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PRODUCTION OF HYDROGEN

Advantages of the use of silicon and porous silicon (PS) for the chemical production of hy-
drogen have been analyzed and compared with other fuels. An analytic expression is derived
for the dependence of the volume of hydrogen produced at the PS interaction with water on
the material porosity, as well as for the corresponding energy yield, when the produced gas
is used in the power sources of electronic systems. It is found that the silicon porosity growth
results in a reduction of the total volume of hydrogen released in the reaction with water, as
compared with the amount of Hz obtained from the initial quantity of raw silicon. This ef-
fect is explained by significant losses of a material at PS formation. The ratio between the
accumulation of hydrogen in the PS material and silicon losses in the etchant is determined
to be optimal for the silicon porosity in the interval of 60-70%. When applying the produced
hydrogen in fuel cells, the etching of silicon provides a growth of the output power, but reduces
the total amount of the produced energy. Those mechanisms are analyzed to demonstrate the
inexpediency of using the composites on the basis of pure nano-PS for the photocatalytic water
dissociation.
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1. Introduction

Hydrogen is an important raw material for the chem-
ical industry, as well as a promising energy carrier
[1]. There are a lot of methods of Hy production, such
as methane conversion, biomass decomposition, water
dissociation, and others [1-3|. A considerable atten-
tion is paid by researchers to the reduction of miner-
als consumption and the application of regeneration
resources to the hydrogen production.

Water is one of the main renewable resources. The
major industrial technology for the generation of Ho
from water is electrolysis [1,2]. The efficiency of mod-
ern electrolyzers reaches 80% and even more. Howe-
ver, the rationality of this way to transform the elec-
tric power is doubtful. This is the more so, if the
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matter concerns the further application of Hy in fuel
cells. For example, the theoretical efficiency for the
scheme “electric power — hydrogen — mechanical en-
ergy” used in transport vehicles powered by fuel cells
amounts to 25% [4]. The corresponding value for elec-
tromobiles with storage batteries reaches 69%. In ad-
dition, in many cases, the electric power is obtained
by burning an organic fuel, the consumption of which
should be confined.

Therefore, the alternative ways of water dissocia-
tion such as thermal, chemical, and photocatalytic
ones are actively studied. The corresponding tech-
nologies that are based on thermochemical cycles are
promising, if the heat generated at nuclear reactors or
solar stations is used to support the reactions [1]. The
chemical methods allow a high level of Hs extraction
to be achieved, but they are accompanied by irre-

233



A.1. Manilov

versible expenses of reacting substances [5, 6]. The
photocatalytic methods make it possible to decom-
pose water using the energy of absorbed photons,
but they have a low efficiency in the visible spectral
range [1,7].

The development of alternative hydrogen sources
is closely associated with researches of semiconduc-
tors. The careful selection of a material substantially
improves the efficiency of the Hy production technol-
ogy. Silicon and porous silicon (PS) can be applied
to the chemical or photocatalytic dissociation of wa-
ter [8-10]. However, there is no definite answer to the
question till now: Is it beneficial to use silicon com-
posites for the hydrogen production?

2. Hydrogen Production
at Interaction of Silicon with Water

The application of silicon for the chemical production
of hydrogen is based on the reactions of this substance
with water or alkali. The corresponding reactions are
described by the equations [8, 9]

Si + 2H,0 = SiO + 2H, 1, (1)
Si + 4H,0 = Si(OH), + 2H, 1, (2)
Si + 2NaOH + HyO = NaySiO3 + 2H, 1. (3)

For those reactions to run quickly, the heating to
a temperature within the interval from 50 °C to the
solution boiling point, the application of alkalies, and
the mixing of reagents are required.

One can see that, according to reactions (1)—(3),
one mole of silicon is required to produce two moles of
molecular hydrogen. The maximum specific reaction
yield amounts to 1600 1 of Hy per 1 kg of Si. The en-
ergy that is released at the burning of this quantity of
hydrogen equals 17.2 MJ. For comparison, the corre-
sponding value equals 5.7 MJ for iron and 13.3 MJ for
aluminum [8]. Those numbers illustrate the advan-
tages of silicon over the competing inorganic sources
of hydrogen.

The combustion heat of peat amounts to 10.5—
14.5 MJ/kg, coal to 27 MJ/kg, and natural gas to
41-49 MJ/kg [11]. Those values are of the same or-
der of magnitude as the combustion heat of hydrogen
produced in reactions (1)—(3).

