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It were studied the regularities of the dependence of the yield of molecular hydrogen obtained during the thermal
and radiation-thermal transformation of water under the action of gamma quanta (*°Co, P = 18.17 rad/s) on the
nano-Si+H,0 system with particle sizes ds;= 50 nm on the temperature (T = 300, 373, 473, 573, 623, and 673 K) of
the total system and on the water vapor density (p = 0.25, 0.5, 1, 3, and 8 mg/cm®) at a constant temperature of
T = 673K. In this system, in a reaction medium with a water vapor density p=8 mg/cm® in the temperature range
300 <T <473 K, molecular hydrogen is obtained only by radiation-thermal, and in the temperature range
573<T<673 K — by thermal and radiation-thermal methods. In the temperature range 300 <T <473 K, the
activation energy of the radiation-thermal process is 1.07 kJ/mol, and in the temperature range 573 <T <673 K, the
activation energy of the thermal and radiation-thermal processes is 68.6 and 53.83 kJ/mol, respectively. At a
temperature of T = 673 K, the yield and the rate of formation of molecular hydrogen obtained in the thermal and

radiation-thermal transformation of water vapor

in the reaction medium increase in direct proportion to the its

density at p < 3 mg/cm?, and at p > 3 mg/cm? a sharp decrease in the angle slope is observed.

PACS: 82.50.-m:82.50.Kx:61.82.-d

INTRODUCTION

Metals and metal compounds are materials widely
used in science and various fields of technology
(nuclear and thermonuclear reactors, in space and
aerospace research, microcircuits). These materials,
operating under various conditions (in contact with air,
water, steam, etc.), are exposed to heat and ionizing rays
(neutrons, protons, y-quanta, electrons, ions, etc.).
Therefore, the main problem facing scientific and
technical workers is the early prediction of the processes
occurring inside, on the surface of these materials and
their environment. On the other hand, the study of
products formed under these phenomena is of great
value, as for science, and for energy and ecology.

To this end, researchers recently began to study the
process of radiation-heterogeneous transformation of
liquids, gases, especially the radiation-heterogeneous
transformation of water [1-10]. The researchers
conducted these processes under two conditions. It was
studied firstly, the suspension of these materials in
water, and secondly, the dependence of the amount, rate
of formation, and radiation-chemical yield of molecular
hydrogen obtained during the radiation-heterogeneous
transformation of water adsorbed on the surface of these
materials from:
the kind of solid
the width of the forbidden band of a solid,
the particle size of a solid,
the degree of water filling the surface of a
solid,

e common system temperature,

e the density of water in the reaction medium

e  the mass of a solid suspended in water.

From the results obtained it was clarified that the
radiation-chemical yield of molecular hydrogen
obtained by radiation-heterogeneous transformation of

water under the influence of y-quanta on metals and
metal oxides significantly increases in comparison with
pure water [1-11].

In the present work, it was studied the dependence
of the yield and rate of formation of molecular hydrogen
obtained in the process of radiation-heterogeneous
transformation of water under the action of gamma
quanta (*°Co, P = 18.17 rad/sec) on the surface of nano-
silicon (nano-Si) with dimensions of particles d=50 nm,
on the system temperature (T = 300, 373, 473, 573, 623
and 673 K) and on the density of water vapor (p = 0.25,
0.5, 1, 3 and 8 mg/cm?) in the reaction medium.

EXPERIMENTAL PART

Nano-silicon of the "Skysping Nanomaterials. inc",
USA Company with purity of 99.9% was taken as the
object of the study. Initially, at T = 473K, nano-Si in air
was thermally treated for 72 hours and then cooled.
Then we took the weight weighed in the balance and
added to the quartz ampoule (V = 19 ml), purified under
special conditions and thermally treated (T = 773 K),
which was then thermally treated a few hours later at
T = 473 K. After heat treatment of nano-Si (T = 673K)
under vacuum conditions (P =102 mm Hg) in an
ampoule for 4 hours, it was cooled, and then the
required amount of doubly-distilled water, purified from
air was adsorbed on its surface [ 9, 10, 12].

Then the ampoules were sealed and irradiated in a
Co source with a dose rate P =18.17 rad/sec. The
absorption dose rate was determined by ferrosulfate and
methane methods. In a particular investigated object, the
absorption dose rate was calculated using the method of
comparing electron densities [12, 13].

