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Transition metal oxide nanoparticles have been synthesized sonochemically from metal
acetates. The metal oxide nanoparticles are characterized using X-ray diffraction (XRD),
diffuse reflection spectroscopy (DRS), transmission electron microscopy (TEM), and BET
nitrogen adsorption. The results of DRS are analyzed in detail, and the band gap energies
for CuO, ZnO, and Co304 are seen to be 2.18, 3.35, and 2.26 (3.40), respectively. Different
particle sizes, morphology, and yields are observed when water and 10% water—N,N-
dimethylformamide (DMF) are used as solvents, and the possible mechanisms are discussed.

Introduction

Metal acetates are useful reagents, particularly in
organic synthesis and in the preparation of some
industrially important metal and metal oxide catalysts.
Nanometer-sized metals, semiconductors, and oxides are
of greatest interest because they can have physical and
chemical properties that are not characteristic of the
atoms or of the bulk counterparts. The large ratio of
surface area to volume can contribute to some of the
unique properties of nanoparticles.!™3 The oxides of
transition metals (TM) such as iron, nickel, cobalt,
copper, and zinc have many important applications,
including magnetic storage media, solar energy trans-
formation, electronics, semiconductor, varistor, and
catalysis.5~19 In the past, some successful attempts have
been made to synthesize the nanoparticles of metal
oxides?0-?4 by chemical methaods. Recently, sonochemical
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processing has been proven as a useful technique for
generating novel materials with unusual properties.
Sonochemistry arises from acoustic cavitation phenom-
enon, that is, the formation, growth and implosive
collapse of bubbles in a liquid medium.?® The extremely
high temperatures (>5000 K) and pressure (>20 Mpa)
and very high cooling rates (=107 K s71)?6 attained
during acoustic cavitation lead to many unique proper-
ties in the irradiated solution. Using these extreme
conditions, Suslick and co-workers have prepared amor-
phous iron?® by the sonochemical decomposition of metal
carbonyls in an alkane solvent. Recently, we have
successfully prepared nanoparticles of chromium, man-
ganese, molybdenum, europium, terbium oxides, and
gallium oxide hydroxide?”~3° sonochemically. The as-
prepared materials were fabricated either in the amor-
phous state or in the crystalline phase. In the present
investigation, we report on the general sonochemical
synthesis of metal oxides from metal acetates.

Experimental Section

The synthesis of metal oxide nanoparticles has been carried
out as follows: 500 mg of zinc(II) acetate dihydrate (Aldrich
98-%), copper(ll) acetate monohydrate (Aldrich 98+%), cobalt-
(IT) acetate {Aldrich 99.9%), or iron(II) acetate (Aldrich 95%)
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Figure 1. X-ray diffraction pattern of as-prepared metal oxide
nanoparticles when water used as a solvent: (a) ZnO; (b) CuO;
(0) Co30q, (d) FesOa.

in 100 mL of doubly distilled deoxygenated water or 10%
water—DMF is irradiated with a high-intensity ultrasonic horn
(Ti-horn, 20 kHz, 100 W/cm?) under 1.5 atm of argon at room
temperature for 3 h. The product obtained is washed thor-
oughly with doubly distilled water and finally with absolute
ethanol in an inert glovebox (O; < 1 ppm) and dried in a
vacuum. The XRD measurements were carried out with a
Bruker D8. Elemental analysis was carried out by an Eager
200 CHN analyzer. EDAX measurements were carried out on
a JEOL JSM-840 scanning electron microscope. The transmis-
sion electron micrographs (TEM) were obtained by emplaying
a JEOL-JEM 100SX microscope. Samples for the TEM exami-
nation were prepared by suspending dried samples in absolute
ethanol. A drop of the sample suspension was allowed to dry
on a copper grid (400 mesh, electron microscopy sciences)
coated with a carbon film. Since the particles are heavily
aggregated, the small separated particles detected in the TEM
serve as our measure of the particle sizes. The surface area
(BET) measurements were carried out using a Micromeritics-
Gemini surface area analyzer, employing nitrogen gas adsorp-
tion. Diffuse reflection spectroscopy (DRS) measurements were
carried out on a Varian Cary-500 spectrophotometer equipped
with an integrated sphere. Spectra were recorded at room
temperature, in the 1000—200 nm range, with a scanning
speed of 100 nm/min. MgCO3; was used as a reference.

