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Structural investigations were performed on combustion synthesized,GuRanoparticles and Cuf@,—

MO, (M = Sn, Ce) nanocomposites in different compositions, by means of X-ray absorption fine structure
spectroscopy. The studies on CuBgnanoparticles reveal that the samples have a structure analogous to
that of the bulk material, wherein all the copper ions occupy the octahedral sites and the iron ions are distributed
between the tetrahedral and octahedral sites. The XAFS investigations oaQztBa0, and CuFgO,—

Ce(Q, nanocomposites show that the incorporation of the tetravalent metal ions in the spinel lattice does not
alter the local structure around copper and iron in GOkr@anoparticles. The X-ray diffraction pattern indicates
CuFe0O, as a single phase in the nanoparticles and shows the incorporation of metal ions in the spinel structure
in addition to the existence of Mand CuFgO, phases in CuR®,—MO, nanocomposites. The nanometric

size of the as-synthesized materials has been confirmed by transmission electron microscopy studies. The
high-resolution transmission electron microscopy investigations also confirm tha;@u#ésts as a single

phase and reveal the composite nature of GDEFeMO, materials.

1. Introduction the local structure of nanoparticulate ferrites including(aze
NiFe04, CoFeQ4, and ZnFeO, by means of X-ray absorption
fine structure (XAFS) spectroscopy and illustrated that the bulk
structure extends to the nanoregime. Carta et® dlave
investigated the formation of Cof®, nanoparticles in an
aerosol SiQ matrix using XAFS technique. The studies on
cation distribution in synthetic binary, ternary, and quaternary
ferrites of stoichiometry M*M,3"O,4, where M = Mg, Co,
Ni, Zn and M™ = Fe, Al, have been elaborately performed by
enderson et att using K-edge X-ray absorption spectroscopy.
Among the ferrites, Cuk©®, has gained significant attention
in recent year$>16Qi et al. reported the preparation of CuBg
nanowalls using electrochemical methddsand Du et al.
reported the preparation of Cufe® nanorods and nanodisks,
using reverse micelle and hydrothermal meth¥ds.addition,
) . . CuFe0,4 nanoparticles have been prepared by co-precipitation
The term nanocomposite encompasses a variety of distinctly methodt® mechanical milling? sol-gel methoc precipitation

different mixed materials at the nanometer scale. Recently, 22 : :
. : : in polymer matrix¢? etc., and these materials have a wide range
several nanocomposites encompassing ferrites have been pre-

S : ; L,
pared and investigated for their interesting properties. TheseOf appllcatllons,énch;dmg _gasbsens_(g;f:(d)z decompgsnprzk
include the magnetiemetallic nanocomposites of g&,—Au,? negative electrodes for Li-ion batteri€shydrogen productior;

magnetie-oxide nanocomposites of Cui@—SnG,° magnetie- magnetic adsorbentéetc. The structural and magnetic evolu-

polymer nanocomposites of £ polypyrrolel® and magnetie tion in CuFeO, caused by high-energy ball milling was
sulfide nanocomposites of §@,—PbSH In the recent past, there investigated by Goya et & wherein the researchers evidenced

! . _that the milling process reduces the average grain size of
has been considerable research on the structure and catio . ; ST
DT ! ! . . ; uFeO, and induces cation redistribution between tetrahedral
distribution in ferrite nanomaterials. Nilsen etlahave studied

and octahedral sites.
In CuFeQ,4 bulk materials, generally the copper ions occupy

Magnetic nanomaterials have long been of scientific and
technological interest. Among the magnetic materials, the spinel
structured ferrites having general formula MBg have been
used in many industrial applications. By adjusting the chemical
identity of the M cation, the magnetic configurations of
MFe>O, can be molecularly engineered to provide a wide range
of magnetic propertiesDue to this versatility, MFg), nano-
materials have been increasingly investigated for nanomagnetis
and have shown great potential for many important technological
applications, ranging from information storage and electronic
devices to medical diagnostics and drug deliveiSeveral
studies on pure nanoferrites such agdz& NiFe;O4,* CoFeO,,°
ZnFe0,4% and MnFgO,4” have shown the supremacy of nanosize
in view of their properties and applications.
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the six near-neighbor anions by four coplanar covalent bonds calculations of parent Cug®, were reported earliet. In the
and two linear ionic bonds. Due to the orbital overlap, the four preparation of CuF£,—SnG, nanocomposites, the stoichio-
coplanar covalent bonds are shorter than the two ionic bondsmetric quantities of Cu(Ng),-6H,0, Fe(NQ)3-9H,0O, SnCl,

and the elementary octahedron becomes distorted from cubicHNOs, and CO(NH), were dissolved in 100 mL of distilled
to tetragonal symmetrf. Bulk CuFeOy, is tetragonal below 760  water, and in the preparation of CyEa—CeQ, nanocompos-
°C and the axial rati@/a decreases monotonically from room ites, the stoichiometric quantities of Cu(3@6H,0, Fe(NQ)s:
temperature to 700C. Above 760°C, the copper ions are  9H,0, Ce(NQ)s, and CO(NH), were dissolved in 100 mL of
distributed in the anion interstices and the lattice is cdbit. distilled water. For both nanocomposites, the mixed nitrate
is reported that, at room temperature, 88% of copper ions areurea solution was heated at 110, with continuous stirring.

