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ABSTRACT

Nowadays. modem technical solutions in various spheres of human activity from the
opto-clectronics up to nanobiotechnology are increasingly dependent on the level of
technology. Applied research on nanomaterials plays a key role in the development of
nanotechnologies. The nanostructured silicon is one of the materials attracting the
special attention of researchers in various applied areas. A new and widely discussed

application of nanostructured silicon is a possibility of their usage in the process of
efficient hydrogen generation.

The present paper is devoted to a brief review of recent advances in the study of the
2pplicability of porous silicon nanostructures for hydrogen generation. The main
possible mechanisms of the photocatalytic activity of silicon nanostructures, as well as
the influence of such parameters as their shape, size and degree of surface development
on the hydrogen generation efficiency of the material are discussed. In addition, based
on literature overview. an analysis regarding the most likely paths for the development
of this area of semiconductor materials science and an assessment of the feasibility of
tsing silicon nanostructures for hydrogen generation has been made.

Keywords: silicon nanostructures, photocatalysis, water splitting.
INTRODUCTION

Due 10 the ever-increasing pollution of the environment and the depletion of fossil
STETEY sources, the issue of developing and introducing environmentally fnendly and
“hicient technologies for energy production and environmental cleanup 1s becoming
"ereasingly urgent. In this regard. hydrogen energy can offer one of the main solunc:ms
 the mentioned problems. Hydrogen energy is one of the type of perspective
Aemative energy with high energy density. cleanliness and storability [1]

' is Very important to choose high-performance, low-cost and earthabundant
Ph‘loma])‘s!s for realizing large-scale ;;mduction of hydrogen. In _th_ns respect, Si is a:

Ve candidate for [;l—xoto::aml)ﬁc water splitting, because Si is earth abundan

hetps /e 395
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relatively cathodically stable semiconductor material with hj
efficiency [2]. However, due to the high reflective index of Si 8Y utilizyg

incident light is reflected back [3]. This obstructs to the hy Neson More thy /zmn
Intuitively, this limitation can be circumvented by forming nanom-: generatig, . of
different shape and morphology. Ctures of Slcgy ()lf

gh Solar €ner.

The present paper is devoted to consider briefly the recent advances i y;
nanostructures for hydrogen generation. SINg of §iigy,

SYNTHESIS OF SILICON NANOSTRUCTURES

Silicon nanostructures offered as photoz_zlctive materials for hydrogen generation can be
obtained by various known methods, with both technological approaches top-dowp
bottom-up. The most interesting recent results were reported on silicon nanostructyr
in the form of porous nanolayers, nanowires, mesoporous flakes, and silico
nanoparticles as well as in composition with other semiconductor and met)
mamomaterials. The common feature of silicon nanostructures proposed for the
generation of hydrogen is the presence of a developed active surface. There are sevenl
wide spread attractive top-down (reactive jon etching, electron-beam lithography.
nanosphere lithography, nanoimprint lithography, chemical and electrochenici
etching) and bottom-up (chemical vapor deposition, molecular beam epitaxy, thermal
evaporation) approaches for silicon nanostructures formation [4]. Among top-down
approach methods, metal-assisted wet chemical etching (MAWCE) attracts som
attention due to its low cost and good opportunities for control the geometricl
parameters and morphology of resulting nanostructures. This approach based on the
deposition of silver or other noble metals nanoparticles, followed by redox Fgactlon in
hydrofluoric acid solution [5]. The great advantage of this method is the ability “’d““
both bulk silicon and thin silicon films. MAWCE is low-cost and simple met:w ;
obtaining silicon nanostructures with ability for controlling parameters (such asd :fot
diameter, orientation, type and level of doping) [6-8]. This method does not Qeed e
special, expensive vacuum equipment and allows fabricating structures unlimite

and area.

