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SUMMARY

The gravimetric hydrogen storage efficiency of silicon has been widely reported as 14 wt.%, suggesting that this material
should be an excellent hydrogen generation source for portable applications. However, in the case of the reaction of silicon
powder with 20 wt.% sodium hydroxide solution at 50 °C, the observed production of hydrogen fails to realize these high
expectations unless a large excess of basic solution is used during the reaction, rendering the use of silicon in such systems
uncompetitive compared with chemical hydride based technologies. By investigating the molar ratio of water:silicon from a
large excess of water towards the stoichiometric 2:1 ratio dictated by the reaction equation, this study shows that for the
reaction of silicon in 20 wt.% sodium hydroxide solution, the quantity of hydrogen produced decreases as the 2:1 ratio
expected from the equation for the reaction is approached. Furthermore, in order to reach 80% of the theoretical efficacy,
a molar ratio of 20:1, or 12 mL of 20 wt.% sodium hydroxide solution per gram of silicon, would be required. These results
suggest that the actual gravimetric hydrogen storage capacity is less than 1%, casting doubts as to whether the use of silicon
for hydrogen generation in real systems would be possible. © 2016 The Authors. International Journal of Energy Research
published by John Wiley & Sons Ltd.
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1. INTRODUCTION

It is widely recognized that hydrogen has great potential as
an energy vector [1-3]. Various methods to generate hy-
drogen have been studied in considerable depth, including
electrolysis, photoelectrochemistry, fossil fuel reforming
and artificial photosynthesis [4]. Because of its abundance
in nature, water is an especially promising source of hydro-
gen, and many solar technologies have been developed to
split water into hydrogen and oxygen using sunlight [5].
However, although hydrogen can be readily formed by such
methods, it still remains difficult to store and transport be-
cause it has a very low density (0.0824 gL_1 at 25°C [6]).
This is a particular issue for portable applications, where a
high gravimetric hydrogen storage efficiency is required
[7]. Thus, methods of splitting water into hydrogen and

oxygen using chemicals with a higher density than hydro-
gen have become increasingly studied [8—12].

Silicon is considered to be an especially promising
material for this type of application because of its high
theoretical gravimetric hydrogen storage efficiency of
14 wt.% (although it should be noted that the hydrogen
is obtained from the water with which the silicon reacts,
rather than being stored in the silicon itself), low cost
and abundance. As shown in Equations (1) and (2)
[13,14], crystalline silicon reacts with water to form
hydrogen. However, this process is severely retarded by
the rapid formation of a thin film of silicon dioxide a
few nanometers thick on the surface of silicon in the
presence of air and moisture [15-17]. The rate of reac-
tion of an untreated silicon powder with water is thus
negligible unless some method of removing the oxide
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layer is employed. The overall reaction of silicon with
water has been described in previous work by Tichapondwa
et al. [18,19] and is represented by Equations (1) and (2).

Si(er) + 4 H,O(I) - > Si(OH),(aq) + 2Hy(g) (1)
Sicr) + 2H,0(1) - > SiOy(s) + 2Hy(g) (2

Nanosilicon has been shown to react much more rap-
idly with water than bulk silicon powders. For example,
Erogbogbo et al. [13] synthesized 10-nm-diameter parti-
cles by laser pyrolysis and observed hydrogen generation
rates 1000 times faster than for the reaction of silicon
325 mesh powders with water. This was primarily attrib-
uted to a change from an anisotropic etching process for
bulk silicon to an isotropic process for nanosilicon.
Foorde et al. have reported a process whereby nanosilicon
is synthesized by ball milling of silicon 325 mesh powders
[20,21]. The addition of a water soluble protective layer
allows near instant evolution of hydrogen. However, the
majority of these formulations suffered from poor percent-
age yields of hydrogen (<70%) because of the formation
of the oxide layer on the silicon surface during the course
of the reaction. Without an etchant to remove the oxide
layer, the reactions were found to be self-limiting.

