where the reaction at the Si/SiO2 interface is the rate-determining step,
the relationship between the SiO2 thickness, lox, and the reaction time, t, is simply
given by

lox = Ct, (9.25)

where C is a constant. Using Eqs. (9.23) and (9.25), the relationship between VH2

and t can be obtained, and the calculated curve is shown by the dashed line in Fig.
9.18. The experimental plot in the initial reaction stage and the subsequent stage
is well fitted by the dashed line and the dotted line, respectively. This result shows
that in the initial reaction stage, interfacial reaction is the rate-determining step,
and in the subsequent stage, anions, i.e., OH− ions, are the migrating species, and
the migration of OH− ions through SiO2 is the rate-determining step. The rate-
determining step changes from the interface reaction to migration of OH- ions across
silicon oxide at the generated hydrogen volume between 2.0 and 2.2 mL/g. In the
case of the reaction with pH 8.0 and 8.6 solutions (plots c and d in Fig. 9.17), this
volume of hydrogen is generated in a few minutes, showing that the rate-determining
step changes to migration in the very early reaction stage.

For reaction (9.19), OH- ions move inward, while for reaction (9.20), electrons
move outward. This mechanism in which negative charges transfer in the opposite
direction is likely to decrease the activation energy for migration of OH- ions which
is the rate-determining step. By this decrease in the activation energy, the hydrogen
generation reaction proceeds easily at room temperature, resulting in the formation
of the thick silicon oxide layer of ∼5 nm thickness. It should be noted that in the
case of thermal oxidation of crystalline Si, formation of a ∼5 nm SiO2 layer requires
temperatures above 700 ◦C [48].

Figure 9.19 shows the hydrogen volume generated by the reaction of HF-etched
Si nanopowder with ultrapure water vs. the reaction time for two different crystallite
sizes. The hydrogen generation rate for smaller crystallite size Si nanopowder
produced by the two-step beads milling method (average crystallite size: 13.8 nm) is
1.4∼1.5 times higher than that for the larger crystallite size Si nanopowder (average
crystallite size 23.4 nm). The surface area estimated from the average crystallite
size is 190 m2/g for the two-step beads milled Si nanopowder and 110 m2/g for
the one-step beads milled Si nanopowder. The ratio of the hydrogen generation
rate of 1.4∼1.5 between the two-step and one-step beads milled Si nanopowders
is in reasonable agreement with the ratio of the surface area estimated from the
average crystallite sizes. Si nanopowder forms agglomerate as is evident from the
SEM micrograph (Fig. 9.20). The average sizes of Si agglomerates for one-step
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Fig. 9.19 Hydrogen volume
vs. the reaction time for the
reaction of Si nanopowder
fabricated by the following
methods with ultrapure water:
(a) one-step beads milling
(average crystallite diameter:
23.4 nm), (b) two-step beads
milling (average crystallite
diameter: 13.8 nm)
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Fig. 9.20 SEM micrograph
of Si nanopowder fabricated
by the one-step beads milling
method

200 nm

and two-step beads milled Si nanopowers determined from dynamic light scattering
measurements are nearly the same, i.e., 128 and 134 nm, respectively. These results
show that the hydrogen generation rate strongly depends on the crystallite size but
not on the size of agglomerate.

The thickness of the silicon oxide layer formed on Si nanopoweder by the
reaction with water is estimated from XPS spectra in the Si 2p region (Fig. 9.21).
The peak at 99∼100 eV is due to Si nanopowder, and the broader peak centered at
103∼105 eV is attributable to silicon oxide [49, 50]. After HF etching (spectrum a),
the peak due to silicon oxide is very weak, and the thickness of the oxide layer is
thought be less than 0.3 nm. When the hydrogen generation reaction stops after the
reaction with pH 8.0 solutions for 24 h, the thickness of the silicon oxide layer can
be estimated assuming a cylindrical shape with the radius, R, the same as the height.
(Although Si nanopowder possesses polygonal shape (cf. Fig. 9.1.), assumption
of cylindrical shape is thought not to cause a serious error in estimation of the
silicon oxide thickness.) In this case, the oxide thickness, lox, is estimated using
the following equation [51]:
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Fig. 9.21 XPS spectra in the
Si 2p region for Si
nanopowder fabricated by the
one-step beads milling
method: (a) after etching with
an HF solution, (b) after the
reaction of specimen a with
the pH 8 solution for 24 h
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(9.26)

where I is the area intensity of the XPS peak; N, σ, and λ are the number density
of Si atoms, the photoemission cross-section, and the photoelectron mean free path,
respectively; and subscripts, ox and Si, denote the values for silicon oxide and Si,
respectively. The radius, R, is assumed to be 11.7 nm which is a half of the average
diameter determined from XRD measurements. In this estimation, the following
values are adopted: λox = 2.9 nm for Mg Kα (1254 eV) radiation, λSi = 2.5 nm, and
σox
σSi

= 1.1 [52, 53]. Using Eq. (9.26), the silicon oxide thickness after the hydrogen
generation reaction stops (spectrum b) is determined to be 4.8 nm.