s
PHOTOCATALYTIC PROPERTIES OF SILICON NANOSTRUCTURE

3
; tructur®
licon nanoster e

W o s ing si
hen considering the processes of hydrogen generation using iate e

two possible mechanisms are discussed in the literature. The first is asso¢
oxidation of the nanostructure to a stable silicon dioxide, an :
nanostructure, the more intense the reaction that can be accelerated 0Y droge™ of
This process is well studied and has been successfully used to generate

porous nanoparticles of small diameter [9]. 15

The second approach, explaining the release of hydrogen using Sll}con - active :
the process of photocatalysis on their well-developed chemic! yeacti(’“' oSS
Heterogeneous photocatalysis is a promising method in the redox rnting ; ro\\’i‘h
number of researchers recently emphasizes the possibility of impleme']lul'ﬂi”a"onclion
of water splitting on the surface of silicon nanostructures unce’ : talytic >

: a
light source. The possibility of hydrogen generation due t the phot©®
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L . nanostructures is an open question and one of the actively
c «111c0!
fa @ 01 slll"
, surfact
b g ares i splittin i ;
j«n\clv(“"gm || report the exploration of water splitting on Si nanowires by
v : a

L € nts in pure water under light illumination and yield of H,

" (10, ” mcﬂs“rc':)‘“ "‘ncidcnl light wavelengths of 350-550 nm. The research team

-rl'oﬂ“,':;o‘ ,271.'_7/"?“ mechanisms of photocatalytic water splitting on  silicon

i explain “ctcd that the production of hydrogen gas on Si nanowires

0 lr‘l:“ d d"m;)':j:;c of Si-H bonds and the formation of Si-OH bonds, resulting
he CIC

¢S ¢ ! ) . '
‘m[hmughbdbilil\’ of generating oxygen. The reactions occurring on SiNWs in the
v a )

ow pro

Oxidation: Bt + Si+ H20 — Si-OH + H+ 3

Reduction: € + Si = H+ H+— Si+Ha 5

The reaction of O2 production:
Oxidation: h+ + Si-OH — Si-O + H+ @

§.0H bond, which was formed at the result of reaction (a) would prefer to hosting the
raction () and suppressing Ha production:

Reduction: e- + Si — OH + H+ — Si + H,0 ()

Sg etall 1] used the other form of silicon nanostructures as mesoporous silicon
gheres with high crystallinity, large specific surface area and optimal band structure to
il he cfficient and stable photocatalytic Ha evolution (1785umol h''g") under
Visible light, emphasizing that the highly crystalline mesoporous structure in improving
E::Ifgusegar_ation and promoting surface reactions. In addition, porous structures can be
appeare simply by changing the conditions of synthesis, which, in turn, le'flds to the
D‘ e of the band gap, easy cleaning, charge separation and surface reaction.

e all [12)

}drogcn generati
Wag 0.095

used a bottom-up synthesized mesoporous crystalline silicon for
oH _l°“_lb.y chemical reaction with KOH solution, which prqduct?qn rate
S o Sbicl2 " 8 S,‘- In the work synthesis route of mesoporous crystalline snh.con is
f ¢ Sdistion utilizing salt by-products as pore templates and heating at

d]ﬂe

[em . . .

e are, slz)erature& The excellent chemical H» generation rate is related to the high
m iSUCh Mmaterial. More importantly, the high surface areas and mesoporous
N ’evr;Td'Wlth the nanosized, crystalline primary particles enable .much
orteq resulg ution rate and extended working life compared with the previously
Anog '

Cr
M for ydfogimhes‘zed mesoporous silicon nanosheets from natural clay and used
Uty (Ng feneratiOn [13]. The silicon nanosheets have a high surface area,
in the cla ™) and contain mesoporous structures derived from the oxygen

o O hydrog hese advantages allowed to perform some experiments on the
S are gop s oM water—methanol mixture. Further, when the silicon

"ed with platinum as a cocatalyst, they exhibit high activity in
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KOH (15.83 mmol Ha/s * mol Si) and excellent photocatalytic activity v;
the evolution of hydrogen from a water—methanol mixture (723 pmo| H)z,/h “;lt Srespect fo
g Si).

