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ABSTRACT

Co,0, and CuO nanoparticles have been successfully synthesized via an
uncomplicated mechanochemical solvent-free method. Their crystalline
structures and their average diameters between 5 and 8 nm, were deter-
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mined from X RD patternsand by HR-TEM images. Particle sizeswere con-
trolled through the concentration of starting materials and heating tem-
perature. The UV-visible electronic absorption, raman spectroscopy and
electronic paramagneti c resonance spectraof Co,O, and CuO nanocrystals
show clear evidence of the quantum size effect. The mechanochemical
method as a simple process provides economically viable route for large-

scale nanomaterials production.

INTRODUCTION

Transition metal oxidesrepresent one of the most
diversetypes of materia swith important structure-re-
lated properties. Many of them exhibit conductivity, su-
perconductivity, ferroe ectri city, magnetism, magneto
resistivity, or gas-sensing capabilitied?d. Itisevident
that thesynthes sof meta oxidenanostructureswill lead
toimportant devel opmentsin the construction of new
devices. This paper is devoted to the production of
Co,0, and CuO nanoparticles. Cobat oxide Co,0O, is
ap-type semiconductor with anarrow band gap of 1.6
eV, This compound is a mixed-valence oxide
[Co(I1)Co(111),0,] withanorma spinel crystal struc-
ture based on an array of cubic close-packed oxide
ions, in which Co(ll) ions occupy the tetrahedral 8a
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sitesand Co(l11) ions occupy theoctahedral 16d sites
et tisknownthat Co,0, bulk crystal exhibitsanti-
ferromagnetism, with aNee! temperature (T, ) of 33
K12, This cobalt oxide has awide range of industry
gpplicationsincluding anodemateria sfor rechargeable
Li-ion battery, catalysts, pigments, gas sensors, mag-
netic materia sand asinterca ation compoundsfor en-
ergy storagel’*1¢l, These applications are related to
particlesizeand surface effects.

Copper oxide CuO presents certain interest, be-
causeit isap-type semiconductor with anarrow band
gap between 1.21 and 1.5 eV¥718 it has three mag-
netic phases. antiferromagneti c phase bel ow Néel tem-
perature (T, ~230K), afluid like phase between the
Néel temperature and 630 K, and above the Néel tem-
perature, where paramagnetic ordering is observed™.,
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Distinct of MnO, FeO, CoO and NiOwhich crystdlize
intheNaCl structure, CuO isuniquein havingamono-
clinicunit cell and square-planar coordination of cop-
per by oxygen™™. Theeffect of thee ectronic configura-
tion of Cu(ll) on ectronic and phononic characteris-
tics of mixed oxides, CuO has made afundamental
compound of several high-Tc superconductorg®2Y, In
addition, it formsthebasisof technol ogical ly important
materia sisused in heterogeneous cata ysts, gas sen-
sors, optica switch, magnetic Soragemedia, lithium bat-
teriesand solar-energy transformationl>2s,

Inthepast decades, different techniqueshave been
employed in order to prepare nanocrystalline oxides
with controlled sizeand shape, such astherma decom-
position of metdlic sdtsunder anoxidizing amosphere,
sol-gel method, colloidal method, hydrothermal pro-
cessing, reduction/oxidation, homogeneous precipita-
tion, metd organicchemicd vapor depostion (MOCVD)
and mechanochemica processing®3,

Look for the future devel opment and the applica-
tionsof meta oxide nanoparticles, itisvery important
to employ inexpens vesynthes smethodsthat produce
adequate amounts under mild reaction conditions.

Mecanochemicdly initiated solid-state processes
have recently become a subject of intenseinvestiga-
tions, duetothepotentia applicationsof such reactions
intechnology, in particular, for thedevel opment of the
so called dry processes, which are more environmen-
tally friendly and cost efficient than the current adopted
technol ogies® 9. Furthermore, thismethod yiel dsthe
respective product asahighly dispersed phase, which
can beuseful for the subsequent technologica steps.

Mechanochemicd routeinvolvesthemechanicd ac-
tivation of solid state displacement chemical reactions,
ether duringmilling (usngbdl or planetary mill or well
anagatemortar) or duringfollowing heet trestment. This
procedureisparticularly suitablefor large-scale pro-
duction dueto itssimple processand low cost!Y.

Nowadays, the synthesisof nanocrystaline materi-
alsbased on mechanochemica methodisaquickly ex-
pandingfield of solid state science, covering avariety
of subjects such asalloys, nanostructured materials,
amorphous and disordered solids, metastable materi-
als, nanomagnetics, etc.