Molecular products — H,, O, and H,0,, obtained
during the radiation-heterogeneous process, were
determined by chromatographic method. Since part of
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0O,, which is one of these products, is trapped on the
surface, and H,O, remains in solution, the errors are
large in determining these products. Therefore, more
precise information about the kinetic regularity of the
process of radiation-heterogeneous water transformation
was given on the basis of the amount of molecular
hydrogen.

The reaction products were analyzed on an “Agilent-
7890” chromatograph. To confirm the results, a
modernized chromatograph  Color-102  (accuracy
8...10%) was used in parallel. In the Tsvet-102
chromatograph, a 1 m long column with an inner
diameter of 3mm was used. Inside the column,
activated charcoal was used with a particle size
d =0.25...0.6 mm and argon of high purity was used as
a carrier in each of the two chromatographs.

RESULTS AND DISCUSSION

As the temperature in the nano-Si+H,O system
increases, the process of desorption of water, adsorbed
on the surface of the particles, begins. Therefore, the
dependence of the yield of molecular hydrogen,
obtained both by thermal and radiation-thermal
conversion of water in the reaction medium, on the
density of water was considered.

In Fig. are shown the kinetic curves of molecular
hydrogen obtained during radiation-thermal transfor-
mation of water under the influence of y-quanta upon
contact with nano-Si with dimensions d =50 nm at a
temperature T = 673 K and a water vapor density
p=0.25; 0.5; 1; 3, and 8 mg/cm®, and in Fig. 2 under
the same conditions, the kinetic curves of the
dependence of the yield of molecular hydrogen obtained
during the thermal transformation of water are given:

Based on the initial sections of the kinetic curves
(t = 0...30 min), the rates of formation of molecular
hydrogen obtained under thermal (W+(H,)) and
radiation-thermal (Wgr(H,)) water conversions were
determined. If the process of obtaining molecular
hydrogen during radiation-thermal transformation of
water contacting the surface of a nanoparticle is
represented as the sum of two independent thermal and
radiation-thermal processes, the radiation fraction
should be calculated from expression (1):

Wr(Hz) = Wer (Hz) -Wr (Hy) . 1)

The radiation-chemical yield of molecular hydrogen
was calculated on the basis of the radiation fraction
Whr(H,), and the results obtained are given in Tabl. 1.
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Fig. 1. Kinetics of obtaining molecular hydrogen at radiation-thermal transformation of water in contact with nano-
Si particles ds; =50 nm in size at temperature T = 673 K and water vapor density
p=0.25(1); 0.5 (2); 1 (3); 3 (4), and 8 (5) mg/cm®
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Fig. 2. Kinetics of molecular hydrogen production at the thermal transformation of water in contact with
nano-Si particles ds; =50 nm in size at a temperature of T = 673 K and a water vapor density
of p=10.25(1);0.52); 1(3);3(4.)and 8 (5) mg/cm®



Table 1

The formation rate and the radiation-chemical yield G(H,) of molecular hydrogen obtained by
the thermal (W+(H,)) and radiation-thermal (Wrt(H,)) conversion of water vapor of various densities

in contact with nano-Si at a temperature T = 673 K

The formation rates (W(H,)) and Water vapor density, mg/cm’
the radlatlgiﬂj)r;ncal yield 0.25 05 1 3 3
wr(H,)-10™, molecules/(g-s) 1.6 3.15 6.15 18.87 20.1
wrr(H2)-10™*, molecules/(g-s) 1.73 3.45 6.7 20.15 21.6
Wr(H,)-10™, molecules/(g-s) 0.13 0.33,88 0.55 1.28 15
Ggr(H,), molecules/100 eV 1.15 2.65 4.85 11.3 13.2

In the reaction medium, the rate of formation and the
radiation-chemical yield (Tabl. 2) of molecular
hydrogen obtained in the thermal and radiation-thermal
transformation of water in contact with nano-Si at a
temperature of T = 673 K and a water vapor density of
pH20=0.25; 0.5; 1; 3, and 8 mg/cm3 were observed as a
function of the water density. At p<3 mg/cm®, the
radiation-chemical yield of molecular hydrogen
increases in direct proportion to the water density, and
at p>3 mg/cm® this proportionality is violated and a
deceleration is observed. In this system, the dependence
of the rate of formation of molecular hydrogen on the
density of water can be represented by the Langmuir
expression (2):

