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Abstract. Composites of nanometre-sized copper core—copper oxide shell with
diametersin the range 6x to 7>8 nm dispersed in asilicagel were synthesised by a
technique comprising reduction followed by oxidation of asuitably chosen precursor
gel. The hot pressed gel powders mixed with nanometre-sized copper particles
dispersed in silicagel showed electrical resistivities several orders of magnitude lower
than that of the precursor gel. Electrical resistivities of the different specimenswere
measured over the temperature range 30 to 300°C. Activation energiesfor the core-
shell nanostructured composites were found to be afraction of that of the precursor
gel. Such dramatic changes are ascribed to the presence of an interfacial amorphous
phase. Theresistivity variation asafunction of temperature was analysed on thebasis
of Mott’ssmall polaron hopping conduction model. The effective dielectric constant
of theinterfacial phase as extracted from the data analysis was found to be much
higher than that of the precursor glass. This has been explained as arising from the
generation of very high pressure at the interface due to the oxidation step to which the
copper nanoparticles are subjected.

Keywords. Copper core—copper oxide shell; electrical conduction in composites;
nanostructures.

1. Introduction

Nanostructured materials have been studied extensively in recent years because of new
physics expected from them and exotic properties exhibited by these systems.*™ Nano-
crystalline materials have the characteristic feature of a large surface-to-volume ratio and
hence contain a high volume fraction of grain boundaries. The filmsin these regions have
been used to study the structure and dynamics of films in confined geometries.®
Molecular dynamics simulation investigations of silicon grain boundaries indicate the
existence of an amorphous equilibrium structure.®’ We have grown a metal core-metal
oxide shell structure with nanoscale dimensions within a silica gel. The percolative
configuration of the composite nanoparticles generates a large interface in the disordered
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medium. The drastic change in electrica conductivity of the resultant structure as
compared to that of the parent gel indicates the marked influence of the interfaces on the
transport properties of this system. We describe the details in this paper.

2. Experimental

The metallic species used in the present investigation was copper. The target gel
composition was chosen such that after reducing it the copper phase formed a percolative
structure. Accordingly the target composition for preparing the composites in this study
was 60CuOx0S O, (in moledo). CuCl,2H,0 and Si(OC,Hs), were used as precursors.
60ml of ethyl alcohol was mixed with 10 ml distilled water and 1 ml HCI. The solution
was stirred for 10min and then 12%6ml of S(OC;Hs), was added. The stirring was
continued for 1 h. Another solution was prepared by mixing 1426 g of CuCl,2H,0 with
60m CHsOH and 15ml distilled water and stirred for 20 min. The two solutions
prepared as above were mixed and stirred for 1 h. The mixture was left as such for a few
days for gelation. The resultant gel was reduced in hydrogen at 650°C for 30 min. This
gave rise to precipitation of metallic copper of nanometer dimensions within the gel
matrix.® The powders resulting from this step were hot pressed at 650°C for 5min by a
sintering press DSP 25 ATS manufactured by Dr Fritsch Sondermaschinen GmbH. The
graphite mould had a diameter of 1 cm and the applied pressure was 2)4 MPa. The mould
chamber was evacuated to a pressure of ~79~ 10~ Torr. Electrical measurement on the
sample exhibited a metallic conduction confirming the formation of a percolative chain of
nanometre-sized copper particles.® Reduced gel powders prepared as above were heated
in air at temperatures varying from 700 to 850°C for 30 min. This treatment was given to
bring about oxidation of the copper particles.

For electrical property measurements samples were prepared after mixing metal- and
oxidized metal-containing gel powders respectively prepared as described above in the
weight ratio 48:52. This was done to lower the resistivity level of the resultant composite
so that the temperature variation of resistivity could be studied conveniently. The mixture
of these two powders in the above mentioned ratio was hot pressed at 650°C for 5 min by
the procedure described earlier using a graphite mould of 1 cm diameter. The sample
faces were ground with silver paste (supplied by Acheson Colloiden BV, Holland) and
the DC electrical resistances were measured by 617 Keithley Electrometer over the
temperature range 30 to 300°C under a vacuum of ~107 Torr. A reference sample was
also prepared by subjecting the gel powder (without being reduced) to a heat treatment at
650°C for 30 min for comparison of electrical resistivity with those of other specimens.

The microstructures of different specimens were studied by a JEM 200 CX trans-
mission electron microscope. The details of specimen preparation have been described
earlier.® The nanocrystalline phases within the samples were identified by analysing the
diffraction rings obtained from selected area electron diffraction pattern.