However, there arises a question: Is such an appli-
cation of silicon reasonable? The main application of
Si as a material for semiconductor devices demands
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labor-consuming procedures aimed at purifying raw
materials from impurities [12]. There are plenty of
cheap versions of the material, such as crude metal-
lurgical silicon, “black” silicon, and polysilicon. Each
of them does not satisfy the requirements of semi-
conductor electronics. Moreover, silicon industry pro-
duces a lot of waste. It is this silicon raw material that
can be used for the chemical production of hydrogen.

3. Hydrogen Production
by Hydrolysis of Porous Silicon

Porous silicon is formed by treating the raw mate-
rial in the solutions of fluoric acid and alcohol. The
main technologies of PS fabrication are chemical and
electrochemical etchings [13].

During the etching, a porous material is formed. Its
surface is densely covered with SiH, (zr = 1,2,3)
complexes. At present, specimens with the hydrogen
content reaching 60 mmol per 1 g of PS (6 wt.%)
are obtained, which corresponds to the atomic ratio
H:Si~ 1.8 [14].

When PS interacts with water, hydrogen is released
both from the destroyed SiH, groups and owing to the
dissociation of HyO in accordance with reactions (1)
and (2). Both mechanisms can be generalized by the
following reaction equation:

The maximum level of hydrogen accumulation in
PS corresponds to the continuous coating of the ma-
terial by SiHs complexes. In this case, the Hy release
is described by the following equation, which can be
obtained from Eq. (4) by putting x = 2:

SiHQ + (2 + y)HgO = SIOQ yHQO + 3H2 (5)

Hence, the reaction of one mole of PS with water
produces about three moles of molecular hydrogen,
i.e. the hydrogen yield is one and a half times larger
than at the interaction between crystalline Si and
water. The corresponding specific yield amounts to
2240 1 of Hy per 1 kg of a PS powder. The oxida-
tion of this volume of hydrogen generates an energy
of 24.19 MJ, which is comparable with 27 MJ of heat
obtained at the combustion of 1 kg of coal.

The intensity of reactions (4) and (5) can be con-
trolled by adding a catalyst, heating, or subjecting
to the illumination. If the reaction with water runs in
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the presence of a catalyst, the rate of Hy release from
PS is by more than an order of magnitude higher than
the rate of hydrogen generation at a similar reaction
with crystalline silicon [6].

It should be noted that the factors indicated above
are not mandatory for the reaction to run. For in-
stance, PS-based ecological sources of hydrogen are
created, which are activated by pure water under
normal conditions and without additional require-
ments [15].

4. Problem of Effective
Application of Porous Silicon
to Chemical Production of Hydrogen

As was mentioned above, the interaction of PS with
water allows the yield of Hy to be made 1.5 times
larger and the corresponding reaction rate an order
of magnitude higher in comparison with the relevant
parameters for crystalline Si, even without heating or
mixing the reagents. At first sight, this is an evident
advantage. However, a question arises: Does the in-
crement in the hydrogen release cover the expenses
for the PS fabrication?

There are two basic mechanisms of losses. These
are the dissolution of the silicon raw material in the
course of PS etching and the expense for reactants
and electric power. Below, only the former mecha-
nism will be considered, because it dominates. The
economic analysis of the prices for electric power and
reactants that are required to transform silicon into
a porous material will be left beyond the scope of
this work.

According to reactions (4) and (5), the pore forma-
tion is accompanied by the transition of silicon into
the etching solution in the form of SiF, compound
followed by the formation of HySiFg acid. After PS
has been fabricated, this solution, which includes the
remnants of acids and the reaction products, goes to
waste. As a result, the amount of obtained PS is de-
termined by the amount of silicon, which was not
dissolved in HF.

The major characteristic of the produced material
is its porosity [16]

mgi — Mps

p=_"5_7TF
s, (6)

where mg; and mpg are the masses of the silicon raw
material and the produced PS, respectively.
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The hydrogen content is known to be higher in PS
with higher porosity (Fig. 1, a) [17]. By calculating
the ratio between the amount of bound hydrogen and
the volume of Hy released at the oxidation of a PS ma-
trix by water following Egs. (1) and (2), we obtain a
dependence shown in Fig. 1, b. One can see that, at
a higher porosity, the contribution of SiH, groups to
the total Hy yield substantially increases. The frac-
tion of hydrogen chemically bound in nano-PS with
a porosity exceeding 95% reaches a record 50% of the
total amount of gas released according to reaction (5).