Reacting the silicon in an aqueous solution of an etchant
such as sodium or potassium hydroxide serves to acceler-
ate the onset of the hydrogen generation process by re-
moval of the passivating oxide layer [22,23]. Reactions
of silicon and hydroxides typically produce hydrogen at a
faster rate than those of silicon or nanosilicon with water.
The etch rates of silicon wafers in basic media have been
studied extensively because of its widespread application
in fields such as microelectrochemical systems (MEMS)
[24-37]. The majority of these studies were conducted
using cleaned (i.e. wafers from which the oxide layer had
been removed by treatment with e.g. hydrofluoric acid)
substrates with a specific crystallographic orientation of
the silicon ((110), (100) or (111)). The overall reaction is
typically expressed as shown in Equation (3) [38,39]:

Si(cr) + 2 OH (aq) + 2 H,0(1) -
> Si0,(OH),” (aq) + 2 Ha(g). 3)

It should be noted that the nature of the hydroxide’s role
in the etching process (i.e. whether it behaves as a catalyst
or as a stoichiometric reagent) has been controversial, but
it is generally accepted that the water volume has a greater
effect on the reaction rate than the hydroxide content. Shah
et al. found that the etch rate of silicon (111) faces in 1-5M
solutions of KOH at 60°C was independent of KOH
concentration, but at lower alkaline concentrations, the etch
rate of the silicon decreased with concentration [40]. From

H OH
| fHo - Hagy | +H,0
si —> i —

i oAOH TNy
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a detailed study of the etching of silicon (100) and (110)
surfaces with potassium hydroxide, Seidel et al. deduced
the following as the ‘best fit’ rate equation across the range
of concentrations studied (10-60 wt.% KOH) [38]:

Etch rate = [H,O]*[KOH]’%. )

The exact mechanism of the etching reaction depends on
whether the silicon atoms at the surface are in a (110), (100)
or (111) lattice plane, but the products of the reaction are
the same. It has been reported that the surface atoms on sil-
icon remain hydride terminated during the course of etching
by hydroxide solutions [30]. Hydroxide ions and water are
substituted for the surface hydrides, thus weakening the
Si—Si back bonds and enabling the removal of surface
silicon atoms in the form of silicates [41]. A postulated
stepwise reaction scheme is shown in Scheme 1 [39],
although various others also exist in the literature.

The (111) plane is the slowest etching as it requires the
breaking of three Si—Si bonds rather than two [40,42]. The ra-
tio of the etch rates for the different planes in potassium hy-
droxide was found to be 160:100:1 for (110)/(100)/(111)
crystal planes at room temperature [38]. It is this variation in
the etching rates that leads to the anisotropic etching observed
with bulk silicon powders and silicon wafers [41].

However, it is noticeable that the studies of hydrogen
generation from the reaction of hydroxide and silicon in the
literature tend to focus on the concentration of the constitu-
ents of the etching solution; they do not take into account
the effect of aqueous etchant solution volume. Indeed, such
studies tend to use a large excess of etchant solution. How-
ever, the use of a large excess of aqueous etchant greatly
reduces the gravimetric hydrogen storage density of the
system, rendering silicon uncompetitive with respect to other
chemical hydrogen generation materials such as lithium alu-
minium hydride (LiAlH,), which are able to react with water
vapour and without the need for etchants and thus maintain
high gravimetric hydrogen storage densities [43—49]. In ad-
dition to the issues surrounding the reduced storage density,
the design of systems to deliver significant quantities of
etchant solution in a way to produce hydrogen consistently
over an extended period is non-trivial.

If silicon is to be competitive as a chemical hydrogen
storage material in terms of gravimetric hydrogen storage
density, then the volume of water (and thus etchant solu-
tion) in the reaction must be reduced towards the stoichio-
metric amount (2 moles of water per mole of silicon). To
our knowledge, the effect on the hydrogen yield of the
reduction of the etchant solution volume has not been
reported. Thus, in this work, we use an aqueous 20 wt.%
sodium hydroxide—silicon hydrogen generation system as
a model to investigate the effect of the reduction of the

HO OH

Ny +3H0

H
o/ + Sion),
Si

Scheme 1. Postulated mechanism for the etching of the Si (111) plane by the action of water and potassium hydroxide [39].
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water volume towards stoichiometry on the hydrogen gen-
eration rate and yield.