Recently, awidevariety of nanosized oxideshave
been synthes zed by mechanochemica routeincluding
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Co,0, and CuO, however thereported average crys-
tal size oscillates between 12 and 50 nm, employing
milling timesuntil 60 hrsand in somecasesathermal
treatment of the precursors between 300 and 700°C
was necessary to carry out!-33,

Herewe present the synthesis of Co,0, and CuO
nanoparticleswith average diametersbetween 5and 8
nm, by an easy and reproducibl e sol vent-free solid-
solid synthesismethod, starting from their respective
chloride or acetate saltsin the presence of sodium hy-
droxide. Co,0, Npswere obtaining after heating at
150 by 30 min the Co(OH), prepared by mecha-
nochemical activationin an agate mortar, a room tem-
perature. In contrast, CuO Nps were easily synthe-
sized at room temperature. Spectroscopic and struc-
tural studieson these nanoparticleswere carried out.
The procedurefollowed in thiswork congtitutesanim-
portant advancein the preparation of nanostructured
metallic oxides, specially, for applicationsthat require
clean nanostructured materials.

EXPERIMENTAL

Materials

Cobadlt acetatetetrahydrate, Co(OAC),4H,0 (98%
Aldrich), cobalt chloride hexahydrate, CoCl..6H,0
(98% Aldrich), copper acetate monohydrate,
Cu(OAcC),H,0O (98%Aldrich), copper chloridedihy-
drate, CuCl,-2H,0 (98%Aldrich), sodium hydroxide
NaOH (98%Aldrich) and acetone CO(CH,), (Aldrich
99.5%) were purchased and used asrecelved, without
further purification. Ultrapurewater (18 MQcnt) was
obtai ned from aBarnstead E-pure dei oni zation system.

Synthesis

Co,0, nanoparticles were obtained in two steps.
Inthefirst 5x10° moles (1.2454g) of Co(OAC),-4H,0
(sampleA) or 5x10° moles (1.1896g) of CoCl.-.6H,0
(sampleB), weremixed and milled with 0.4g of NaOH
Inan agate mortar at room temperature, until the color
of the powder kept unchanged, about 30 minutes. In
both cases, after this time a dark green powder of
Co(OH), was obtained (reaction a). This compound
waswashed 4 timeswith water and 2 timeswith ac-
etone, and then wasair dried. Inthe second step, the
cobalt hydroxidewasheated at 150°C for 30 minutes,
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subsequently, ablack powder of Co,O, nanoparticles
wasobtained (reaction b).

(@ CoX, +2NaOH —RT o Co(OH), +2NaX
milling
X =ClI"or CH;COO™
(b) Co(OH), + 120, _150°C_ Co0;0, +3H,0
30min

On the other hand CuO nanoparticles were ob-
tained from 5x10° moles (0.99829) of Cu(OAc),-H,O
(sample C) or 5x10°* moles (0.8524g) of CuCl.-2H,0
(sample D), mixed and milledwith0.4gof NaOH inan
agatemortar at roomtemperature, until thecolor of the
powder kept unchanged, about 20 minutes. Then, a
dark brown powder of CuO nanoparticles was ob-
tained (reaction ¢). The powder waswashed and dried
following the procedure previoudy described

_RT _ cuo + 2 NaX + H,0
milling
X =Cl or CHsCO0™

(©) CuX, + 2 NaOH

Instruments

The UV-visbled ectronic absorption spectraof the
powdered sampleswereobtained by diffusereflectance
technique, with an Ocean Optics USB2000 miniature
fiber optic spectrometer. The Raman spectra, from 100
to 900cm?, wereevauated usngaNicolet AlmegaXR
dispersiveraman spectrometer and detected by aCCD
camera, at 25 secondsand aresolution of~4cm™. The
excitationbeamwasaNd:YVO, 532 nm laser and the
incident power onthe samplewas~3 mW. The X-ray
diffraction patternswere performed at room tempera-
turewith CuKa radiation (A = 1.5406A ) in a D5000
Siemensdiffractometer; diffractionintensity wasmea
sured between 2.5° and 70°, with 26 step of 0.02° for
0.8sper point. High-resol ution transmission el ectron
micrographs(HR-TEM) wereobtainedinaJEOL 2010
FasTEM analytica microscope, operating at 200kV,
by deposition of adrop of the powdered transition meta
oxidedispersed in N,N’-dimethylformamide (DMF)
onto 300 mesh Cu grids coated with acarbon layer. X-
band el ectronic paramagnetic resonance (EPR) data
wereobtained onaBriicker ELEXSY'S spectrometer,
with acenter field of 4080 G modulation of amplitude
of 0.2, time constant of 0.025 s, scan time of 2 min,
and microwave power of 20 mW.
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RESULTSAND DISCUSSION

Co(OH), and Co,0, Nps X-ray diffraction pat-
ternsareshowninfigure la-c. All diffraction peakscan
be perfectly indexed to the cobalt hydroxide (JCPDS
card 74-1058) and the cubic phase of Co,0O, spinel
structure (JCPDScard 73-1701), with aunit symme-
try described by the space group Fd3m and | attice pa-
rameter a=8.083A (figures 1b and 1c). The diffrac-
tion peaksare markedly broadened, whichisindicative
of afinecrystdlitesize. Inall cases, no peaksof impu-
rity areobserved inthe XRD patterns.