Kr rr)PP,0 @

W (gry (H) =

T(RT)\T 12 1+pr20
where Ky (gt is the rate of thermal and radiation-thermal
processes, b is the equilibrium rate in adsorption
processes, and the py,0 is the density of water vapor. In
the Langmuir equation, if we take into account that
b0 << 1 for small values of the water vapor density,
the rate of formation of molecular hydrogen
Wi rry (H2) = Kp (zr)Ppy o obtained by the thermal
(radiation-thermal) transformation of water is directly
proportional to the density of water vapor, and for
values of bpyyo >> 1 it assumes a constant value, equal

to WT(RT)(HZ)sz(RT) . The data obtained by us
prove this.

In Fig. 3 kinetic curves of the influence of different
temperatures on the yield of molecular hydrogen
obtained by radiation-thermal conversion of water vapor
of density p=8 mg/cm® in contact with nano-Si under
the influence of y-quanta are given.
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Fig. 3. Effect of temperature (T = 300 (1), 373 (2), 473
(3), 573K (4)) on the yield of molecular hydrogen

obtained by radiation-thermal conversion of water
vapor of density p=8 mg/cm® in a contact with nano-Si

=}

At the second stage, the process was carried out
under the same conditions only under the influence of
temperature. And then from the linear parts of the
kinetic curves of both thermal and radiation-thermal
(Fig. 3) processes, the rates of formation of molecular
hydrogen (1) were determined, and then the radiation-
chemical yield. The results are shown in Tabl. 2.

Table 2

Effect of temperature on the formation rate and the radiation-chemical yield of molecular hydrogen obtained by
thermal and radiation-thermal transformation of water under the influence of y-quanta on nano-Si, contacting in the
reaction medium with water vapor of density p=8 mg/cm®

T K wr(Hy), Wrr(H2), Wr(Ho), Gr(H,),
' molecules/(g-s) molecules/(g-s) molecules/(g-s) molecules//(100 eV)
300 - 1.23- 10* 1.23- 10* 10.85
373 - 1.32- 10" 1.32 - 10* 11.65
473 - 1.45 - 10* 1.45 - 10* 12.80
573 240 - 10" 3.88 - 10 1.48 - 10* 13.10
623 7.22 - 10* 8.71 - 10 1.49 - 10* 13.15
673 2.01- 10" 2.16 - 10" 1.50 - 10" 13.20
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The activation energies of the processes in the
Arrhenius coordinates (IgW(Hy), 1/T) were determined
from the dependence of the rate of formation of
molecular hydrogen upon thermal and radiation-thermal
transformation of water vapor of density p=8 mg/cm® in
the nano-Si + H,O system. In the temperature range
300<T<473K in the nano-Si+H,O system, the yield of
molecular hydrogen produced from water vapor is
observed only at the radiation-thermal process and the
activation energy of this process is equal to 1.07 kJ/mol
(Fig. 4(1a)). In the temperature range 573<T<673K
molecular hydrogen forms both in radiation-thermal
(Fig. 4(1b)) and thermal transformation of water (Fig. 4
(2)), and activation energies of the both processes are
53.83 and 68.6 kJ / mol, respectively.

Adsorption on the surface of a metal and metal oxide
is possible with the participation of oxide atoms that
play a non-constant role, and due to unsaturated
coordination metal atoms. Strong adsorption of
electron-donor water molecules on the surface of nano-
Si is formed with the participation of Si* ions and this
binding energy [14] is equal to 100...140 kJ/mol.
Complexes formed between water molecules and Si**
ions, which are catalytic acceptor centers on the surface
of nano-Si, play a huge role in the production of
molecular hydrogen during the thermal and radiation-
thermal transformation of water.