Results

Figure 1 illustrates the XRD patterns of the as-
prepared materials when water used as a solvent for
(@) ZnO, (b) CuO, (c) Co304, and (d) FesO4. The XRD
patterns match that of JCPDS cards Nos. (a) 36-1451,
(b) 48-1548, (c) 42-1467, and (d) 19-0629, respectively.
The particle size is calculated using the Debye—Scherer
formula,® and the results are presented in Table 1.
EDAX and C, H, and N analysis results showed that
the resulting powder contains only metal, oxygen, and
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trace of carbon (estimated <2%) for all the metal oxides.
Figure 2 illustrates the TEM images of the different as-
prepared TM oxides made in water and 10% water—
DMF as solvents. All the oxides are nanocrystalline, and
the particle sizes measured from the TEM pictures of
Cu0, ZnO, Co304, and Fe30y are 20 nm (length (L)) and
2 nm (width (W)), (6), 340 nm (250), 30 nm (20), and 20
nm (8), respectively, when water (water—DMF) are used
as solvents. The extent of agglomeration is minimal
except in the case of CuO(water). The TEM picture of
CuO({water) shows the agglomeration of needlelike
particles, while for the water—DMF solution spherical
particles are observed. Unlike the sonochemistry of TM
carbonyls,?828 there is no sign of amorphous material
from the TM oxides. The different particle sizes and
morphology of metal oxide determine the surface area.
The surface area results for the TM oxides are also
presented in Table 1. The results show a dramatic
increase in the surface area when the solvent is changed
from water to 10% water—DMF. We observe higher
yields of metal oxides when 10% water—DMF is used
as a solvent.

We have measured the optical diffusion reflection
spectra of the metal oxide powders in order to resolve
the excitonic or interband (valence-conduction band)
transitions of metal oxides, which allows us to calculate
the band gap. The optical band gap E; was estimated
from the DRS spectra. The spectra shown in Figure 3
are given as plots of the Kubelka~Munck remission
function®233 (converted from the diffuse reflection values
by the spectrophotometer software) vs eV. These plots
carrespond fairly with absorption spectra. When water
is used as a solvent we obtain Ep's = 2.18, 3.35, and
2.26 (3.40)% eV for CuO, ZnO, and Co304, respectively.
When the solvent is changed from water to 10% water—
DMF the estimated E,'s = 3.35 and 2.26 (3.40)%® eV for
Zn0O and Cos0y, respectively. The results show that
there is no appreciable difference in band gap energies
when we change the solvent from water to 10% water—
DMF, except in case of CuO, which is expected because
the particle size difference is large. In other cases, this
effect is not appreciable. These band gap energy values
are compared to that of the bulk, as seen in Table 2.
We observe a quantum size effect only for CuO and
Co304. This can be explained because the particles sizes
for these materials are below the Bohr diameter. For
CuO, the Ej value obtained in water is 2.18 eV, while
in 10% water—DMTF it is difficult to determine the E,
from the DRS because of the very slow and shallow
increase in the reflection. It seems as if a much higher
I, value is obtained for CuO, as compared to its bulk
band gap. This can be attributed perhaps to the dra-
matic changes in the shape of the CuO particles. In the
case of ZnO, this effect is not seen because size quan-
tization effects are expected to be predominant when
the particle size is less than 300 nm.% The multiple
band gap for the Co304 particles indicates the possibility
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Table 1. BET Multipoint Surface Area and Particle Sizes from the Debye—Scherer Formula and TEM of the Different
TM Oxide Nanoparticles Obtained from Water and 10% Water—DMF as Solvents

water 10% water—DMF
metal oxide BET (m?%g) Debye—Scherer (nm) TEM (nmy) BET (m%g) Debye—Scherer (nm( TEM (nm)
CuO 35 20 (L), 2 (W) 114 4 6
Zn0O 10 310 340 14 240 250
Co304 135 25 30 156 15 20
Fe3O4 126 15 20 144 5 8
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Figure 2. Transmission electron micrographs of the as-prepared metal oxide nanoparticles: (a) ZnO, (b) CuO, () Co304, (d)
Fe304 (when water is used as a solvent), (e) ZnO, () CuQ, (g) Co304, (h) FesO4 (when 10% water—DMF is used as a solvent).

of degeneracy of the valence band.3” However it should
be noted that the DRS has been reported to systemati-
cally underestimate the band gap with an error which
increases with decreasing crystallite size.3¥ For this
reason, the band gap estimates are only approximate.

Discussion

Mechanism for the Sonochemical Formation of
Fe304, Co30,, CuO, and ZnO Nanoparticles. The
chemical reactions reported to be driven by intense
ultrasonic waves that are strong enough to produce
cavitation are oxidation, reduction, dissolution, decom-
position, and hydrolysis.?*3%-4! Other reactions, such as
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the promotion of polymerization, have also been re-
ported to be induced by ultrasound. These reactions can
occur in three different regions??%3 surrounding the
collapse of a bubble in aqueous media. They are the
following: (a) the inner environment (gas phase) of the
collapsing bubble, where elevated temperatures (several
thousands of degrees) and high pressures (hundreds of
atmospheres) are produced, causing the pyrolysis of
water into H and OH radicals; (b) the interfacial liquid
region between the cavitation bubbles and bulk solution.
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Figure 3. Kubelka—Munch remission function versus eV of metal oxide nanoparticles: (1) Co304, (2) CuO, (3) ZnO (when water
is used as solvent); (1a) CosQ4, {(2a) CuO, (3a) ZnO (when 10% water—DMF is used as a solvent).