It is well known that porous silicon nanostructures exhibit a visible emjss;

infrared wavelengths region and the overall absorption band of porous siliclon <

is much broader than those of TiO2 which is one of the widely spread Photo(ln tZ?nOWires
covers entire spectral range from UV to visible and near IR. These mentione:jl el
of silicon nanowires are expected to be successfully implemented in the phOtzrc‘;Pt’e;n?s
field. Researchers from California were incorporated Pt nanoparticles with 3_: N
diameters onto porous silicon nanowires for enhancing photocatalytic activity [1?1';
They have compared photocatalytic activities of porous silicon nanowires, PINP loade
porous silicon nanowires (PtNP—pSiNW) and photocatalytic degradation of indigo
carmine (IC), 4-nitrophenol. After 60 minutes of irradiation, 37.2% and 86.9% of
porous silicon nanowires and PtNP—pSiNW was degraded IC, while only 4.7% of IC
molecules were degraded with the same irradiation conditions without PtNP-pSiNW
photocatalysts. 4-nitrophenol photodegradation ~does not changed. From this
investigation it was convinced that Pt-loaded porous silicon nanowires are much more
efficient photocatalysts than only porous SiNWs. Incorporating Pt nanoparticlss
facilitate electron-hole separation and promote the electron transfer process in catalytic

photodegradation reaction.

he reg.

icon nanowires (SINWs) as catalysts in the

In [15] Shao et al. employed HF-treated sil i
dization of benzyl alcohol to benzoic &%

degradation of rhodamine B, as well as oxi oble
To elevate the photocatalytic efficiency of the degradation, they also usedha' ﬂeasy
metal-modified SINWs, which were generally recognized as effective Que tot eeI; ey
separation of charges with electrons collected in metal particles. For this purp:cste Jand
have used platinum, palladium, gold, rhodium, and silver particles. The unexp .

. 1 Pd'v Au 2
unusual results were that SINWs exhibited better photocatalytlc actIVItY_tha" esults
e B. To explain 19"

Rh-, or Ag-modified ones in the degradation of rhodamin nydride (S
researchers supposed that on the surface of SiNWs, there are mono nZS owed that
dihydride (SiH2), and trihydride (SiH3) species. Their ab initio calculatio

the charge on the H atom in these three hydrides is in the range 0.09-0- esls
n electron sink.

these H atoms are electron-deficient and may serve as a ; es the ¢
with energy equal to or greater than the band gap of the S'Nw. rea; nd and 2 hol ]3
surface, it results in the generation of an electron in the conduction 5 for 2
the valence band. The induced hole receives the electron from. & electl‘onn jau
results in OH free radical groups. Hydrogen atom has a large Pauling 09-01
value of 2.2, consequently, the terminated hydrogen atom with 3 ¢ electron ¢
may serve as an electron sink and accelerate the separation © t euce elest™”
Here, terminated hydrogens accelerate the separation of p hOto":eactive

holes and promote the photocatalytic efficiency- Finally, the
oxidize and degrade organic adsorbed pollutants.
CONCLUSION

main interes

:;:esurmmary, we have made a short review, pointing the o
hyd esearch of the possibility of using silicon nanostruct!
ydrogen generation. In this paper, we reviewed a number ©
possibility of using silicon nanostructures as a material for hydroge”
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o due to photocatalytic water splitting. ln.recent years, interest

- oxidation: bas fo cused on the use of semlconduf:tor mat'enals as photo_catalysts
duhotoca[al)’élls of ambient concentrations of organic and Inorganic species from
i e M hase systems in enVIronmer]tal c!ean-up, d_rmkmg water treatment,
0 or da;ealth applications- [from the hsted' in the review .u{orks, in which the
sl tective hydrogen evolution are shown, it is clear that silicon nanostructures
csls of € 1 chemically active surface can be used asa photocatalytic agent for
hadevere ¢ hydrogen. Since, as has been shown, there is a huge variety of ways to
generdtion 0 qomaterials, and a very rich choice of structure morphology, the
bain §'h°°n tn ! hotocatalytic reactions are not fully understood. Therefore, the
mefh?plsmsf :leaf mechanisms of photocatalytic reactions for one form or another of
iﬁ;g;ﬁlzr;nzsmcwres and their dependence on various external parameters remains an

i ion in the near future.
gpen question for a solut

o but alS
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