in octahedral sites and, at 70Q, the concentration of copper  After the evaporation of an excess of water, a highly viscous
ions decrease to 74%. The fact that copper ions migrate from gel was obtained. Subsequently, the gel was ignited at’@00
octahedral to tetrahedral sites indicates that they can be readilyto evolve the undesirable gaseous products, resulting in the
accommodated in tetrahedral sites although, because of squareformation of desired product in the form of foamy powder.

bond formation, it is more stable in octahedral s#&s ferrites, Finally, the powder was sintered at 1100 for 5 h toobtain
the divalent and trivalent metal ions occupy the site for which ultrafine powders of CuR®;—MO, nanocomposites.
they have higher crystal field stability energy (CFSEJ: For 2.2. MeasurementsThe transmission mode XAFS measure-

example, the P& cation has higher octahedral CFSE and ments were performed on the nanocomposite ferrite samples at
occupies the octahedral sites, bu#Feations have zero CFSE Cu K-edge at 8979 eV, Fe K-edge at 7112 eV, and Ge L
and, therefore, can occupy either tetrahedral or octahedral sitesedge at 5723 eV at the Ic;eamline Al at Hamburgér Synchrotron
depending on the preference energy of the second cation in theg 5 giation Laboratory (HASYLAB), Hamburg, Germany. The

structure®® In bulk CuFeQ,, the iron ions are arbitrarily ; ;
o ' ) samples were measured with a Si(111) double crystal mono-
distributed between the tetrahedral and octahedral sites. The b (111) y

SO ) chromator at ambient conditions, and ion chambers filled with
distribution and valence of the metal ions on the octahedral and

hedral sites d ) h ials i q el nitrogen were used to measure the incident and transmitted
tetrahedral sites determines the materials’ magnetic and elecyansities. The positron energy was 4.45 GeV, and the beam
tronic properties. Hence, it is noteworthy to study whether the

. . current was between 90 and 130 mA during the measurements.
CuFe0, nanoparticles have a structure similar to that of bulk 1o sampjes in solid state were embedded in cellulose matrix
CuFeQ, and to also investigate the cation distribution in the and pressed into a pellet. The concentration was adjusted to
nanopartlcle_s. . . yield an extinction of 1.5. The prepared pellets were encapsu-

This work is a part_of a comprehensive study concerning the |ated by Kapton tape and mounted on to sample holders for
structure and properties of Cuftl based nanocomposites. We  y Ars measurements. The compound formation, phase purity,

have pre_vio;;sly reported the dielectfionagnetic® and elec- 54 crystallinity of the ferrite materials were identified by X-ray
trochemical® properties of CuF£®,—SnC; nanocomposites.  noder diffraction (XRD) pattern measured using a X-ray

Since the functional properties.of_ these mater!als are stro.ngly diffractometer (Rigaku Dmax/2C, Japan with Cu Kadiation:
depgndent on the structure, it is important to investigate itin ; _ 1 5405 A). The particle size was analyzed through
detail. In this paper, we report the investigations on the local 5ngmission electron microscopy (TEM) using a JEOL-JEM
structure and cation distribution in Cufel nanoparticles a_nd 100SX microscope operating at an accelerating voltage of 200
the influence of Sn@and CeQ on the structure and coordina- .\ in high-resolution (HR) mode. The TEM specimen was
tion geometry of CL,"_?@“, based nanocomposnes. . prepared by dissolving a small quantity of the sample in ethanol
Elemental §e|ecF|V|ty is one of the main character|st|c§ of and sonicating the solution for 10 min in a vial placed in a
X-ray absorption fine structure (XAFS) spectroscopy, which gqnication bath. A few drops of the sample suspension were
makes it suitable to analyze problems of this nature. XAFS deposited on a copper grid (400 mesh, Spi suppliers, West

spectroscopy.using a synchrotron radiation source isa powerf“'Chester, PA) coated with carbon film, and they were allowed
tool to determine the local structure of a specific atom, regardless dry in air, at ambient conditions.

of the physical state of the sample. The extended X-ray
absorption fine structure (EXAFS) spectroscopy provides in- WINXAS® was used for normalization and the program

formation about the coordination number, the nature of the 43
scattering atoms surrounding the absorbing atom, the interatomicAUTOBK was used for the removal of background. The

distance between absorbing and backscattering atoms, and thgmployed method subtracts a spline that best eliminates the

Debye-Waller factor, which accounts for the disorders due to nonstructural p_ortion from the measgred spectrum. The spli_ne
the static displacements and thermal vibrati#ii€.The X-ray ”S‘?d to approximate the background is a t.h|rd-order polynomial
absorption near-edge structure (XANES) region provides in- Zpllne W|tfhfkno(;s th?‘t ?r:e eq?allyl sp:illced?pgc?, Whelre ?ne .