2. EXPERIMENTAL

Silicon (99%, 325 mesh) and sodium hydroxide (reagent
grade) were purchased from Sigma Aldrich and used as
received. Deionized water was used to make up the solu-
tions. The evolved hydrogen was collected and quantified
using the water displacement method [10,50-54]. After
preliminary experiments using various concentrations of
sodium hydroxide, a 20 wt.% solution was chosen to en-
able experiments to be carried out in a reasonable timescale
without a major induction period as a result of the need to
remove the surface oxide layer. To investigate the effect of
reducing the volume of 20 wt.% sodium hydroxide solu-
tion in the reaction, differing volumes of 20 wt.% sodium
hydroxide solution were added to a 50-mL round bottomed
flask and left to equilibrate at 50 °C for 10 min. To this was
then added the desired amount of silicon, and the volume
of hydrogen evolved recorded over a 10-min period. Each
reaction was performed in triplicate. In order to identify the
reaction byproducts, hydrochloric acid (reagent grade,
1 M) was added to the remaining reaction mixture until
the solution pH was neutral, and the resulting gel left to
dry under ambient conditions.

Powder X-ray diffraction (PXRD) data were collected on
a Bruker D8 Discover diffractometer in transmission geome-
try using Co Ka radiation and a Braun linear position sensi-
tive detector. Samples were mounted as powders on polymer
tape. Data were collected over the 20 range 15-95° with a
step size of 0.007° 20 and a count time of 1.0s per step.
X-ray photoelectron spectra were recorded using a VG
Scientific Escalab Mk I instrument operating with a mono-
chromatic Al Ko X-ray source (1486.6 eV). The particle size
distribution was studied using a Leo 1530 VP field emission
gun scanning electron microscope (FEG-SEM) at an acceler-
ating voltage of 5kV and a working distance of 12 mm.
Particle size distributions were analysed using Zeiss® soft-
ware package AxioVision 40 (V 4.8.2.0). IR spectra were
collected on KBr pellets using a Shimadzu FTIR 8400S

Spectrophotometer between 400 and 4000 cm L

3. RESULTS AND DISCUSSION

3.1. Material characterization

The silicon powder used in these experiments was charac-
terized using PXRD, X-ray photoelectron spectroscopy
(XPS) and SEM. The PXRD pattern (Figure 1) shows re-
flections at 33.28, 55.62, 66.31, 82.53 and 91.82°26, which
matches the database pattern (PDF 00-026-1481) for crys-
talline silicon (Cubic, Fd-3m (227)) and correspond to the
(111), (220), (311), (400) and (331) planes, respectively.
The sloping background is characteristic of the polymeric
tape used to mount the sample. As expected, XPS of the
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Figure 1. PXRD pattern of silicon 325 mesh powder collected
over the 20 range 15-95°.

Si 2p region (Figure 2) shows that the silicon powder is
coated by a thin oxide layer (peaks at 99.28 and 103.38
correspond to Si and SiO, spectra in the NIST Database)
[55,56]. The particle size distribution was analysed by
SEM (Figures 3 and 4); the mean particle size was found
to be 8.0 um.

3.2. Hydrogen generation

In order to investigate the effect of reducing the volume of
20 wt.% sodium hydroxide solution on the yield of hydro-
gen, 0.20 and 0.30 g of silicon were reacted in different
volumes of 20 wt.% sodium hydroxide solution ranging
from 5 to 1 mL, and the volume of hydrogen evolved mea-
sured over a period of 10 min. The resulting hydrogen gen-
eration traces are shown in Figures 5 and 6. As has been
observed before with reactions of partially passivated sili-
con powders, there is an induction period before the com-
mencement of hydrogen evolution. This is because of the
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Figure 2. Si 2 p scan of silicon 325 mesh powder by XPS.
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Figure 3. SEM image of the silicon 325 mesh powder used in this study.
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Figure 4. Particle size distribution of the silicon 325 mesh pow-
der used in this study, obtained from the SEM image in Figure 3.
Number of particles, n, = 502.

