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Abstract—Metallic copper nanostructures were synthesized in porous glass membranes by reduction of two-
dimensional copper(Il) oxide layers. The frequency and temperature dependences of the electrical conductivity,
combined with X-ray diffraction data, evidence the fixation of a 2D copper layer on the walls of the through
channels of the support. The possibility of formation of planar metallic structures depends on the degree of
surface coverage by the oxide precursor. The amount of copper resulting from copper oxide reduction in porous

glass determines its resistance to oxidation in air.
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Formation mechanisms, structural characteristics,
and size-dependent properties of metallic nano-
structures account for a considerable part of the total
body of research in the field of nanochemistry. The
main research task is still the development of methods
for directed production of metallic nanostructures with
controllable size and, just as important, sufficient
stability. The latter presents a particularly challenging
task due to excess surface energy and pronounced
tendency to aggregate, exhibited by metal
nanoparticles. In this context, of particular importance
are the nature of the forces that hold the particles
together in the medium and the strength of their
fixation in the support bulk or on the surface, essential
for the stability of the size of metal clusters and of the
structure of their associates.

Much research has been done on small copper
particles ([1-6], just to mention a few selected recent
publications), whereas only sporadic publications were
dedicated to the formation and studies of electrically
conducting small-dimensional copper structures.
Features of formation of conductive chains of copper
nanoparticles deposited onto the silicon and glass
surface by laser ablation were considered in [7, 8]; the
factors determining the electrical conduction include
the packing density and the degree of the particle
surface oxidation. The percolation phenomenon
revealed in [7, 8], well known for thin metal films
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[9, 10], is manifested as a drastic increase in
conductivity during the formation of multiple contacts
between the particles distributed in the support bulk or
on the surface. Along with the “through” conduction
via the resultant metal channels, activated electron
tunneling between adjacent spatially separated par-
ticles is possible. The number of contacts typically
decreases sharply with decreasing effective thickness
of the films [9, 10], whereby the possibilities of
producing well conducting ultrathin metal layers are
significantly limited.

Sequential “stepwise accumulation” of copper(Il)
oxide on the walls of the through channels in porous
glass membranes involves an increase in size of the
planar clusters with 2D-structure in the tangential
direction, culminating in the formation of a monolayer
structure [11, 12]. The 2D structure of small-
dimensional metallic copper forms may well be
associated with the use of encapsulated 2D-oxides as
precursors. The formation and persistence of con-
ductive metallic structures upon oxygen “removal”
from the planar distributed oxide is the more probable
the higher their continuity and extension. The delo-
calized state of electrons in the conjugated copper
structures may be energetically more favorable that
their state in 3D metal particles (“islands”). An impor-
tant role is played by the silica skeleton of porous glass
with its pronounced electronegative character [13, 14],
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therefore copper formation via copper oxide reduction
proceeds under a strong polarization effect exerted by
the support surface, promoting fixation and
distribution of atoms as conjugated 2D-structures.

Porous glasses with pore radius 7, of 4.5 nm and
specific surface area S, of 80 m?/g served as supports
in our experiments [15]. Copper(Il) oxide was syn-
thesized by the “small step” route [11, 12] through
which its amount in the support could be mono-
tonically increased. The formation of an oxide mono-
layer was concluded, as previously [11, 12], from a
sharp decrease in resistivity of the CuO—porous glass
samples, observed at the “accumulated” oxide amount
Ocuo of 1.310 mmol/g (hereinafter, the deposit amount
is given per gram of the support). Further increase in
the oxide content to above monolayer level (Qcyo
1.618 and 1.946 mmol/g) was accompanied with a
slight increase in conductivity which is consistent with
the data from [11, 12]. Highly illustrative is the ratio of
the specific surface area of the porous glass support,
80 mz/g, to the amount of the oxide introduced,
corresponding to its monolayer 2D-distribution (Qcyo
1.310 mmol/g). In this case, one [CuQy4] structural unit
has a “landing pad” of ~0.1 nm?, which is close to the
packing density of the chains of polyhedra in the
crystal lattice of CuO [16].

