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Fabrication of Si nanopowder and application to
hydrogen generation and photoluminescent material

Yuki Kobayashi, Kentaro Imamura,
Taketoshi Matsumoto, Hikaru Kobayashi>|<

Si nanopowder is fabricated using the simple beads milling method. Fabricated Si nanopowder reacts with water in the

neutral pH region between 7 and 9 to generate hydrogen. The hydrogen generation rate greatly increases with pH, while
pH does not change after the hydrogen generation reaction. In the case of the reactions of Si nanopowder with strong
alkaline solutions (eg pH13.9), 1600 mL hydrogen is generated from 1 g Si nanopowder in a short time (eg 15 min). When
Si nanopowder is etched with HF solutions and immersed in ethanol, green photoluminescence (PL) is observed, and it is
attributed to band-to-band transition of Si nanopowder. The Si nanopowder without HF etching in hexane shows blue PL.
The PL spectra possess peaked structure, and it is attributed to vibronic bands of 9,10-dimethylantracene (DMA) in hexane
solutions. The PL intensity is increased by more than 3,000 times by adsorption of DMA on Si nanopowder.
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1 Introduction

Silicon nanopowder attracts much interest because of
its properties largely different from Si bulk, eg higher re-
activity [1] and wider band-gap [2-3] due to the quantum
confinement effect [4,5]. Various methods have been de-
veloped to fabricate Si nanopowder, eg plasma-enhanced
chemical vapor deposition (PECVD) [6], laser ablation
[7], and arc-discharge [8]. These methods require expen-
sive materials such as SiH4, and moreover, the fabrica-
tion rate of Si nanopowder is considerably low. The Si
nanopowder can also be produced using chemical meth-
ods, eg reduction of SiCly using eg CgK [9], and Mg Si,
[10]. The chemical method are also time-consuming, and
requires expensive reactant materials.

We have developed a simple method to produce Si
nanopowder by use of the beads milling method [11-15].
Produced Si nanopowder can be applied to solar cells [11],
hydrogen generation material [12], anode material in Li
ion batteries [13], and light emitting material [14-15].

Hydrogen evolution from water has been extensively
studied so far mainly in order to solve the energy and
environmental problems. Many researchers aimed to split
water by use of photocatalysts such as TiO5. However,
TiO» is a wide-gap semiconductor, and thus, only ultra-
violet light is usable, leading to low conversion efficiencies
and thus to low hydrogen generation rates [16-17]. Several
semiconductors such as Tag N5 which semiconductors ab-
sorb visible light have been developed for water splitting
[18], but the hydrogen generation rate is still low. Another
method to generate hydrogen uses irreversible chemical
reactions, eg the reaction of Si nanopowder with water.

In the previous studies, strong alkaline solutions are em-
ployed to generate hydrogen with high evolution rates [1],
[19-20].

In the present study, hydrogen generation by the re-
action of Si nanopowder with water in the neutral pH
region, ie pH 7 ~ 9, has been studied. Our finding is
expected to be applied to medical use of Si nanopow-
der, ie internal hydrogen generation to eliminate hydroxyl
radicals which cause various diseases such as Alzheimer’s
disease [21], Parkinson’s disease [22], Huntington’s disease
[23], etc.

Si nanopowder emits photoluminescence (PL) in the
visible region for several reasons. One of the reasons is
due to band-gap widening of Si nanopowder arising from
the quantum confinement effect [4-5]. In this case, the
PL energy strongly depends on the size of Si nanopowder
[24]. On the other hand, PL emission whose energy does
not depend on the size of Si nanopowder is attributed
to SiOzinterface states [25-26]. Size-independent PL may
also arise from adsorption on Si nanopowder, ie PL from
adsorbed species [27] or modification of PL energies by
adsorption [28].

In the present study, we have observed two kinds of PL,
ie green PL and blue PL, from Si nanopowder. The green
PL energy strongly depends on the size of Si nanopowder
and thus it is attributed to band-to-band transition of
Si nanopowder. The blue PL energy does not depend on
the size and adsorbed species exhibits PL with the great
intensity enhancement.
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2 Experiments

Two kinds of starting materials were used to produce
Si nanopowder, (i) — commercial Si powder with 5 pm
size (Koujundo Chemical Laboratory Si 3N Powder), and
(ii) — Si swarf generated during slicing Si ingots to pro-
duce Si wafers for solar cell use [11-15]. Si nanopowder
was fabricated by the beads milling method. For the one-
step beads milling method, 0.5 mm diameter zirconia
beads were employed while for two-step beads milling,
0.3 mm diameter zirconia beads were used after milling
with 0.5 mm diameter beads. In some cases, fabricated
Si nanopowder was etched with 5wt% hydrofluoric acid
(HF) aqueous solutions to remove SiO2. For adjustment
of pH of the solutions, KOH or borate buffer was em-
ployed.