In the physical stage of the process[2, 15-19], such
types of energy carriers as electron-ion pairs (Si*-e,
H,O" - e), formed by the ionization of molecules, and
electron-excited states (Si”, H,0") (excitons) are formed
in Si, H,O, Si+H,0 systems under the influence of
ionizing rays (y-quanta, electrons, etc.):

Si(H,0)—»Si"(H,0%, Si*(H,0"), M*, e. (3)

A certain part of the electrons formed by (3) in
accordance with the Onsager effect, recombining with
their ion, can form an electron-excited state (exciton).
The remaining part of the energy carriers, depending on
the temperature and the intensity of the external surface,
migrating to different distances, is localized in structural
defects, while the other part, migrating to the surface,
can localize at the centers of the surface. Some of the
electrons migrating to the surface are emitted from the
surface and pass into water adsorbed on the surface or
water vapor. The energy carriers formed inside the
nanoparticles transmit a part of their energy to the water
molecules in contact with them (exciton and
recombination energy transfer), causing their excitation
and decomposition, resulting in the formation of the

Fig. 4. Dependence of the rate of formation of molecular
hydrogen obtained by thermal (2) and radiation-thermal
(1) conversion of water vapor of density p=8 mg/cm’

in contact with nano-Si, on the temperature

intermediate - H, OH, O, and molecular - H,, Oy, H,0,
products.

The intermediate products [20] formed under the
influence of temperature and y-quanta and directly
involved in the formation of molecular hydrogen as a
result of the thermal and radiation-thermal
transformation of water can be symbolically represented
in the form below: Active intermediates, by adsorbing

water molecules in a vaporous form, form
intermediately active complexes:
Active intermediate products, transferring their

excitation energy to water molecules, result in the
formation of highly reactive intermediate products H
and OH as a result of water transformation:

Me}“(R) —H, O, > Me—OH+H . (6
As a result of the attachment of neighboring Me-OH
sites, an oxygen bridge forms on the surface, which
means the oxidation of the surface:

Me-OH +Me—-OH - Me-O—-Me+H,O

()
Finally, as a result of thermal and radiation-thermal
water splitting, molecular hydrogen is formed:
H+H—H,. ®)
The following conclusions were obtained from the
researches:

Me;, -H,0, (5)

e In the Si + H,0 system at a constant temperature
T=673 K, and for water vapor density values p=0.25;
0.5; 1; 3, and 8 mg/cm®, the rate of formation of
molecular hydrogen obtained by thermal and radiation-
thermal transformation of water grows directly in
proportion to its density, and at the value of p>3
mg/cm?® growth retardation is observed.

e In the nano-Si+ H,O system, in a reaction
medium with a constant water vapor density of p=8
mg/cm®, molecular hydrogen is obtained: 1) in the
temperature range 300 K<T<473 K only as a result of
radiation-thermal processes, and the activation energy
of these processes is Egr = 1.07 kJ/mol and 2) in the
temperature range 573K<T<673K as a result of thermal
and radiation-thermal processes, and the activation
energy of these processes is 68.6 and 53.83 kJ/mol,
respectively.

e In the Si + H,O system in the temperature range
300<T<673K, the radiation-chemical vyield of
molecular hydrogen obtained by thermal and radiation-

+H,0, — Me,

T(R)



thermal water conversion calculated for the radiation
fraction is G(H,) = 10.85...13.2 molecules/100 eV.
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HOJYYEHUE MOJIEKYJIAPHOI'O BOAOPOJA, OBPAZOBAHHOI'O TEPMUYECKHUM