In preliminary experiments we determined the
conditions of hydrogen reduction of the CuO—porous
glass samples with monolayer (1.31 mmol/g) and
supermonolayer (1.618 and 1.946 mmol/g) copper
oxide coverages. The reduction was monitored by
measuring the transverse ohmic resistance of the
plates. The onset of its noticeable decrease as com-
pared to the initial level R ~10* Q is observed only at
the reduction temperature of ~200°C. Close to 250°C
the resistance of all the samples decreases sharply to
few ohms; with further increase in temperature by 20—
30°C the resistance remained unchanged, indicating
that the reduction is complete. With increase in the
oxide amount the yield of well conducting plates
increases from 40 to 75%.

The resistance of the Cu—porous glass samples,
achieved in our experiments, is indicative of the
formation of well-conjugated copper structures. The
reduction is apparently not complicated by metal
aggregation. At a small amount of copper in the porous
glass its islands inevitably would have been discon-
nected and significantly separated from one another,
which is inconsistent with a decrease in resistivity of
the samples by several orders of magnitude. The
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Fig. 1. XRD patterns of the CuO—porous glass samples

(Ocuo 1.946 mmol/g) reduced by hydrogen at (/) 250 and
(2) 350°C.

predominantly two-dimensional structure of the metal
assembly is indicated by the lack of reflections in the
X-ray diffraction patterns taken from cleaved Cu-—
porous glass surfaces (Q 1.946 mmol/g) (Fig. 1).

At the same time, in the case of identical amount of
copper in porous glass, its directed aggregation can be
caused by increasing the reduction temperature above
300°C. The 3D copper particles formed under these
conditions are reliably identified from the X-ray
diffraction pattern (Fig. 1), and the lack of contacts
between them is confirmed by a high resistance R >
10° Q exhibited by an overheated Cu—porous glass
samples. There are reasons to believe that complete
reduction of the CuO—porous glass oxide monolayer
and thermodynamic stability of the resultant 2D-
structure of copper are limited to a narrow temperature
range of 250-300°C.

The planar distribution of copper is also apparent
from the estimated area occupied by one copper atom
on the surface of the through channels of porous glass:
Ocy = SspNa/Ocy, Where N, is Avogadro’s number. For
the Cu—porous glass samples with the copper content
QOcy of 1.31, 1.618, and 1.946 mmol/g, ®c, was
estimated at 0.102, 0.082, and 0.068 nm?, respectively.
The last-named value is virtually identical to ®cy
~0.066 nm’ corresponding to a copper atom (rcy
0.128 nm [17]) in a densely packed monolayer. Hence,
the planarity of the oxide layers in the CuO—porous
glass precursors is presumably “inherited” primarily by
the 2D-structures of copper, and the degree of
coverage of the porous glass surface with copper y in
the three cases considered exhibits an increasing
sequence 0.67, 0.83, 1.0.
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Fig. 2. Electrical resistance of the Cu—porous glass sample
(Ocu 1.946 mmol/g) vs. air exposure time.

Once again, the stabilization of planar metallic
structures is achieved via the extension of electronic
conjugation. Insufficient surface coverage (y 0.67) in
the Cu-—porous glass membranes with the copper
content Oc, of 1.310 mmol/g is responsible for a
pronounced instability of the resultant 2D-assembly,
preserved only in a hydrogen or inert gas atmosphere.
Under air at room temperature, already within 10—
15 min the sample exhibits a sharp increase in ohmic
resistance to R > 10° Q, well above that of the oxide
precursor CuO-porous glass. Apparently, intensive
copper oxidation in this case is accompanied by the
degradation of the 2D-structure and the formation of
disconnected copper oxide islands.