Hydrogen concentrations in water were measured
using a TOA DKK-TOA DH-35A potable dissolved
hydrogen-meter. X-ray diffraction measurements were
performed by use of a Rigaku RINT-2500 diffractome-
ter. X-ray photoelectron spectroscopy (XPS) spectra were
recorded using a KRATOTOS AXIS-165x spectrometer
with an Mg Ko radiation source.

For producing green PL-emitting Si nanopowder, as-
fabricated Si nanopowder was etched in 5 wt% HF aque-
ous solutions, and then it was immersed in ethanol. The
Si nanopowder without HF etching, on the other hand,
showed blue PL after immersion in hexane. PL spectra
were recorded with a JASCO FP-8500 spectrometer.

3 Results and discussion

3.1 Hydrogen generation by reactions of Si nanopowder
with water

Figure 1(a) shows the XRD patterns of Si nanopowder
observed after one-step beads milling of 5 pm Si powder.
All the observed peaks were attributable to Si crystals,
indicating that Si nanopowder fabricated using the beads
milling method possessed crystalline nature. The Si(111)
peak had the highest intensity while no (100) peak was
present due to the selection rule for the diamond crystal
structure. Figure 1(b) shows the distribution of crystal-
lite sizes of Si nanopowder obtained from the analysis of
the Si(111) XRD peak. The average size and the mode
diameter (ie the diameter at the maximum distribution)
of Si nanocrystals was estimated to be 220, and 210 nm,
respectively, before milling, 20.3 and 6.6 nm, respectively,
after one-step milling, and 12.2 and 5.8 nm, respectively
after two-step milling.
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Fig. 1. XRD pattern for Si nanopowder (a) — produced with the
one-step beads milling method, (b) — size distribution of Si powder
before and after one-step and two-step beads milling

Figure 2 shows the hydrogen volume produced by the
reaction of Si nanopowder with water vs. the reaction
time. The hydrogen generation was carried out by addi-
tion of HF-etched 10 mg Si nanopowder in 30 mL water at
room temperature. For the solution with pH 8.0, borate
buffer was added to ultrapure water. Even in the case of
ultrapure water (curve a), hydrogen generation proceeded
but the generation rate was very low.
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Fig. 2. Generated hydrogen volume vs]; the reaction time for HF-
etched 1 g Si nanopowder in water having following pH at room
temperature: (a) — pH 7.0, (b) — pH 8.0, (¢) — pH 9.0

The hydrogen generation rate increased by more than
20 times by an increase in pH to 8.0 (curve b). The
hydrogen generation rate further increased by an increase
in pH to 9.0 (curve c), and in this case, it was found that
pH of the solution adjusted by KOH did not change after
the hydrogen generation reaction. From these results, the
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Fig. 3. XPS spectra of Si nanopowder observed after hydrogen
generation by the reaction with water ( pH8.0 ) for the following
periods: (a) — 10 min, (b) -3 h, (¢) —24 h

most probable reaction formulae for hydrogen generation
from Si nanopowder are expressed as

Si+20H™ — Hs + SiO5 + 2¢ (1)

2H,0 + 2¢ — Hy + 20H" (2)

Reaction (1) is the rate-determining step, and there-
fore, the reaction rate greatly increases with the concen-
tration of OH ™~ ions, ie pH of solutions. In reaction (1),
Si nanopowder reacts with OH ™ ions, resulting in gener-
ation of hydrogen, SiOg9, and electrons in the SiO2 con-
duction band. In reaction (2), electrons in the SiO2 con-
duction band are accepted by water molecules, leading
to generation of hydrogen and OH ™ ions. Consequently,
after the following overall reaction, ie reaction (1) plus re-
action (2), the concentration of OH~ ions is unchanged

Si 4+ 2H,0 — SiO5 + 2H, (3)