However, the porosity also determines how much
silicon was lost at the fabrication of PS. For example,
a porosity of 0.95, which corresponds to PS nanopow-
ders with the maximum hydrogen content, indicates
that 95% of initial silicon raw material was lost at the
etching.

To solve the problem, it is necessary to compare
the volume of hydrogen released from PS and its vol-
ume formed at the reaction of the initial silicon raw
material with water.

Let the interaction between crystalline silicon of
the mass mg; and water result in the production of
molecular hydrogen of the volume VSEI"':

msi — Vg,>. (7)

At reactions (1)—(3), one mole of Si is required to
obtain two moles of Hy. Therefore, the volume of the
obtained gas can be calculated by the formula

msi

Va2 =2V, (8)

Hsi

where ug; is the molar mass of silicon, and V,,, the
molar volume of the gas.

If a decision is made to increase the amount of hy-
drogen in the material by the etching, some fraction of
silicon will be lost in the HF solution. The mass mpg
of produced PS will be less than mg; by a factor equal
to the porosity value. During the etching, the silicon
surface becomes hydrogenated. Accordingly, the PS
mass will consist of the silicon matrix mass, Mmatrix,
and the mass of hydrogen bound on the surface,
msin,

Mps = Mmatrix + Msig, = (1 — P)mg;. (9)

Therefore, at the interaction between PS and water,
the total amount of Hy will consist of the products of
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Fig. 1. Specific amount of atomic hydrogen bound in SiH
groups as a function of the PS porosity for PS of various poros-
ity groups [17] (@). Volume ratio for the hydrogen released from
SiH, groups of nano-PS and the hydrogen generated at the ox-
idation of a PS matrix by water (b)

oxidation of Si-Si bonds in the silicon matrix, V2 ..,

and the hydrogen released from SiH, groups, Vs?ﬁw:

Hy _ Ho H
mps — VPS - Vmatrix + VSiHI’

(10)

The value of VSI?I?ICL, can be calculated from the exper-
imental dependence of the specific amount of atomic
hydrogen bound in PS, vy, on the material poros-
ity P (see Fig. 1, a). Taking into account that the
mole number of molecular hydrogen (Hs) is half as
large as the mole number of atomic hydrogen (H),
the contribution of SiH, groups to the total gas yield
is determined as follows:

1
Vi = sva(P)mpsVi.

: (11)
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The quantity V12

matrix

las (8) and (9):

can be determined using formu-

VH2 o 2mmatrix Vm _ 2mPS - mSiHm Vm

o= 12
matrix s s ( )

The mass of hydrogen in SiH, groups, mgiu,, is ex-
pressed in terms of the PS mass mpg, the specific
amount of the material vy (P), and the molar mass of
atomic hydrogen py by the formula

msin, = puvu(P)mps. (13)

Substituting this expression into Eq. (12), we obtain

1 — pnvu(P)
Hsi

yHa

matrix — 2 mPSVm' (14)
As a result, on the basis of formulas (8), (11), and
(14) and the porosity definition, the ratio between the
hydrogen volumes obtained at the reaction of water
with either PS or the initial silicon raw material looks

like
H

Vps'

Vsi®

=(1-P) {1 + (iNSi - ,UH> VH(P)}- (15)

The obtained dependence is plotted in Fig. 2, a.
One can see that the growth of the silicon porosity
results in the reduction of the total Hy yield if the
initial raw material reacts with water or alkali. The
dependence decreases almost linearly as 1 — P.

The contribution of SiH, groups of PS to the rela-
tive hydrogen volume is determined by the formula

VS}iII?Iw 1
VSI;IQ = ZMSi(l — P)VH(P) (16)

The values of this ratio calculated for various porosi-
ties are illustrated in Fig. 2, b. The analyzed depen-
dence has a nonlinear character, which is unnotice-
able in Fig. 2, a because of a large scale. One can
see that, even at the maximum concentration of SiH,
groups, their contribution to the volume of released
Hs amounts to only 2-3% of the hydrogen formed at
the reaction of the initial silicon raw material with
water.

The optimum relation between the hydrogen ac-
cumulation in SiH, groups and the silicon losses in
the etching solution is obtained at a porosity of 60—
70%. In this case, the contribution of bound hydrogen
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to the relative yield of Hy, which can be obtained
with the use of PS, with respect to the yield ob-
tained, by using the non-etched silicon raw material
is maximum.