Nevertheless, there are reasons to expect that the
stability of the planar metallic structure will increase
with increasing number of atoms in the layer. Under air
the Cu—porous glass sample (Qc, 1.618 mmol/g,
vy 0.83) exhibits a significant slowdown in resistance
increase, and R~10° Q is achieved only after 30—40 h.
The lack of structural reflections in the X-ray
diffraction patterns of the oxidized samples can be
explained by both a small size and a low degree of
crystallinity of the resultant island structures. A
convincing demonstration of stabilization is provided
by the formation of a copper monolayer (Q 1.946 mmol/g,
v 1.0). In this case, the resistance of the Cu—porous
glass sample slowly increases during 25-30 days until
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Fig. 3. Temperature dependences of the resistance of the
Cu—porous glass sample (Qc, 1.946 mmol/g); air exposure
time, days: (/) 0.2, (2) 1, (3) 2, (4) 5, (%) 8, (6) 15, and
(7) 30.

relatively low, close to stationary, resistance R ~450 Q
(Fig. 2) is reached. Thus, even dense coverage of the
porous glass surface with copper atoms does not
provide sufficient stability of the planar copper
structure. Growth slowdown and gradual stabilization
of resistance in this case are apparently associated with
selective oxidation of structurally strained metal layer
segments possessing excess energy, with the results
being the formation of dielectric barriers hindering the
electron transfer.

The copper monolayer formed in porous glass can
preserve its planarity under local oxidation as well. A
characteristic feature of metallic conductivity of not
only the initial but also of the partially oxidized Cu—
porous glass sample (y 1.0) is the invariance of the
measured resistance over a broad frequency range of
10-10° Hz. The persistence of the conducting 2D-
structure under conditions of its gradual oxidation can
also be revealed by examining the temperature
dependences of the resistance. These dependences
(Fig. 3) were recorded in the mode of cooling to —100°C
under nitrogen stream, which prevents oxidation of the
sample in the course of measurements.

At all initial resistances, a decrease in temperature
causes a monotonic increase in conductivity, as typical
of metals. A specific feature of the copper layer
planarity is a weakly pronounced slope of the R—T
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dependences: The corresponding temperature coef-
ficient of resistance lies within 0.0005-0.0008 deg ',
being substantially lower than that for bulk copper
(0.004 deg' [18]). The resistance of the Cu—porous
glass plates (Qc, 1.946 mmol/g, vy 1.0) varies within
~5-450 Q (Fig. 2), which corresponds (at the porous
glass thickness of 102 m and surface area of 10* m?)
to high resistivity p of 0.5-45 Q m. The more
characteristic seems a metal-like behavior of the Cu—
porous glass system. Thus, the dielectric gaps resulting
from partial oxidation of the 2D copper layer cause an
increase in resistance, while the conjugated segments
responsible for metallic conductivity are preserved.

EXPERIMENTAL

The CuO—porous glass system samples were syn-
thesized in accordance with the regulations [11, 12].
The porous glass plates were impregnated with a
copper(Il) nitrate solution (¢ 0.15 M) for 30 min;
excess solution was removed from the external surface
of the plates with compressed air. The dehydration and
thermal decomposition of the salt in the pore space
were performed under conditions of linear heating at
the rate of 5 deg/min from room temperature to 400°C.
Gradual buildup of the oxide in the porous glass was
achieved by multiple repetitions of the impregnation—
decomposition cycles. Series of the CuO—porous glass
samples with copper oxide content of 1.310, 1.618, and
1.946 mmol/g were placed in a tubular resistance
furnace and reduced in a hydrogen stream (15 cm®/min)
at a temperature >200°C. The transverse electrical
resistance of the samples was measured with a Novo-
control Concept 41 dielectric spectrometer at
frequencies of 10-10° Hz and temperatures from 20 to
—100°C. To reduce the contact barriers, the Cu—porous
glass plates were coated with a ~1-mm-thick layer of
graphite powder having an average particle size of 10—
20 um and mounted between planar graphite pressure
electrodes (constant load of 200 g cm?®) with copper
shunts therein. The X-ray diffraction patterns of the
samples were recorded on a DRON-7 diffractometer
with a copper anode (A 1.5406 A).

ACKNOWLEDGMENTS

This study was financially supported by the
Ministry of Education and Science of the Russian
Federation within the framework of the basic part of
State contract.

10.

11.