Figure 9.22 schematically shows the mechanism of hydrogen generation from
Si nanopowder. OH− ions are adsorbed on the silicon oxide surface. OH− ions
migrate through a silicon oxide layer (step 1) enhanced by electrical field induced by
adsorbed OH− ions. Si atoms at the Si/silicon oxide interface react with OH− ions,
leading to generation of hydrogen, silicon oxide, and electrons in the conduction
band of the silicon oxide layer (step 2). Electrons in the conduction band move
outward to the silicon oxide surface (step 3), and then, electrons are accepted
by water molecules, generating OH− ions and hydrogen (step 4). Namely, OH-

ions move inward, while electrons move outward, which is likely to decrease
the activation energy of inward migration of OH− ions, i.e., the rate-determining
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Fig. 9.22 Schematic
mechanism of the reaction of
Si nanopowder with water in
the neutral pH region
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Fig. 9.23 FT-IR spectra in
the Si-H stretching
vibrational region for
HF-etched Si nanopowder:
(a) just after etching with the
HF solution, (b) after the
reaction of specimen a with
ultrapure water for 24 h
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step for the hydrogen generation reaction from Si nanopowder, and therefore, the
reaction proceeds at room temperature.

The initial reaction of HF-etched Si nanopowder with ultrapure water is investi-
gated using FT-IR spectroscopy (Fig. 9.23). HF-etched Si nanopowder exhibits three
peaks in the Si-H stretching vibrational region (spectrum a), and they are attributed
to SiH (2087 cm−1), SiH2 (2110 cm−1), and SiH3 (2155 cm−1) [54, 55]. After
reaction with ultrapure water for 24 h at room temperature (spectrum b), new peaks
appear at 2158, 2200, and 2248 cm−1, which are attributable to HSiO, HSiO2, and
HSiO3 species, respectively [56, 57], and the peaks due to SiH, SiH2, and SiH3
are still present. These results show that OH− ions attack Si back bonds to form
Si-O bonds, but they don’t attack Si-H bonds. Nearly the same energy differences
between the HSiO and HSiO2 peaks and between the HSiO2 and HSiO3 peaks show
that only one species with one hydrogen atom (i.e., HSiO, HSiO2, and HSiO3, but
not H3SiO, H2SiO, and H2SiO2) is included in each Si-H stretching vibrational
peak.
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Fig. 9.24 FT-IR spectra in
the Si-H stretching
vibrational region for
HF-etched Si nanopowder
after the reaction with pure
heavy water for the following
periods: (a) 10 min, (b) 3 h,
(c) 24 h
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In the case of the reaction with pure D2O (Fig. 9.24), a strong HSiO3 peak is
observed even after 10 min reaction, but the intensity of the peak due to HSiO2
is much weaker (spectrum a), and after 3 h reaction, the intensity of the HSiO3
peak increases, while the HSiO2 peak disappears almost completely (spectrum b).
This result is in strong contract to the reaction with H2O where HSiO2 species is
present even after the reaction for 24 h (spectrum b in Fig. 9.23). This difference
can be explained by the local reaction to form two-dimensional agglomerate-like
structure in the case of the surface reaction with D2O, while the reaction proceeds
more uniformly on the surface for the reaction with H2O.

The peak due to HSiO3 shifts from 2248 (cf. spectrum a for 10 min reaction) to
2253 cm−1 (spectrum c for 24 h reaction) with the reaction time for the reaction
with D2O, while such a shift doesn’t occur in the case of the reaction with H2O.
This shift is most probably attributable to an increase of the charge on Si atoms
[58]. Namely, the Si-H bonds become stronger as the reaction proceeds locally. For
the reaction with H2O, on the other hand, the reaction proceeds uniformly, and such
a change in the charge state doesn’t occur.

After the reaction with D2O, vibrational peaks are observed in the Si-D stretching
vibrational region (Fig. 9.25), indicating that replacement of H atoms to D atoms
proceeds on the surface. Peaks appear at 1516, 1525, and 1549 cm−1, and they
are most probably attributable to SiD, SiDH, and SiDH2 species, respectively. The
replacement probability after 24 h reaction (spectrum c) is estimated to be 37%, and
therefore, the probabilities of formation of SiD2 and SiD2H (or SiD3) are likely to
be much lower than those of SiDH and SiDH2, respectively.

