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Abstract—The kinetics of molecular hydrogen uptake is studied in the radiation-catalytic and catalytic
decomposition of water on the surface of nano-Zr. The effect γ-radiation has on the nano-Zr + H2O sys-
tem at different temperatures is studied. Values of the uptake rates and the radiation–chemical yield of
molecular hydrogen in radiation-catalytic processes are determined. Contributions from catalytic and
radiation-catalytic processes to the uptake of molecular hydrogen upon contact between nano-Zr and
water are determined.
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INTRODUCTION
It is known that nanosized powders of zirconium

and Zr dioxide are used in different devices. One such
device is fuel cells, which serve to convert thermal
energy to electrical energy. Thermal cells operate at
rather high temperatures, and nanosized powders,
particularly those of zirconium and Zr dioxide, are
used to ensure their high quality. When nano-Zr is
used as a component of construction material, we
must consider the existence of phase transitions at
high temperatures [1–6].

Zirconium is a rare metal that is widely used in
atomic power engineering, radioelectronics, and other
branches of technology, due to its exceptional proper-
ties. Because of the development of atomic engineer-
ing, zirconium is of interest as a possible material for
building nuclear reactors. This means organizing the
industrial production of f lexible zirconium and alloys
based on it. The value of zirconium as a construction
material for nuclear science and energy is due to it hav-
ing a small cross section of heat neutron capture
(0.2 barn), high anticorrosion resistance, and good
mechanical properties [7–12].

EXPERIMENTAL
Water radiolysis was performed under static condi-

tions with special quartz ampules. The amount of
nano-Zr in the ampules was around 4 × 10−2 g. Bidis-
tilled water was used in our investigations. The water
was introduced into the ampules in two ways. In the
first, water from the vapor state (Н2Оv) was adsorbed

on a surface of nano-Zr at Т = 77 K. The amount of
water introduced into the ampules corresponded to
the density of water vapor at ρ = 5 mg/сm3. In the
investigated range of temperatures, equilibrium was
reached between the amount of water in both the
vapor and adsorbed states. In the second, water from a
calibrated volume was introduced into the ampules
until a sample of nano-Zr was fully coated with liquid
water having mass ml = 0.2 g. The ampules with the
samples were then cooled to 77 K and sealed.

Radiation- and radiation-thermal processes were
conducted on isotope source 60Со. The power of the
absorbed dose of γ-radiation was determined with
chemical (ferrosulfate, cyclohexane, and methane)
dosimeters [13]. The products of radiation-heteroge-
neous processes were analyses on an Agilent-7890 gas
chromatograph. It was found using the X-ray phase
approach that our samples had two crystal modifica-
tions: α-Zr with a magnesium-type hexagonal lattice
(a = 3.231 Å; с = 5.148 Å; z = 2; space group
Р63/mmc), and β-Zr with a cubic body-centered lat-
tice (a = 3.61 Å, z = 2, space group Im3m). It was
shown that water is adsorbed in nano-zirconium
according to a molecular and dissociative mechanism.
Intermediate products of radiation-heterogeneous
water decomposition were registered: ion-radicals of
molecular oxygen, hydrogen peroxide, zirconium
hydride and hydroxyl groups. Comparative analysis of
the changes in the absorption bands of molecular
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water and surface hydroxyl groups showed they
depended on the temperature, and the promotional
role of radiation in the radiation-thermal processes of
water decomposition was reevealed.

RESULTS AND DISCUSION

We studied the uptake kinetics of molecular hydro-
gen during heterogeneous water radiolysis in systems
of nano-Zr + Н2Оl and nano-Zr + Н2Оп. As a con-
struction material, nano-Zr exibits radiation resis-
tance and operability in nuclear reactors. The radia-
tion–catalytic activity of nano-Zr can be determined
in two ways, as was indicated above. Figure 1 shows
the kinetic curves for the uptake of molecular hydro-
gen during heterogeneous water radiolysis in the pres-
ence of nano-Zr in two states. The rates and radiation-
chemical yields of hydrogen were found from the ini-
tial linear portions of the kinetic curves for the investi-
gated systems [14]. Two regions can be seen in the
kinetic curve given in Fig. 1a: Region I is characterized
by a relatively high rate of the hydrogen uptake on the
initial linear portions. II has a relatively slow step of
molecular hydrogen uptake.

In the kinetic curve shown in Fig. 1b, we can see a
rise in the uptake rate of molecular hydrogen. This
once again shows that when the catalyst bed is totally
covered with water, not only the energy carriers

1

obtained on the basis of zone transitions participate in
the decomposition of water, but emitted electrons and
δ-electrons with low energies as well. The hydrogen
yield in nano-Zr + Н2Оl is therefore ultimately higher
than in nano-Zr + Н2Оv. It is seen from Table 1 that
during heterogeneous water radiolysis under condi-
tions where a layer of nano-Zr (nano-Zr + Н2Оl) is
completely covered, the observed radiation chemical
yield of hydrogen is around 5.4 times higher than
during the heterogeneous radiolysis of water in the
adsorbed state on a surface of nano-zirconium. This
shows that with nano-zirconium in the volume of
water, there is an effective transfer of energy from the
solid phase to the water molecules.

The presence on the kinetic curves of the second
slow step of radiolysis shows there is a diffusion-hin-
dered step of heterogeneous water radiolysis in the
presence of nano-zirconium at Т = 300 K. The effect
temperature has on the rate of molecular hydrogen
formation during the radiolysis of heterogeneous water
was studied using the nano-Zr + Н2Оv system as an
example, since the temperature of the nano-Zr + Н2Оl
system in the sealed ampules cannot be raised during
an experiment.