etching of the surface silicon dioxide layer. As the rate of
silicon dioxide etching, and thus the induction period of
the hydrogen generation process, varies with etchant con-
centration, it was decided to keep the sodium hydroxide
concentration constant in these reactions to ensure that
any differences in the hydrogen generation curves are
solely because of the variation of the volume of 20 wt.%
sodium hydroxide solution. The initial stage of the hydro-
gen evolution reaction follows rapid kinetics, and it is in
this stage that the majority of the hydrogen is evolved.
For the reactions with 0.20 g of silicon powder (Figure 5),
there is little change in the hydrogen generation profile
from 5 to 3mL, whereas for the reactions of 0.30g of

350
Decreasing volume of etchant
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Figure 5. The volume of hydrogen generated as a function of

time for the reaction of 0.20 g of silicon 325 mesh powder with

1.0,1.5,2.0,2.5,3.0,3.5,4.0,4.5and 5.0 mL of 20 wt.% sodium
hydroxide solution at 50 °C.

silicon powder, there is little change in the hydrogen gen-
eration profiles from 5 to 4 mL. For both, at lower volumes
of 20wt.% sodium hydroxide solution, the induction
period is extended, and the initial hydrogen evolution rate
is higher than at higher volumes of 20wt.% sodium
hydroxide solution. The higher rates are likely because of
the smaller amount of 20 wt.% sodium hydroxide solution
in which the heat of the reaction can be dissipated,
resulting in a faster reaction.

Figures 7 and 8 illustrate the change in the percentage
yield of hydrogen as the initial volume of 20 wt.% sodium
hydroxide solution is reduced. When 0.20 g of silicon was
used, the percentage yield remained relatively steady at
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Figure 6. The volume of hydrogen generated as a function of

time for the reaction of 0.30 g of silicon 325 mesh powder with

1.0,1.5,2.0,2.5,3.0,3.5,4.0,4.5and 5.0 mL of 20 wt.% sodium
hydroxide solution at 50 °C.
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Figure 7. The total volume of hydrogen generated in 10 min and the
percentage yield of hydrogen as a function of initial volume for the
reaction of 0.20 g of silicon 325 mesh powder with varying volumes
of 20 wt.% sodium hydroxide solution at 50 °C. The error bars show
one standard deviation of the hydrogen evolution measurements.

~86-90% after 10 min for 3 to 5mL of 20 wt.% sodium
hydroxide solution, and then began to drop off sharply,
falling to ~70% for 1 mL of 20 wt.% sodium hydroxide
solution. A similar trend was observed with 0.30 g of sili-
con, except that the decrease in yield began at higher initial
volumes of 20 wt.% sodium hydroxide solution and fell to
~60% when 1 mL was used.

The trend becomes even clearer when the percentage
yield of hydrogen is plotted as a function of the initial
water to silicon ratio rather than the volume of 20 wt.%
sodium hydroxide solution (Figure 9). As the initial water
to silicon molar ratio is reduced towards stoichiometry,
the percentage yield of hydrogen reduces. Below ratios of
~20:1, the percentage yield of hydrogen decreases to
values below 80%. Extrapolation of the graphs would
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Figure 8. The total volume of hydrogen generated in 10 min and the
percentage yield of hydrogen as a function of initial volume for the
reaction of 0.30 g of silicon 325 mesh powder with varying volumes
of 20 wt. % sodium hydroxide solution at 50 °C. The error bars show
one standard deviation of the hydrogen evolution measurements.
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Figure 9. The variation of the percentage yield of hydrogen with

initial water to silicon ratio for the reaction of 0.20 g (blue) and

0.30g (red) of silicon 325 mesh powder with varying volumes
of 20 wt.% sodium hydroxide solution at 50 °C.

suggest that at the stoichiometric water to silicon ratio of
2:1, the percentage yield of hydrogen would likely be
<20%. Thus, to maintain reasonable yields of hydrogen
(>80%), approximately 10 times the stoichiometric vol-
ume of 20 wt.% sodium hydroxide is required, i.e. a water
to silicon ratio of 20:1, which equates to ~12 mL of 20 wt.
% sodium hydroxide per gram of silicon. This corresponds
to a gravimetric hydrogen storage density with respect to
water and silicon of ~1 wt.%. Therefore, the actual gravi-
metric hydrogen storage capacity of such a system based
on silicon and delivering hydrogen in high yields would
be far lower than the theoretical value of ~14%.