12.

13.
14.

15.

16.

17.

18.

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol. 85 No

789

REFERENCES

. Sharma, M.K., Qi, D., Buchner, R.D., Scharmach, W.J.,

Papavassiliou, V., and Swihart, M.T., ACS Appl. Mater.
Interfaces, 2014, vol. 6, no. 16, p. 13542. DOI: 10.1021/
am5026853.

Brumbaugh, A.D., Cohen, K.A., and St. Angelo, S.K,
ACS Sust. Chem. Eng., 2014, vol. 2, no. 8, p. 1933.
DOI: 10.1021/s¢500393t.

Yin, J., Shan, S., Yang, L., Mott, D., Malis, O., Petkov, V.,
Cai, F., Shan, M.N., Luo, J., Chen, B.H., Engelhard, M.,
and Zhong, C.J., Chem. Mater., 2012, vol. 24, no. 24,
p. 4662. DOI: 10.1021/cm302097c.

Isaeva, E.I, Zheleznyak, A.A., Gorbunova, V.V., and
Pronin, V.P., Russ. J. Gen. Chem., 2013, vol. 83, no. 6,
p. 1183. DOI: 10.1134/S1070363213060376.

Shi, M., Kwon, H.S., Peng, Z., Elder, A., and Yang, H.,
ACS Nano, 2012, vol. 6, no. 3, p. 2157. DOI: 10.1021/
nn300445d.

Glover, R.D., Miller, J.M., and Hutchison, J.E., ACS
Nano, 2011, vol. 5, no. 11, p. 8950. DOI: 10.1021/
nn2031319.

Kozhevin, V.M., Yavsin, D.A., Smirnova, [.P., Kulagi-
na, M.M., and Gurevich, S.A., Phys. Solid. State, 2003,
vol. 45, no. 10, p. 1895. DOI: 1063-7834/03/4510-1993.
Das, D., Kundu, T.K., Chakraborty, S., and Chakravorty, D.,
Proc. Indian Acad. Sci. (Chem. Sci.), 2003, vol. 115,
no. 5, p. 341. DOI: 10.1007/BF02708227.

Chopra, K.L., Thin Film Phenomena, New York:
McGraw-Hill, 1969.

Kukushkin, S.A. and Slezov, V.V., Dispersnye sistemy
na poverkhnosti tverdykh tel (Disperse Systems on Solid
Surfaces), St. Petersburg: Nauka, 1996.

Pak, V.N., Formus, D.V., and Shilov, S.M., Russ. J. Gen.
Chem., 2013, vol. 83, no. 4, p. 633. DOI: 10.1134/
S1070363213040038.

Formus, D.V., Lubavin, M.V., and Pak, V.N., Russ. J.
Appl. Chem., 2012, vol. 85, no. 10, p. 1541. DOL:
10.1134/S1070427212100096.

Chuiko, A.A., Teor. Eksp. Khim., 1987, vol. 23, no. 5, p. 597.
Vainshtein, P.M., Yezhovskii, Yu.K., and Aleskovskii, V.B.,
Dokl. Akad. Nauk SSSR, 1981, vol. 258, no. 4, p. 839.
Lubavin, M.V., Burkat, TM., and Pak, V.N., Inorg.
Mater., 2008, vol. 44, no. 2, p. 203. DOI: 10.1134/
S0020168508020222.

Koo, H.J. and Whangbo, M.H., Inorg. Chem., 2003,
vol. 42, no. 4, p. 1187. DOI: 10.1021/ic020576k.
Rabinovich, V.A. and Khavin, Z.Ya., Kratkii khimi-
cheskii spravochnik (A Brief Chemical Handbook),
Leningrad: Khimiya, 1977, pp. 21, 80.

Koshkin, N.I. and Shirkevich, M.G., Spravochnik po
elementarnoi fizike (Handbook of Elementary Physics),
Moscow: Nauka, 1966.

.4 2015




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /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 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /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 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /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

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /RUS (Pfeps)
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /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 /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [14400.000 14400.000]
>> setpagedevice