Inorder to determinethe Co,O, Npsaveragesize,
the peak broadening method usingtheclassicd Scherrer
equation over the (220) and (400) reflectionswasem-
ployed. Co,0, Nps obtained from cobalt acetate
(sampleA) havean averagesizeof 5.0+ 0.28 nm (fig-
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Figurel: XRD patternsof (@) Co(OH), obtained at room
temper atureafter millinginan agatemortar, (b) Co,0, Nps
obtained fromthecobalt acetatesalt (sampleA),and (c) Co,0,
Npsobtained from cobalt chloridesalt (sampleB)
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ure 1b), while those obtained from cobalt chloride
(sampleB) havean averagesizeof 8+ 0.21 nm(figure
1c).

Inthefollowing discussionwewill refer to Co,O,
Npsinagenera form becausethe UV-Visibleabsorp-
tion and Raman spectrafor samplesA and B arevery
amila.

With theaim of to sudy the optica response of the
Co,0, Nps, UV-Visible el ectronic absorption spec-
troscopy using diffusereflectancetechnique (DRS) was
obtained. Figure 2 shows the Co,0O, bulk and Nps
absorption spectra. In both, two wideabsorption bands
appear; thefirst, with amaximum at 352 nm for the
bulk and the Nps, involveschargetransfer transitions
from O*— Co* and O* — Co* and the'A, | — 1T,
trangition, dueto Co(l11) in octahedral geometry. The
second band, with amaximum observed at 650 nm for
the bulk and 569 nm for the Nps, isrelated to the sec-
ond'A — 1T1g trangition, assigned to Co(lll) in octa
hedral geometry andthe*A, — “T, transition attribut-
able to Co(ll) in tetrahedral geometry!“?, For semi-
conductor materia sthe quantum confinement effect is
expected if thesemiconductor S zebecomesamdler than
the Bohr radius of theexciton, and the absorption edge
isshifted toahigher energy. Inthiscase, the absorption
spectrum of Co,O, Npsshowsan absorption edgevaue
at 700 nm (1.76 €V) in comparison with the corre-
sponding Co,O, bulk at 949 nm (1.30eV). Thisim-
portant blue shift of 249 nmisaclear evidenceof the
quantum szeeffect.

Moreover, the Raman spectroscopy is a nonde-
structivetechniquewhichinthelast yearshasbeen ex-
tensively used in nanostructure characterization, the
corresponding Co,O, Nps and bulk Raman spectra
areshowninfigure3. Thesespectraclearly exhibit five
well-defined peaks at 189, 515, 609, 475 and 679
cm'?, assigned to the Raman-active modes of the Co,O,
spined withT,, E andA, | symmetries, respecti velyi444,
Inthe Co,0O, Nps Raman spectrum, the peaks appear
broadened and additionally alittlered shift isobserved.
Thisbehavior hasbeen observed by other authors, and
related to size effect!™.

The HR-TEM micrographs corroborate the for-
mation of smal nanocrystal swith dimensionscloseto
those determined by X-ray diffraction patterns
(figure4). Representativenanocrystalitesobtained from
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Figure 2: UV-Visible electronic absorption spectra of
Co,0,bulk and Nps
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Figure 3 Raman spectra of Co,O, bulk and Co,0O,
nanoparticles

from (a) sampleA and (b) sampleB, and their correspond-
ing electron diffraction patterns

sampleA areshowninfigure4a. These nanocrystals
have dimensions of 3.7nmx3.6nm (thesmallest one)
and 6.2nmx5nm (thelargest one). Whilefigure4b shows
ananocrysta with dimensionsof 11.8nmx7nm; thismi-
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crograph wasobtained from sample B. Theinterplanar
distancesdetermined fromtheir corresponding eectron
diffraction patterns confirmthat the nanocrystalsare
composed of Co,O,.