The cause of this decrease in yield as the water to sili-
con ratio decreases is ascribed primarily to the formation
of a viscous polysiloxane gel-like sludge on the surface
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14000
12000
10000

8000

6000

Intensity (counts)

4000+

2000+
0 T T T A . 1 -
20 40 60 80
2 theta (degrees)

Figure 11. PXRD pattern of the neutralized and dried reaction
product collected over the 26 range 15-95°.

of the silicon powder which prevents efficient diffusion of
sodium hydroxide solution to react with the silicon and
also the efficient release of hydrogen gas as it is formed
[31]. It is well known that silicate glasses can be formed
by the reaction of sodium hydroxide with quartz (SiO,)
[57]. The higher the concentration of sodium hydroxide
and quartz, the more viscous the solution becomes [57].
Thus, we propose that as the water volume is decreased,
the hydrated sodium silicates formed as a by-product of
the hydrogen generation reaction result in the solution
becoming increasingly viscous, to the point where the
remaining silicon is blocked from reaction because of the
inability of free water molecules to efficiently penetrate
the silicate glass and of hydrogen molecules formed from
the water which does penetrate being impeded in their es-
cape to the atmosphere. The relative decrease in hydroxide
ion quantity with respect to silicon as the volume of 20 wt.

The effect of the solution volume to silicon ratio on hydrogen vyield

% sodium hydroxide is reduced may also play a part in the
build-up of an unsolubilized silicate layer on the surface, as
according to Palik ef al., hydroxide ions play a key role in
the formation of soluble silicates in the reaction, and this
process is retarded at low hydroxide concentrations [58].

To provide evidence for the formation of hydrated
silicates in the reaction mixture, after the reaction was
completed, the remaining sludge was neutralized by the
addition of hydrochloric acid. At the point of neutraliza-
tion, a white gel rapidly formed in an exothermic process.
This gel was then dried and the obtained white powder
subjected to analysis by FTIR and PXRD. The FTIR spec-
trum in Figure 10 confirms the presence of hydrated sili-
cate by the presence of bands such as those at 1640 and
3300-3600cm ™" (O—H bending and stretching modes
respectively), 3241cm™' (Si—OH groups in structure
amorphous silica), 1129 and 1022 em ™! (Si—O—Si asym-
metric stretching vibrations), 882cm ™" (Si—O—Si sym-
metric stretching vibrations), 618 em™!' (Si—H) and 479
and 405cm™! (O—Si—O bending vibrations) [56,59-64].
PXRD (Figure 11) confirms the amorphous nature of the
silicate component, with all of the sharp reflections (31.95,
37.07,53.32, 62.75, 66.56, 77.85 and 89.98°26) correspond-
ing to crystalline sodium chloride (PDF 01-070-2509),
formed as the excess sodium hydroxide was neutralized
with hydrochloric acid.

4. CONCLUSIONS

The percentage yield of hydrogen generated by the reaction
of silicon with water in 20 wt.% aqueous sodium hydroxide
solution decreases as the molar ratio of water to silicon is
decreased towards stoichiometry. Our study shows that
~12mL of 20 wt.% sodium hydroxide solution is required
per gram of silicon in order to achieve yields above 80%.
Thus, the actual gravimetric hydrogen storage density of
systems generating hydrogen by silicon hydrolysis would
be much lower than the theoretical value of ~14%, and, as
such, the deployment of bulk silicon powders in portable
hydrogen generation devices would be problematic. As
the volume of liquid needed to generate viable quantities
of hydrogen would be significant, considerable weight
and volume would be added to the device, thus reducing
the practicality of making it portable in the first instance.
These findings impact upon those endeavouring to develop
in situ hydrogen generation methods for portable proton
exchange membrane (PEM) hydrogen fuel cells.
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