3. Resultsand discussion

Figure 1a shows the transmission electron micrograph for the specimen reduced at 650°C
for 30 min followed by oxidation treatment at 700°C for 30 min. Figure 1b is the electron
diffraction pattern obtained from figure 1la. The interplanar spacing dy val ues cal culated
from the diameters of the diffraction rings in the figure are listed in table 1 which also
gives the standard ASTM data for Cu,0O, CuO and Cu respectively. It is evident from this
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table that Cu,O, CuO and Cu are present in these nanoparticles. Figure 2 shows the
histogram of particle sizes obtained from figure 1a. The pointsin this figure represent the
experimental data which have been fitted to a log norma distribution function. The
theoretical curve is shown as the solid line in this figure. All the specimens studied here
show similar characteristics. The extracted values of the median diameter X and the
geometric standard deviation s for the different specimens are summarised in table 2. It
is seen from these results that the median diameters as determined from the electron
micrographs have lower values as the oxidation treatment is increased. Thisis reasonable
to expect because copper oxide with a density lower than metallic copper will not be
shown in the micrograph because of the contrast of electron density between the two
phases. The micrographs therefore essentially record the diameters of metallic copper

(b)

Figurel. (&) Transmission electron micrograph for specimen prepared by reducing
the precursor gel at 650°C for 30 min followed by oxidation at 700°Cfor 30min. (b)
Electron diffraction pattern for figure la.
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Figure2. Histogram of particle sizes obtained from figure la.

Tablel. Comparison of dyy values obtained with ASTM
data for specimens reduced at 650°C/30 min and then
oxidised at 700°C/30 min.

ASTM (nm)
Observed (nm) Cu,0O CuO Cu
0246 052465 0252
0211 02135 0232 02088
0464 04743
0448 04510
0427 014287 014278

Table2. Summary of median diameter X and geometric standard deviation sfor
different specimens.

Specimen Treatment Median diameter Geometric

no. schedule X (nm) standard deviation s
1 Reduced at 650°C/30 min + oxidised at 700°C/30 min 78 15

2 Reduced at 650°C/30 min + oxidised at 800°C/30 min 60 1%

3 Reduced at 650°C/30 min + oxidised at 850°C/30 min 64 ¥

cores. The electrical resistivity data discussed below indicate that the nanostructure
consists of metallic copper with a copper oxide shell. The latter forms a percolative

network.



Electrical conduction in composites 345

2

3
L%
!

log o {ohm-crm)

4 'l i 1 Pa— | e . i i | i L i J
18 20 22 24 26 28 30 32 3.4
100 T (K"

Figure3. Logresistivity asafunction of inverse temperature for different sped-
mens. ~ Reference sample; O specimen 1; O specimen 2; [kpecimen 3.

Figure 3 shows the variation of log resistivity as a function of temperature for the three
specimens with different oxidation treatments. We also show the resistivity variation for
the reference sample in this figure. It is evident that there is a drastic decrease in
resistivity for specimens with a core-shell structure. The semiconducting behaviour
exhibited by the latter rules out the possibility of any percolative metallic chain
contributing to the transport behaviour. To explain the semiconductor-type transport we
consider first the electron tunnelling mechanism between metallic islands separated by an
insijllating IaLyer.10 According to this model the activation energy for tunnelling is given
by

£ =22 - [U((x+5) 1 2)] eV, 0
e

where x and s are the diameter of the metallic grain and the separation between grains
respectively expressed in nanometres and eis the dielectric constant of the intervening
medium. Taking X~58nm, s~53nm and e~ 10, we obtain f ~ 004 eV. For specimen
no. 1 we find gradual lowering of activation energy as the temperature is increased. An
activation energy ~0%7 eV is estimated near the highest temperature measured. There is
a change of activation energy at a lower temperature range which is ~048eV. Thisis
discussed below as arising due to a small polaron hopping in the amorphous phase
present at the interfaces of the nanosized copper oxide shell. Such a change of slope in
the resistivity temperature plot has not been observed in the case of specimens 2 and 3.
The nanosized metal particles introduced during the preparation of the composite are
connected in series with the core-shell structure and hence will control the resistance
change of the specimen in the temperature range where they contribute a higher
resistance than the interfacial phase. In the cases of specimens 2 and 3 the oxidation
treatments being higher than that for specimen 1 the oxide layer thickness also would be
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large and therefore the activation energy for electron tunnelling would also be higher than
that in specimen 1. As a result electron tunnelling in these samples in the temperature
range concerned would contribute a smaller resistance than that in specimen 1. Thisis
believed to be the reason why we do not observe any change of slope in the higher
temperature range being discussed.

It has earlier been reported that in the gel derived silicate glass system containing
copper small polaron hopping between nearest neighbours Cu* and Cu®" ions respectively
contribute to electrical conduction.’?> We also note that the activation energies for the
different specimens (except for specimen 1 in the higher temperature range) as obtained
from the slopes of the log r vs (1/T) curves in figure 3 are much smaller than that
reported (~0%5€V) from measurements on single crystals of Cu,0.** Also it has been
observed that the electrical resistivity of all the samples shows no change as afunction of
partial pressure of oxygen. This means that the semiconducting behaviour does not arise
due to non-stoichiometry in Cu,0.2*