Although the intensity of the Si-H peak is lower than that of Si-H2 peak before
the reaction with D2O (spectrum a in Fig. 9.23), the intensity of the Si-D peak is
higher than that of the Si-DH peak after the reaction with D2O. This result indicates
that Si-H bonds in Si-H species are weaker than those in Si-H2 species, resulting
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Fig. 9.25 FT-IR spectra in
the Si-D stretching
vibrational region for
HF-etched Si nanopowder
after the reaction with pure
heavy water for the following
periods: (a) 10 min, (b) 3 h,
(c) 24 h
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in the higher replacement probability. This result is in accordance with the higher
frequency of the Si-H2 vibrational peak than that of the Si-H peak.

After the reaction with D2O for 3 h (spectrum b), a strong peak due to DSiO3
is observed at 1640 cm−1, while no peak due to DSiO2 is present. This result also
indicates the formation of agglomerate-like structure which consists of DSiO3 and
HSiO3.

9.3 Conclusion

Si nanopowder is fabricated by use of the beads milling method. Fabricated Si
nanopowder has the following PL and hydrogen generation characteristics:

1. Si nanopowder etched with an HF solution and immersed in ethanol shows
green-PL. The PL energy depends on the excitation photon energy, and it
is attributed to band-to-band transition of Si nanopowder whose band-gap is
enlarged by the quantum confinement effect.

2. Si nanopowder which isn’t etched with HF and immersed in hexane exhibits
blue-PL. The PL energy is independent of the excitation photon energy, and it
is attributed to transition of DMA adsorbed on Si nanopowder.

3. The intensity of blue-PL is enhanced by ∼60,000 times due to adsorption of
DMA on Si nanopowder. The PL intensity is increased by adsorption on Si
nanopowder for the following two reasons: (i) an increase in the number of
electrons in the electronic excited-state (∼7100 times enhancement) and (ii) an
increase in the rate constant for radiative transition (∼8.5 times enhancement).
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4. For blue-PL arising from excitation with energies higher than 3.76 eV, PL peaks
with energies higher than the (0,0) band are present, and they are attributed to
transition from vibrational excited-states.

5. The excitation spectra show that blue-PL results from the two different
mechanisms: (i) excitation of adsorbed DMA and (ii) band-to-band transition
of Si nanopowder, followed by transfer of photo-generated electrons and holes
to DMA. For mechanism (ii), a photo-generated electron and a hole transfer to
DMA separately, resulting in two (0,0) bands.

6. Only when a photo-generated hole transfers to DMA first, followed by electron
transfer, transition from vibrational excited-states occurs.

7. Si nanopowder easily reacts with strong alkaline (pH>13) solutions, and almost
stoichiometric amount of hydrogen (i.e., ∼1700 mL/g) is generated in a few
minutes.

8. Si nanopowder reacts with water in a neutral pH region between 7 and 9
to generate hydrogen. In this case, the hydrogen generation rate markedly
increases with pH of the solution, while pH doesn’t change by the reaction.
In the first reaction stage, Si nanopowder reacts with OH- ions, generating
hydrogen, silicon oxide, and electrons in the conduction band of silicon oxide,
while in the second reaction stage, electrons are accepted by water molecules
to form hydrogen and OH- ions.

9. In the very early hydrogen generation reaction stage (less than 2.2 mL/g
hydrogen generation), the surface reaction is the rate-determining step, and
then, migration of OH- ions through a silicon oxide layer becomes the rate-
determining step.

10. The hydrogen generation reaction stops when a ∼5 nm silicon oxide layer is
formed on Si nanopowder.

11. The hydrogen generation rate strongly depends on the crystallite size of Si
nanopowder, but it doesn’t depend on the size of its agglomerate.

9.4 Outlook

Si is a nontoxic material, and its medical application is expected. We have proposed
two kinds of medical application of Si nanopowder, i.e., (i) photoluminescence
material and (ii) internal hydrogen generation material. For application (i), Si
nanopowder can be applied to life cell imaging, e.g., to detect cancer cells. Si
nanopowder, especially, blue-PL Si nanopowder, can give much stronger PL than
conventional dyes and is more stable, especially, high photostability, both of which
make the application easier and more effective.

For various diseases, oxidation stress is one of the largest factors to cause
diseases. Hydrogen generation in the body can decrease oxidative stress, and
therefore, it can prevent various oxidative stress-induced diseases. Moreover, for
apparently healthy persons, i.e., persons who don’t suffer from diseases but on
whom addition of a tiny factor causes diseases, a decrease of oxidative stress can
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make them really healthy. The decrease of oxidative stress by internal hydrogen
generation can also retard aging, which can extend health life expectancy.

Si-based agent which can generate a high amount of hydrogen in bowels is now
being developed in our laboratory. Contrary to conventional medicines, Si-based
agent isn’t absorbed in the body, but only hydrogen generated from the agent is
absorbed. Therefore, a medicine with great medical effects but without any side
effects is expected to be developed using Si-based agent.
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