Hence, the silicon etching results in a reduction
of the Hs yield, if the chemical technology is ap-
plied. Accordingly, the transformation of silicon into
PS turns out inexpedient for the commercial hydro-
gen production. However, a high level of hydrogen ac-
cumulation and high rates of hydrogen release from
PS, as well as simple conditions required for the ma-
terial to react with water, comprise an essential ad-
vantage in the case where this method is applied to
small autonomous systems.

For the generated hydrogen to be used in power
sources of electronic systems, the reactor, which con-
tains PS immersed into the solution, is combined with
a low-temperature fuel cell. The energy produced by
this system can be calculated by the formula

W = 77QH2 V]ZI;IS27

where Qu, = 10.8 MJ/m® is the specific heat of
hydrogen oxidation, and 7 the efficiency of a fuel
cell (50% for membrane devices). In other words, the
power source energy is proportional to the volume of
consumed hydrogen.

The direct proportionality between the capacity of
a power source and the rate of Hy generation can be
found in a similar way. The intensity of reaction (4)
increases with the PS porosity [6]. Hence, according
to formulas (15) and (17), the silicon etching increases
the power of an energy source, but diminishes its ca-
pacity.

(17)

5. Problems of Porous
Silicon Application to Photocatalytic
Dissociation of Water

The application of semiconductors as photocatalytic
materials is associated with their ability to generate
an electron-hole pair after absorbing a light quan-
tum. Holes provide the splitting of water molecules
into oxygen and hydrogen ions. Electrons reduce hy-
drogen ions to the molecular state. Those processes
are described by the formula [7]

, 1
H,O ™ H, + 502 (18)

The potential corresponding to the theoretical mini-
mum required for the splitting of a water molecule
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Fig. 2. Volume ratio for the hydrogen released at the reaction
of PS with water and hydrogen released from the initial raw
material according to reaction (15) (a) and reaction (16) (b)

amounts to 1.23 eV. The real value of energy gap
width in the photocatalyst with the activation in the
visible spectral range should amount to 2.0-2.2 eV
[1,7].

Silicon is a basic material for manufacturing solar
cells [18, 19]. However, the energy gap in crystalline
Si does not allow this semiconductor to be used for
the photocatalytic dissociation of water. Two ways
were proposed to solve this problem. First, the re-
duction of Si crystallite sizes to nanodimensions gives
rise to a growth of the energy gap width in this mate-
rial. Technologies of nano-PS etching make it possible
to reach the required values of dissociation potential
[10]. Second, the application of catalytic coatings di-
minishes the reaction activation barrier. For this pur-
pose, metals of the platinum group are used, as a
rule. They are deposited on the walls of pores in sili-
con [20-22].
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A substantial growth of hydrogen production in
electrochemical cells with photocathodes fabricated
on the basis of PS with respect to the case with crys-
talline Si cathodes was demonstrated experimentally
[10]. Moreover, the water decomposition without the
application of an external potential was registered
in cells with an electrode on the basis of Pd-doped
PS [22].

However, the PS application of this type has a con-
siderable shortcoming, which is related to the chem-
ical interaction between this material and water (see
the discussion in Sections 2 and 3). Reaction (4) can
run even at room temperature and in the absence
of a catalyst. This means that, if the photocathodes
fabricated from PS are immersed in water, the gener-
ation of Hy will be accompanied by the oxidation of
the material. As a result, hydrated silicon oxide with
closed pores will be formed, and it cannot be used as
a photocatalyst.

The influence of light on the hydrogen release inten-
sity in the course of reaction (4) was detected exper-
imentally [6]. The total Hy yield increases if the blue
or ultra-violet illumination is applied. This fact can
be explained by the photocatalytic effect. However,
after the oxidation, the PS material becomes inappli-
cable for generating Hs.

The deposition of Pd nanoparticles into silicon
pores does not change the situation. An island-like
coating does not protect the material from its inter-
action with water. If the specimens are immersed in
an aqueous solution, reaction (4) accompanied by the
irreversible oxidation of silicon runs as well [23]. The
problem can be solved by covering the PS surface with
a continuous Pd film, but this method faces consid-
erable technological difficulties.

Hence, the application of composites on the ba-
sis of pure PS for the photocatalytic dissociation of
water turns out inexpedient. The passivation of the
silicon surface by halogens may be a way to solve this
problem.

6. Conclusions

The chemical reaction of silicon with water or alkali is
an effective method of hydrogen production, in which
cheap raw materials and wastes can be used. The spe-
cific yield of Ho in this reaction exceeds the corre-
sponding parameters for aluminum and iron. Porous
silicon allows one to obtain the Hy yield 1.5 times
larger and the reaction rate by an order of magnitude
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higher in comparison with the case where crystalline
Si is used. Moreover, the reagents do not require the
heating or mixing.