N PAAMALIMOHHO-TEPMHUYECKHUM ITPEBPAILLIEHUEM BOJbI
B CUCTEME HAHO-Si+H,0

Al Icagpapos, C.M. Bawuposa, K.T. Dwbos, A. A. I'apubos

HccnenoBaHbl  3aKOHOMEPHOCTH 3aBUCHMOCTH  BBIXOZId MOJIEKYJISIDHOTO BOJOPO/A, IOJYYEHHOTO IpH
TEPMHUECKOM M PaJHALHOHHO-TEPMHUYECKOM TPEBPAIICHHH BOIBI O] BO3ICHCTBHEM ramma-kBanto (°CO,
P = 18,17 pan/c) Ha cucremy HaHO-Si+H,0 ¢ pasmepamu gactui dg; = 50 uM, ot Temmeparypst (T = 300, 373, 473,
573, 623 u 673 K) obmieii cuctemsl, a Takke OT IuotHoctd mapa Bomsl (p =0,25; 0,5; 1; 3 u 8 Mr/0M3) npu
MOCTOSIHHOM 3HaueHuu temrepatypbl T = 673 K. B 3T0ii cucreme B peakiiMOHHOM cpejie ¢ INIOTHOCTBIO MTapOB BOJIBI
p=8 wmr/cM® u B unrepsane Temmeparyp 300 < T <473 K MOIEKyISpHBII BOZOPOJ MOIY4AETCS TOMBKO
paauaoHHO-TEPMUYECKNM, a B HHTepBane Temneparyp 573 <T <673 K — TepmMuueckuM M paagHallMOHHO-
tepmudeckuM criocobamu. Ilpm 300 < T <473 K sHeprust axkTUBalMU pPajgHAIlMOHHO-TEPMHUYECKOTO Ipolecca
cocraBmsier 1,07 kJ[)x/Mons, a mpu 573 <T <673 K sHeprum aKTHBaNUM TEPMUYECKOTO U PaJIHAIIHOHHO-
TEPMHUUYECKOTO MPOLECCOB cooTBeTCTBEHHO — 68,6 u 53,83 k/x/mMonb. Ilpu T =673 K BBIXOZ W CKOPOCTH
00pa3oBaHKs MOJIEKYJSIPHOTO BOJOPOJa, IOJYYEHHOTO TPH TEPMUYECKOM M  paJUalMOHHO-TEPMHUYECKOM
NPEBPALICHAH IAPOB BOJIbI B PEAKIIMOHHO CPejie, PACTYT MPSMO IPONOPLHOHATEHO MX mioTHOCTH (p < 3 Mr/em?, a
TIpH 3HAYCHHSAX p > 3 Mr/cM® HAGTIOMACTCS PE3KOe YMEHbIIEHHE CKOPOCTH 06Pa30BaHHs MOJIEKY/ISPHOTO BOAOPO/IA.



OTPUMAHHS MOJIEKYIIPHOI'O BOJHIO,
YTBOPEHOI'O TEPMIYHUM I PAATANIMHO-TEPMIYHIM IIEPETBOPEHHAM
BOJU B CUCTEMI HAHO-Si+H,0

AJ. icagpapoe, CM. Bawuposa, K.T. Ewéos, A.A. I'apuoos

JlocnikeHo 3aKOHOMIPHOCTI 3aJIeKHOCTI BHXOAY MOJIEKYJISIPHOTO BOJHIO, OTPHMAHOTO IIPHU TEPMIYHOMY i
pajianiitHo-TepMidHOMY TIepEeTBOPEHHI BOIM I BrumBOM ramma-ksantie (*°Co, P = 18,17 pam/c) Ha cucremy
Hauo-Si+H,0 3 posmipamu acturOK ds; = 50 M, Big Temnepatypu (T = 300, 373, 473, 573, 623 i 673 K) 3arambpHoi
CHUCTEMH, a TaKOX Bim mrimpHOCTI mapiB Boau (p = 0,25; 0,5; 1; 3 i 8 MF/CMS) MpHU TMOCTIHHOMY 3HAYCHHI
temneparypu T = 673 K. V wiif cucTeMi B peakiifiHOMy cepemoBHIi 3 MIMbHICTIO mapiB Bogu p = 8 Mr/cm® i B
inTepBaii temmepatyp 300 <T < 473 K MonekyiaspHUH BOJECHb BUXOIMThH TIJIBKM pajiallifHO-TEpMi4HUM, a B
inTepBami 573 <T <673 K — tepmiunuM 1 paxiauniiHo-tepMidauM cnocobamu. Ilpu 300 <T < 473 K eHepris
aKTUBaMii paxiariifHo-TepMigyHOTO Tponecy cTtaHoBUTH 1,07 k/[x/Moins, a pu 573 < T < 673 K eneprii akruBamii
TEPMIYHOTO 1 pamiamiifHo-TepMidHOTO TpomeciB — 68,6 i 53,83 x/[x/moms. Ilpu T =673 K BuXix i mBHIKICTH
YTBOPEHHS MOJIEKYJISIPHOTO BOIHIO, OTPUMAHOTO TIPH TEPMIYHOMY 1 pagiamiiHO-TepMiYHOMY IT€pPEeTBOPEHHI IMapiB
BOJM B PEAKIiHHOMY CEpeOBHII, POCTYTh MPSMO MPOMOPIINHO X mimeHOCTI (p < 3 Mr/cM°), a TpH 3HAYCHHSX
p > 3 Mr/cM® crocTepiraeThest piske 3MCHIIEHHS MBHAKOCTI YTBOPEHHS MOJICKY/ISPHOTO BOHIO.