Ontheother hand, CuO Npswereeasily obtained
at room temperature, after milling in an agate mortar
copper sats(chloride or acetate) and sodium hydrox-
ide, about 20 minutes. Their corresponding X-ray dif-
fraction patterns disclose the formation of a
nanocrystalline product, al diffraction peaks can be
perfectly indexed to themonoclinic CuO tenoritestruc-
ture (JCPDScard 80-1268). The magjor peaks|ocated
at 26 values of 20-70° clearly indicate that the CuO
product is a pure phase; in addition, the diffraction
peaksappear broadened duetofinecrystal size(figures
5aand 5b). Asafirst approximation, crystallite sizes
were calculated from Scherrer equation on (-111) and
(-202) reflections, finding an average CuO nanocrystal
size of 6+0.36 nm when the starting salt was copper
acetate (sample C) and 8+0.56 nmwhen copper chlo-
ridewasusedinthe synthesisof CuO Nps(sampleD).

Theoptical response of CuO Npswasevaluated
by UV-Visible e ectronic absorption spectra, obtained
by DRS. Asshowninfigure6, the spectraof CuO bulk
and Npsexhibit broad absorption bands, centered at
582 nm for the bulk and about 356 nm for the Nps.
The absorption edge values are observed at 817 nm
(2.5eV) and 633nm (1.95eV) respectively. Thisim-
portant blue shift manifeststhe quantum confinement
effect.

To further identify the composition of the copper
oxide nanoparticles, Raman spectrawere measured at
roomtemperature. CuO presentsthreetypica Raman-
activemodeswithAgand 2Bg geometries. Thesechar-
acteristic bands appear at 292, 338 and 631 cn* for
the CuO bulk Raman spectrum. In comparison the
Raman peaks of the CuO Nps are broadened and
shiftedto 273, 325 and 607 cm™ duetothe size effects
of the CuO nanoparticles®l(Figure7).

Typicad HR-TEM micrographs obtained from
sample C areshown infigures8aand 8b. Inthese mi-
crographs, nanocrystalliteswith dimensionscloseto
those determined by X-ray diffraction patternscan be
observed. Whilearepresentativesinglenanocrystd with
dimensionsof 3.4 nmx3.8 nm of CuO Nps(sampleD)
isobservedinfigure8c. Also, thedectron diffraction
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Figure5: XRD patterns of CuO Npsobtained from (a)
copper acetatesalt (sampleC) and (b) copper chloridesalt
(sampleD)
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Figure6: UV-visbleeectronic absor ption spectraof CuO
bulk and nanoparticles
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Figure7: Raman spectraof CuO bulk and nanoparticles

patterns confirm the nanocrysta sto be composed of
CuO.

A principal effect of finitesizeisthebreaking of a
large number of bonds on the surface cations, produc-
ing acore of coupling spins, surrounded by adisor-
dered shell. Thiscan result in adisordered spin con-
figuration near the surface and areduced average net
moment compared tothebulk materids. Innanoparticles
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Figure8: (a) TEM and (b) HR-TEM micrographsof CuO Nps(sampleC), and (c) HR-TEM micr ograph of CuO Nps
(sampleD) and their corresponding electron diffraction patterns
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Figure9: X-band EPR spectraobtained at room temper a-
tureof () Co,0, Npsand (b) CuO Nps

withan antiferromagnetically ordered core, thesurface
spinsareexpected to dominate the measured magneti-
zation duetotheir lower coordination and uncompen-
sated exchange couplings®.

In order to study the magnetic response of nano
particles, X-band EPR spectra of Co,O, and CuO
nanostructures were obtained at room temperature,
under the experimental conditions described. Inthe
Co,0, NpsEPR spectra, showninfigure9a, very broad
absorption bands, which are more intensive for the
smaller nanoparticles, areobserved. Thisbehavior has
been ascribed to weak antiferromagnetic coupling. On
theother hand, inthe EPR spectraof CuO Nps, shown
infigure 9b, broad absorption bands of aweak para-
magnetic axia signal are observed. Inaddition, for the
smaller one, an absorption band at low magneticfield
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appears.
Asexpected, the magnetic behavior isunder the

influence of nanoparticleszeeffectsaswell asintringc
defectslike cation or anion vacancies.
Itisprobablethat in both nanosystemsawesk fer-
rimagnetic coupling happen at low temperatures. Nev-
ertheless, itisnecessary to carry out amagnetization
experiment and hysteresisloop, inorder to confirmthis

possbility.
CONCLUSIONS

We have demonstrated that a sol vent-freemecha
nochemical solid-solid method can be employed to
obtain Co,0, and CuO nanoparticlesin mild reaction
conditions. This procedureisclean, reproducible, en-
vironment friendly and can beextended to other trans -
tion metal oxides as Mn,0O, and Fe,0,. The key to
obtain small nanoparticlesisthe concentration of the
starting salts, and in both caseswhen the acetateisin-
volvedinthereaction systlem, smdler nanoparticleswere
obtained
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