In view of the above discussion we analyse our electrical resistivity data on the basis of
phonon-assisted small polaron hopping between Cu* and Cu?* sites. According to Mott’s
model'® the conductivity r is given by

r=— TR op(2aR)exp(+W/KT), )
nee“C(1- C)

where ny is the optical phonon frequency, c is the ratio of transition meta™ ion
concentration in the lower valence state to the total TM concentration, a ™ is the
localization length describing the localized state at each TM ion site, R is the average
intersite separation and W is the activation energy for the hopping conduction. The
experimental data for all the specimens were least square fitted to (2) and the extracted
parameters are given in table 3. The points in figure 3 are the experimental data and the
solid lines represent the theoretically fitted curves. It is seen from this table that the
activation energy for hopping in the case of specimens 1, 2 and 3 are much smaller than
that for the reference sample. Evidently the electrical transport in these samples arises
due to the presence of an amorphous phase which is different from the precursor glass
phase resulting from the gel formulation. We ascribe this phenomenon to an interfacial
amorphous phase in between the nanosized Cu,O-shells of the neighbouring grains. It
should be noted that the Cu,0O shells form a percolative network in conjunction with the
grains containing copper nanoparticles.

According to Austin-Mott model'® the activation energy W can be approximately
written as,

W=€e’ldgg, ©)

where g, is the effective dielectric constant and r, the polaron radius. The latter is given
by,

ro = (RI2)(p6)"">. @

We have estimated r, values from (4) and substituting it in (3) and taking the experi-
mentally obtained values of W, calculated the values of & for the different specimens. It
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can be seen that the g, values in the case of specimens containing copper core—copper
shell nanostructure are much higher than that in the reference sample. This enhancement
is ascribed to the presence of copper atoms in the confined geometry of the interfaces
between the copper oxide nanoshells and also to the generation of high pressure at the
interface as discussed in the following paragraph.

During the formation of copper oxide shell a high stress will be generated at the
interface because of the fact that the densities of Cu,O and copper are drastically different
from each other viz., 6 g/cc and 892 g/cc respectively.® Asaresult when the Cu,O layer
is formed there should an effective expansion of the original particle which is prevented
from taking place because of the presence of the neighbouring particles. Using the bulk
modulus of copper we have calculated the effective stress which is generated on the
composite particle as a result of this mechanism. By this analysis we calculate an effect-
tive pressure at the interface of these particles as of the order of ~40 GPa.

Dielectric properties of oxide glasses were measured at very high pressures pre-
viously.” Using a non-blocking electrode assembly dielectric relaxation spectra of both
densified (at pressure ~2% GPa and temperature 500°C) and undensified glasses were
delineated.’®'° In figure 4 we show typica Cole-Cole plots for a specimen of
composition 213 NaO, 72 Al,Os, 716 SO, (mole%) in the two states. These glasses
were prepared by amelt — quench technique. It can be seen that the diel ectric constants at
high frequencies as extracted from these plots are 12 and 8 for the densified and the
virgin glass samples respectively. In the present specimen system we observe similar
trends of data but in the nanoscal e regime of specimen dimensions.

It isto be noted that the value of &, as estimated decreases as the oxidation treatment is
increased. This apparent anomaly arises because of the presence of copper nanoparticles
in the unoxidized gel while the mixture of the two powders is being compacted in the hot
press at a temperature of 650°C. It is known that metallic copper reacts with cupric oxide
to produce cuprous oxide.?° It has been shown earlier that the copper oxide shell contains
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Figure 4. Cole—Cole plots for densified (by 1:43%) and undensified glass of
composition 21X Na,O, 72 Al,0O3, 714 SiO, (mole%) obtained at atemperature of
120°C.*° O Densified; B undensified.

Table3. Parametersobtained by fitting electrical conductivity datato Mott’smodel.

Specimenno. W (eV) a (A) R(A) C No(s™) & (calc. from (3))
Reference 148 086 32 0840 92 102 4%
1 049 060 3% 0998 15" 1012 132
2 025 060 3% 0996 2% 102 98

3 080 057 3% 0997 22 1012 85
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both Cu,O and CuO. Since the gel particles containing core-shell structure are surroun-
ded partly by particles containing copper nanoparticles the latter will react with CuO at
the neighbouring grains. This will mean formation of Cu,O shell on the copper nano-
particles. Reduction of the amount of CuO on the shell of the initialy oxidised gel
particle will therefore reduce the pressure at the interface. Such a reduction of pressure
will lower the compaction of the interfacial amorphous phase thereby leading to a lower
value of . Also the oxide layer formation on the initially unoxidized copper particles
will increase the resistivity level of the nanocomposite. This is borne out by results
shown in figure 3.

In summary, we have prepared nanostructured copper metal core—copper oxide shell
within a silica gel by reduction followed by controlled oxidation of a suitable gel
composition. The hot pressed gel powders mixed with nanosized copper particles disper-
sed in asilica gel show a marked enhancement in electrical conductivity as compared to
that of the precursor gel. Thisis ascribed to the presence of an amorphous phase at the
interfaces of the copper oxide shell. The activation energy of small polaron hopping in
this phase is much lower than that in the original gel. The effective dielectric constant of
the interfacial phase is estimated to be much higher than that of the original glass. Thisis
ascribed to the generation of high pressure at the interface due to the processing steps
involved.
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