It should be noted that in reaction (3), OH~ ions act
as catalyst. Figure 3 shows the XPS spectra in the Si 2p
region for Si nanopowder observed after the reaction with
water (pHS8.0). After the reaction for 10 min (spectrum
a), a strong peak and a weak peak were observed and
they were attributed to Si and SiO,, respectively [29-30].
After the reaction for 3 h, the intensity of the peak due
to SiOygreatly increased (spectrum b). When the hydro-
gen generation reaction stopped, the intensity due to Si
considerably decreased (spectrum c). The thickness of the
SiO; layer was estimated from the intensity ratio between
the SiO; peak and the Si peak. In the estimation, cylin-
drical shape with the height the same as the diameter
was assumed [31], and 2.5 and 2.9 nm were taken as the
mean free path of photoelectrons in Si and SiOs [32], re-
spectively, and 1.1 for the ratio of the cross-sections in Si
and SiO2 [33]. The SiO; thickness was estimated to be 0.7
nm for spectrum a, 2.6 nm for spectrum b, and 4.8 nm for
spectrum c. Therefore, it can be concluded that the SiO4
thickness increases when the hydrogen generation reac-
tion proceeds, and that the reaction stops when the 4.8
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Fig. 4. Generated hydrogen volume vs the reaction time for HF-

etched 1 g Si nanopowder in ultrapure water at room temperature

formed with the following methods: (a) — without milling, (b) —
one-step beads milling, (¢) — two-step beads milling

nm SiO;layer is formed because it acts as a complete
migration barrier for OH™ ions. It is noted that in the
case of thermal oxidation of Si, much higher temperature
(ie 800 ~ 900 °C) is needed because diffusion of oxygen
molecules through growing SiO2 proceeds only at high
temperatures [34]. On the other hand, migration of OH
ions through SiO» is likely to proceed much more easily
for the following reasons: (i) — OH~ ions are smaller than
04, (ii) — electrical field in SiO2 induced by adsorption
of OH ™~ ions enhances inner migration of OH ™ ions [35].

Figure 4 shows the hydrogen volume generated by the
reaction of Si powder and Si nanopowder produced with
one-step and two-step beads milling methods with ultra-
pure water. The hydrogen generation rate for 5 m Si pow-
der (ie , without milling) (plot a) was the lowest, and the
generated hydrogen volume monotonically increased with
time. Generated hydrogen volume also increased mono-
tonically with time for Si nanopowder fabricated with
one-step beads milling (plot b) and two-step beads milling
(plot ¢). The hydrogen generation rate for two-step beads
milling was 1.3 ~ 1.4 times higher than that for one-step
beads milling. This ratio is in reasonable agreement with
the ratio in the surface area estimated from the aver-
age diameter of Si nanopowder, ie 1.7. The Si nanopow-
der aggregated and the surface area of agglomerates of
two-step beads milled Si nanopowder was only 1.1 times
that of one-step beads milled Si nanopoweder of 20 m? /g.
Therefore, it can be concluded that the reaction rate for
hydrogen generation is strongly dependent on the crys-
tallite size but almost independent of the size of agglom-
erates.

Si and the product, SiO 5, formed by the reaction of Si
with water, are both nonpoisonous, and therefore, Si can
be taken for internal hydrogen generation. As is evident
from Fig. 2, Si reacts with water under alkaline environ-
ment. Therefore, no reaction proceeds in stomach due to
gastric acids while Si nanopowder reacts with water in
bowels with alkaline environment due to pancreatic juice
with pH 8.5. Hydrogen molecules are effectively absorbed
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in bowels, circulate in the whole body, and react with
hydroxyl radicals which cause various diseases such as
cancers and Parkinson’s disease [21-23].

Table 1. Maximum hydrogen generation rate and total hydrogen
volume generated from lg Si nanopower by the reaction with the
strong alkaline solutions

Maximum Generated

Solution condition generation rate total volume

(ml/g/min) (ml/g)
pH12.9 at RT 122 971
pH13.0 at 50 °C 580 1442
pH13.9 at RT 351 1589

Table 1 shows the total hydrogen volume generated
by the reaction of Si nanopowder with strong alkaline
solutions with pH higher than 12.9, and the maximum
hydrogen generation rate. In this case, Si nanopowder
was fabricated from Si swarf, ie industrial waste. With
strong alkaline solutions, the hydrogen generation rates
became much higher than those for solutions with the
neutral pH region. The hydrogen generation rate strongly
depended on the temperature. The generated hydrogen
volume depended on pH of the solutions, ie 1590 mL for
pH 13.9 and 970 mL for pH12.9. The pH dependence can
be explained by the following reaction mechanism: In the
presence of high concentration OH ™ ions, Si nanopowder
directly reacts with OH ™ ions, leading to generation of
hydrogen and formation of soluble SiO5(OH)22%~ ions:

Si+20H™ + 2H,0 — SiO2(OH)2?™ +2H,.  (4)

For reaction (4), no SiO9 layer is formed, and there-
fore, in cases where reaction (4) is dominant, 1600 mL
hydrogen is produced from 1 g Si nanopowder. For the
reaction with strong alkaline solutions, pH of the solu-
tions decreased by hydrogen generation, in good agree-
ment with reaction (4) in which OH ~ ions were consumed
for hydrogen generation. For the reaction with alkaline
solutions having pH~13, reactions (3) and (4) simulta-
neously proceed, and when ~4.8 nm SiOs is formed by
reaction (3), hydrogen evolution stops.

It should be noted that the generated hydrogen vol-
ume and the hydrogen generation rate are considerably
high for the reaction with strong alkaline solutions, and
Si nanopowder can be fabricated from Si swarf using the
simple beads milling method. Therefore, this technology
is expected be applied to fuel cells. For hydrogen genera-
tion using efficient photocatalysts [18], on the other hand,
more than 1 year is necessary for generating of 1600 mL
hydrogen using 1 g photocatalyst.

3.2 Photoluminescence from Si nanopowder

Si swarf was used for fabrication of Si nanopowder for
PL emission. Figure 5 shows the photographs of blue PL-
emitting Si nanopowder (Fig. 5a), green PL-emitting Si

nanopowder (Fig. 5b), and hexane solvent (Fig. 5¢). The
photographs were taken under black light (365 nm) irra-
diation. The intensity of blue PL was much higher than
that of green PL. Green PL-emitting Si nanopowder was
obtained after HF etching of Si nanopowder and immer-
sion in ethanol, while blue PL-emitting Si nanopowder
after immersion in hexane without HF etching.

Fig. 5. Photographs of PL emitting Si nanopowder under black
light irradiation: (a) — Si nanopowder in hexane, (b) — HF-etched Si
nanopowder in ethanol, (¢) — hexane solvent without Si nanopowder
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Fig. 6. PL spectra for HF-etched Si nanopowder in ethanol ob-

served under UV irradiation with the following excitation energies:

(a) —2.76 eV, (b) —3.02 eV, (c) - 3.26 eV, (d) —3.54 eV, (e) — 3.76
eV

Figure 6 shows the PL spectra for green PL-emitting
Si nanopowder. Only a broad peak was observed, and
the PL peak showed a blue shift with an increase in the
excitation light energy. The width of the PL peak in-
creased with the excitation energy. From these results,
the PL peak is attributed to band-to-band transition of
Si nanopowder whose band-gap is widen by the quantum
confinement effect [4,5]. The blue shift results from ex-
citation of smaller Si nanopowder with higher band-gap
energies, followed by PL emission. The increase in the
PL peak width arises from an increase in the portion of
Si nanopowder which can be excited by the higher energy
excitation light.

Figure 7 compares the PL spectra for Si nanopow-
der fabricated with one-step beads milling (spectrum a)
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Fig. 7. PL spectra for HF-etched Si nanopowder in ethanol fab-
ricated with the following methods: (a) — one-step beads milling
method, (b) — two-step beads milling method
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Fig. 9. PL spectra for Si nanopowder without HF etching in hexane
fabricated with the following methods: (a) — one-step beads milling
method, (b) — two-step beads milling method, [14].

and two-step beads milling (spectrum b). One-step beads
milled Si nanopowder exhibited the PL peak with the
peak maximum at 2.60 eV while Si nanopowder fabri-
cated with the two-step beads milling method showed
the peak maximum at 2.91 eV. These results demonstrate
that green PL results from band-to-band transition, and
thus, the smaller the size of Si nanopowder, the higher
the band-gap energy, leading to higher energy PL [36,37].