It is analytically shown that the growth of silicon
porosity gives rise to a reduction in the total amount
of hydrogen released at the PS reaction with water,
in comparison with the corresponding parameter for
the initial silicon raw material. This fact is explained
by substantial losses of the material at the etching
owing to the dissolution of Si in HF. The law of hy-
drogen mass fraction growth is not violated, as the
specimen porosity increases. However, the accumula-
tion of hydrogen in the SiH, groups of PS does not
compensate the losses of a raw material in the etching
solution. The calculated amount of bound hydrogen
at the porosity maximum amounts to only 2-3% of
the gas volume that is formed in the reaction with
initial silicon.

From the viewpoint of using the produced hydro-
gen in fuel cells to feed electronic systems, the silicon
etching gives rise to a growth of the electric source
power, but decreases its total energy capacity. The
optimal value of silicon porosity for such applications
was calculated to equal 60-70%.

The application of composites on the basis of pure
nano-PS for the photocatalytic dissociation of water
is inexpedient. This conclusion is associated with the
chemical interaction between water and the PS ma-
terial, which results in the silicon oxidation and the
pore closure. As a result, the processing of silicon into
PS is inexpedient for the commercial hydrogen pro-
duction. However, a high level of hydrogen accumula-
tion in PS and high rates of hydrogen release from it,
together with simple conditions required for the reac-
tion of this material with water to run, are an indis-
putable advantage of its application in power sources
of small autonomous systems.
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Translated from Ukrainian by O.I. Voitenko

A.I. Mawinos

IMTPOBJIEMU BACTOCYBAHH#
ITIOPYBATOI'O KPEMHIIO JIJIf1 XIMIYHOI'O
TA ®OTOKATAJIITNYHOI'O BUPOBHUIITBA BOJHIO

Peszowme

IIpoanaJsiizoBaHo mepeBaru KpEMHIIO 1 IIOPYyBaTOro KpPEMHIiIO
(TIK) six xiMi9HHUX JKepesT BOJHIO, MOPIBHSAHO 3 IHIIMMH BH/Ia~
MM IajuBa. B aHaJITHYHOMY BHIVISIII OTPUMAHO 3aJIEXKHICTH
06’eMy BOJHIO, BUPOOJIEHOrO MPU B3aEMOJII 3 BOJIOKO, Bij mO-
PyBaTOCTi MaTepiaJly Ta BiAIOBigHUM €eHepreTUuIHUN BUXiJ IpU
3aCTOCYyBaHHI rasy y JsKepesjlax >KHUBJIEHHSI €JIEKTPOHHUX CH-
creMm. PospaxoBano, mo 3pocTaHHSI IOPYBATOCTI KPEMHIIO Cy-
IIPOBO/IZKYETHCS CIIAIAaHHSM 3araJibHOrO 00’€My BOJHIO, BU/IijIe-
HOT'O IIPY PeaxKlIiil 3 BOJOIO, TOPIBHSHO /0 piBHS BUI006yTKY Ho 3
BHUXiIHOI KPEMHIE€BOI CHPDOBUHU. 3aKOHOMIPHICTH MOSICHIOETHCS
CYTTEBHUMHU BTpaTaMu MaTepiaiay nporsirom surorossieHHst [TK.
Busnaueno, mo onTuMaJjbHe CHiBBiAHOIIEHHST MiXK HAKOITHYIEH-
HSIM BOJIHIO y MaTepiaJii i BTpaTamMu KpeMHIIO y TPaBHUKY BiJ-
nosigae nopysarocti 60-70%. Ilpu 3acrocyBaHHi yTBOpeHOro
BOJIHIO y TAJIMBHUX €JIEMEHTaX, TPAaBJIEHHsI KPDEMHIIO 3abe3re-
qye pIiCT MOTY>KHOCTI JI2KepeJia >KUBJIEHHS, ajle 3MEeHIIIye HOro
3arajgpHuil eHepropecypc. Ha ocHoBiI 3a3naveHmx mexaHi3MmiB
IIOKa3aHO HEeJOIJIBHICTh 3aCTOCOBYBaHHSI KOMIIO3UTIB HA OCHO-
Bi yncroro HaHolIK st dpoTokaTaiTUIHOI AucoIialil BOIM.
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