It was found that at Т ≥ 373 K, zirconium dioxide
displays thermocatalytic activity in the decomposition
of water [15]:

(1)

We can obtain information on the radiation-catalytic
and catalytic processes of hydrogen uptake experi-
mentally during radiation heterogeneous processes of
water decomposition. Thermoradiation and the ther-
mal processes of water decomposition in the presence
of nano-zirconium were conducted at identical condi-
tions.

→ +2 v 2 2Н О Н (1/2)О .

Fig. 1. Kinetic curve of molecular hydrogen formation during radiation-heterogeneous water decomposition in (a) nano-Zr +
Н2Оv and (b) nano-Zr + Н2Оl at Т = 300 K, D = 0.15 Gy/s. 
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Table 1. Rates and radiation-chemical yields of molecular
hydrogen during radiation-heterogeneous water radiolysis
in two states at Т = 300 K.

No. Irradiated 
systems

W(H2),
molecules g−1 s−1

G(H2), 
molecules/100 eV

1. Zr + Н2Оv 1.22 × 1013 1.3

2. Zr + Н2Оl 6.67 × 1013 7.1
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To identify patterns of the effect temperature has
on radiation-heterogeneous processes in a nano-Zr–
water system, we studied the uptake of molecular
hydrogen at different temperatures. Kinetic curves of
the radiation catalytic and catalytic processes of water
decomposition at temperatures Т = 373–673 K are
shown in Fig. 2. Upon a rise in temperature, the sec-
ond slow step in hydrogen uptake is missing from some
curves.

In the first approximation, the radiation component
of the radiation thermal processes is determined as

(2)

where Wp(H2) is the rate of the formation of molecular
hydrogen in the radiation composition process;
WpT(H2) and WT(H2) are the rates of the formation of
molecular hydrogen in the radiation-thermal and
thermal processes of water decomposition.

The values of radiation-chemical yields were found
from the rates of formation of molecular hydrogen
during the radiation-composition and radiation-ther-
mal processes of water decomposition (Table 2).

= −2 2 2(H ) (H ) (H ),p pT TW W W

A comparison of the yields of molecular hydrogen
from the radiation-heterogeneous process in the
nano-Zr + H2Ov system in the range Т = 300–673 K
shows that temperature accelerates the heterogeneous
radiolysis. The yield of hydrogen in this case grows lin-
early along with temperature, from 1.3 to 8.4 mol/100 eV.

Figure 3 shows the dependences of the rates of the
(1) radiation-thermal and (2) thermal processes of
molecular hydrogen uptake upon the radiation-het-
erogeneous decomposition of water in the presence of
nano-zirconium. The energies of activation were
found from the temperature dependence of the rates in
Arrhenius coordinates.

The energies of activation of radiation-thermal and
thermal processes of molecular hydrogen uptake are
Еа = 22.3 and 33.8 kJ/mol, respectively. The energy of
activation of thermal water decomposition in the pres-
ence of nano-Zr is higher than the one for the radia-
tion-thermal process. Radiation-generated active sur-
face centers and secondary electron radiation, which
have higher energies than thermal-active centers, par-
ticipate in the radiation-thermal decomposition of
water. The energy of activation of molecular hydrogen
uptake therefore rises in thermal processes, compared
to radiation-thermal processes [14, 15].

Fig. 2. Uptake kinetic of molecular hydrogen at (a) catalytic and (b) radiation-catalytic water decomposition on the surface of
nano-Zr at different temperatures: (1) 373, (2) 473, (3) 573, (4) 673 K (  = 5 mg/cm3, D = 0.32–0.26 Gy/s). 
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Table 2. Rates and radiation-chemical yields of molecular hydrogen during the radiation-catalytic, catalytic, and radiation
processes of water decomposition in the nano-Zr + H2Ov system at different temperatures

T, K WpT(H2), mol, g−1 s−1 WT(H2), mol, g−1 s−1 Wp(H2), mol, g−1 s−1 G(H2), molecules/100 eV

300 — — 1.22 × 1013 1.3

373 4.1 × 1013 2.6 × 1013 1.5 × 1013 2.1

473 5.56 × 1013 2.77 × 1013 2.79 × 1013 3.7

573 8.88 × 1013 5.00 × 1013 3.88 × 1013 5.17

673 1.33 × 1014 0.70 × 1014 0.63 × 1014 8.4
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CONCLUSIONS

The kinetics of molecular hydrogen uptake was
investigated during the γ-radiolysis of pure water and
nano-Zr + H2O systems. It was found that the radia-
tion-chemical yield was higher for the nano-Zr + H2O
(G(Н2) = 1.30 molecules/100 eV), than during the
radiolysis of pure water (G(Н2) = 0.45 molecules/100
eV). The kinetics of molecular hydrogen uptake was
studied for the radiation, radiation-catalytic and cata-
lytic processes of nano-Zr in contact with water. It was
shown that the formation of surface-active centers and
secondary electrons in the presence of nano-Zr was
due to an increase in the rates of molecular hydrogen
uptake during catalytic and radiation-catalytic pro-
cesses in the nano-Zr + H2O system. It was found that
along with the uptake of surface-active centers of water
decomposition, catalytic and radiation-catalytic pro-
cesses proceed in nano-Zr when T ≥ 373 K, [16–19].
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Translated by S. Lebedev

Fig. 3. Dependence of ln W on inverse temperature during
(1) radiation-catalytic and (2) catalytic decomposition of
water in the presence of nano-Zr + H2O. 

14

13

15

16

1.6

2

1

2.0 2.4 2.8 3.21.2

ln
W

(1/T) � 103, K�1

SPELL: 1. reevealed



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.01667
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.03333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /RUS ()
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