Table 2. Experimental and Literature Band Gap Energies
(Ep) of Different Metal Oxide Nanoparticles Obtained
from Water as Solvent

metal oxide bulk (eV) exptl (eV)
CuO 1.85% 2.18
Zn0 3.35% 3.35
Co304 1.50—1.52, 1.88—1.9536 2.26,3.4

The temperature in this region is lower than that of the
interior of the bubbles and the reaction is a liquid-phase
reaction; however the temperature is still high enough
to rupture chemical bonds. In addition, greater local
hydroxyl radical concentrations in this region have been
reported.** The third region (c) is the bulk of the
solution, which is at ambient temperatures and where
the reaction between reactant molecules and surviving

OH or H can still take place. In our case, among the
above-mentioned three regions, it appears that the
sonochemical reaction occurs within the interfacial
region. This is because the metal acetates are ionic and
due to their low vapor pressure their vapors will not
exist in region a. We propose two types of mechanisms
for the formation of the metal oxides from aqueous metal
acetates: sonochemical oxidation for the formation of
Fe304 and Co304 and sonochemical hydrolysis for the
formation of CuO and ZnO. The pH values of the
reaction mixtures were measured before and after
sonication and the results are presented in Table 3.
Since the pH of pure DMF is ~0.6, the pH values
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Table 3. Yields of Metal Oxides and pH Measurements of
the Reaction Mixtures before Sonication (BS) and after
Sonication (AS)

water 10% water—DMF
metal oxide BS AS yield (%) BS AS  yield (%)
Zn0 59 52 10 9.2 8.2 30
CuO 57 4.9 22 9.0 8.1 35
Co304 52 5.7 8 9.1 9.6 15
FeaOy 53 59 25 89 94 32

obtained for water—DMF solutions are higher than
those measured for the water solutions. The results
indicated that during the sonication H* ions are gener-
ated in the formation of CuO and ZnO and OH~ ions
are formed in the fabrication of Fe3O4 and Co304.

(a) Sonochemical Oxidation. The mechanism of
the formation of Fe3O4 and Co304 nanoparticles takes
into consideration the radical species generated from
the water molecules which decompose in region a. The
likely reaction steps and explanation for the sonochemi-
cal oxidation process can be summarized as follows:

H,0))))) H' + OH' 1)
H+H—H, @)
OH' + OH" — H,0, 3)

Fe(CH,CO0),(s) — Fe?*(aq) + 2(CH,CO0) (aq)
or
Co(CH,C00),(s) — Co**(aq) + 2(CH,CO0)  (aq)

The oxidant H;O; thus generated can initiate the
oxidation of Fe(IT) or Co(II):

2Fe(ll) + H,0, — 2Fe(Il) + 20H™  (4)
or
2Co(ID) + H,0, — 2Co(III) + 20H"

(b) Sonochemical Hydrolysis. The likely reaction
steps and possible explanation for sonchydrolysis are
as follows:

Cu**(ag) + H,0(1) — Cu(0)(s) + 2H"(aq)
or
Zn**(aq) + H,0(1) — Zn(0)(s) + 2H" (aq)

Copper and zinc oxides nanoparticles are formed
through the sonohydrolysis mechanism. Similar ideas
have been formulated by Henglein and co-workers?® by
studying the sonolysis of a nonvolatile solute, such as
acetate anion, as in our case. The formation of CuO and
Zn0 also occurs at the interface of the solution bubble.
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Numerous factors influence the acoustic cavitation
and sonochemical yields.“8 In the bulk solution, factors
favoring maximum acoustic cavitation and sonochemical
yields are (i) low viscosity, (ii) high surface tension, (iii)
low vapor pressure, and (iv) high sound speed. DMF is
freely miscible with water, and DMF fulfills all of the
above-mentioned criteria. We have carried out the
reactions in 10% water—DMF solution, where we ob-
serve better yields than with water alone, which is
expected. The increased availability of DMF molecules
both for pyrolysis and for hydrogen abstraction reactions
at a higher mole fraction of DMF and low vapor pressure
of DMF (3.7 Torr at 25 °C, compared to water and 24
Torr at 25 °C) are the most likely factors responsible
for the continuing increase of the sonochemical radical
yields at high DMF concentrations. The DMF ac-
cumulated at the interfacial region?® is likely to out-
compete the concurrent process of "OH removal. While
the reaction with *OH radicals may be dominant path-
ways for the production of "CH;N(CH3)CHO radicals at
low DMF concentrations, at a high mole fraction of
DMF, hydrogen abstraction by the methyl radical
predominates.*® Sonochemical oxidation is enhanced in
case of 10% water—DMF as a solvent.

We observe higher yields for 10% water—DMF as a
solvent in the case of sonohydrolysis as well. The
temperature generated during the collapse of a gas-filled
cavity is. higher in the case of low vapor pressure
solvents.?? Hence the temperature at the interfacial
region of interest is also higher in the 10% water—DMF
than in pure water. As mentioned above, the DMF vapor
pressure as well as 10% water—DMF is lower than that
of water.

Conclusions

Transition metal oxides have been prepared from
metal acetates by the sonochemical method. When the
solvent is changed from water to 10% water—DMF,
different sizes, morphologies, and yields are obtained
for the transition metal oxides. This method can be
extended to other transition metal acetates in order to
obtain metal oxides.
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