Figure 8 shows the PL spectra for blue PL-emitting Si
nanopowder. The PL spectra possessed peaked structure,
and their energies didn’t depend on the excitation light
energy. The PL spectra were almost the same as that for
9,10-dimethylantracene (DMA), and therefore, blue PL is
most likely to arise from DMA impurity adsorbed on Si
nanopowder. The peaked structure is attributable to vi-
bronic bands which involve the total symmetric breathing
mode of DMA in the electronic ground state [38], and the
bands at 3.14, 3.34, and 3.53 eV are assigned as the (0,2),
(0,1), and (0,0) transitions, respectively where (m, n) de-
notes the transition from the m-th vibrational state of
the electronic excited state to the n-th vibrational state of
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Fig. 8. PL spectra for Si nanopowder without HF etching in hex-

ane observed under UV irradiation with the following excitation

energies: (a) — 3.17 eV, (b) — 3.36 eV, (¢) — 3.50 eV, the bottom
spectrum is for a DMA solution without Si nanopowder
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Fig. 10. PL spectra of Si nanopowder without HF etching in hexane

observed under the conditions: (a) — before addition of an HF plus

HNO 3 solution, (b) — after addition of an HF plus HNO 3 solution,
(c) — hexane solvent concentrated by 39 times by boiling, [14]

the electronic ground state. The result that the energies of
these peaks are independent of the excitation light energy
clearly shows single source of PL emission, ie adsorbed
DMA. The PL spectra for DMA-adsorbed Si nanopow-
der possessed slightly broader structure than that of free
DMA, due to overlapping of the vibronic bands on the
broad background arising from band-to-band transition
of Si nanopowder.

Figure 9 compares the PL spectra for green PL-
emitting Si nanopowder produced with one-step beads
milling (spectrum a) and two-step beads milling (spec-
trum b). Both the spectra possessed nearly identical
structure with the vibronic bands at the same ener-
gies, clearly showing that blue PL did not arise from Si
nanopowder. The PL intensity for two-step beads milled
Si nanopowder was higher than that for one-step beads
milled Si nanopowder, and the quantum efficiency was es-
timated to be 9% for one-step beads milled Si nanopow-
der and 15% for two-step beads milled Si nanopowder.
This result may indicate that DMA is more efficiently
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adsorbed on smaller Si nanopowder, most probably due
to larger total surface area.

When a small amount of an HF plus HNO 3 solution
was added to blue light-emitting Si nanopowder in hex-
ane, the PL peaks disappeared almost completely (spec-
trum b in Fig. 10). Because HF plus HNO 3 solutions dis-
solve Si, this result clearly shows that the PL intensity is
greatly enhanced by adsorption of DMA on Si nanopow-
der.

Hexane solvent was concentrated by 39 times by evap-
oration, and its PL spectrum is shown in Fig. 10(c). Al-
though he PL intensity was very low, the vibronic bands
were observed at the same energies as those for free
DMA. From the comparison of the PL intensity of DMA-
adsorbed Si nanopowder to that for spectrum c, the en-
hancement factor is estimated to be ~ 3000. The PL
enhancement may result from the following reasons: (i) —
increase in the dipole moment of DMA due to adsorption
on Si nanopowder, (ii) — enhancement of wave function
of DMA by adsorption (eg surface resonance state). More
detailed studies are necessary to clarify the reason for the
PL enhancement.

4 Conclusion

Si nanopowder was fabricated by use of the beads
milling method, and applied to hydrogen generation
source and PL emitting material. Detailed investigation
leads to the following results and conclusion:

(1) Si nanopowder reacts with water in the neutral pH
region, generating hydrogen. OH ™~ ions act as catalyst,
and therefore, the hydrogen generation rate greatly in-
creases with pH, while pH of the solutions isn’t changed
by the hydrogen generation reaction.

(2) The hydrogen evolution rate and the hydrogen
volume generated by the reaction with neutral water
strongly depend on the crystallite size but don’t on the
size of aggregates.

(3) Reaction of Si nanopowder with strong alkaline
solutions (eg pH13.9 KOH solutions) can generate 1600
mL hydrogen, ie the theoretical limit. In this case, pH of
the solutions decreases after the reaction because OH™

ions are consumed to form soluble SiO 4 (OH)22~ ions.

(4) HF-etched Si nanopowder in ethanol exhibits green
PL. The PL peak shows blue shifts by a decrease in the
size of Si nanopowder and also by an increase in the
excitation light energy. The green PL is attributed to
band-to-band transition of Si nanopowder.

(5) Si nanopowder without HF etching in hexane
shows blue PL spectra with peaked structure. The PL
energies don’t depend on the size of Si nanopowder and
the excitation light energy. The peaked structure is at-
tributed vibronic bands of DMA molecules adsorbed on
Si nanopowder.

(6) The intensity of blue PL is enhanced by ~ 3000
by adsorption on Si nanopowder.
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