formation about oxidation states, vacant orbitals, electronic 2€9'€€ of Ireedom In the Spiine IS allowed. Lata evaluation in
configuration, and site symmetry of the absorbing atfihe k-space was performed accordlng to the curved wave formalism
XANES spectra may have preedge peaks related to the electronic,Of tT_e dpm?ram EXC_H]RV% W'tfh XALP;'A fphﬁse and d
transitions taking place between the different shells. The strength@MP/ltude functions. The mean free paths of the scattere

of such preedge peaks strongly depends on the coordination€lectrons were calculated from the imaginary part of the potential

geometry around the absorbing atom and can therefore be use(ﬁvPI set t°_4'0_0)’ the amplitude factor AFAC was fixed at
as an indicator of geometrical chang@4? 0.8, and a Fermi energy shi- was introduced to give a best

fit to the data. The structural parameters were obtained by
nonlinear least-squares fitting kaspace withk® weighting and
with k-ranges chosen to be as large as possible. In the fitting

2.3. EXAFS Evaluation. In the data analysis, the program

2. Experimental Section

2.1. Sample Preparation.The nanocrystalline Cu®, and procedure, the various parameters, i.e., coordination number,
CuFe0O,—xMO; (x = 5%, 20%—percentage by weight; M- interatomic distance, Deby@Naller factor, and Fermi energy
Sn, Ce) nanocomposites were prepared by-tnésate combus- value, were determined by iterations. For clarity reasons, the

tion method. The synthesis procedure and the thermodynamicalEXAFS spectrum and the Fourier transform plot are shifted
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Figure 1. Experimental {-) and calculated-{-) EXAFS functions (a) and their Fourier transforms (b) for CxBenanoparticles measured at the
Cu K-edge.
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Figure 2. Experimental ) and calculated-f-) EXAFS functions (a) and their Fourier transforms (b) for Cizenanoparticles measured at the
Fe K-edge.

along the ordinate axis in many figures. The exact zero position of centrosymmetry of the metal atom environment leads to an
of the EXAFS spectrum and that of the corresponding Fourier increase in the preedge peak intensity.

transform can be obtained by observing the value on the ordinate
axis at the intersection point.

2.4. XANES Evaluation.The XANES spectra directly reflect
the changes in the structural and electronic properties as the 3.1. CuFeQ4 Nanoparticles.The experimentally determined
method involves the excitation of a photoelectron into low-lying and the theoretically calculated EXAFS functionskispace
empty states of the central atom. For a given environment, theand their Fourier transforms in real space for Cizenano-
main peak is broadened by disorders in the nearest neighborparticles, measured at the Cu and Fe K-edges, are shown in
distances and secondary peaks occurring a few tens of elecigures 1 and 2, respectively. The corresponding structural
tronvolts above the main peak correspond to multiple scattering parameters are tabulated in Table 1. In the evaluation of the
from neighboring atom shelf$. The lower conduction bands  EXAFS function, it should be considered that depending on the
of transition metal oxides are primarily composed of metal 3d site occupancy by the cation, the catiayxygen and the catieh
orbitals, while the upper valence bands are mainly composedcation distances differ very much. For the analysis at the Cu
of oxygen 2p orbital4® Due to the crystal field of the lattice, K-edge, a four-shell model is fitted. The analysis indicates two
the 3d orbitals of the lower conduction bands are split into distinct oxygen shells at 1.97 and 2.21 A distance with four
subbands that gained p-character by mixing with p-orbitals of and two backscatterers, respectively. This result clearly reveals

3. Results and Discussion

the central metal atom or neighboring oxygen atdm$he that the copper ions occupy the octahedral interstices in the
preedge features in XANES spectra of transition metal K-edge spinel lattice, wherein each copper atom forms four short
could be attributed to (a) s 3d quadrupole transitiorf§,(b) coplanar covalent bonds and two long linear ionic bonds with
dipole-allowed transitions due to 3dp mixing of the metal, the six near-neighboring oxygen atoms. The third shell was

and (c) d-p mixing between the metal atom and ligands through determined at 2.94 A distance with about six metal backscat-
bonding and multiple scattering involving the same atoms with terers. This distance is typical of the cations occupying the
different scattering patH$. Therefore, the positions of the octahedral sites (B sites), when the absorber is in an octahedral
preedge peaks directly reflect the crystal field splitting of 3d site’? and is mentioned as Min the tables. In the case of
orbital subbands, and intensities of the preedge features areCuFeQ,, both copper and iron atoms occupy the B sites and it
sensitive to the local coordination geometry of the metal atom. was not possible to discriminate their individual contributions
In the case of inner transition elements, there is a large mixing by means of EXAFS spectroscopy; therefore they were fitted
of metal 4f and oxygen 2p orbitals. In the,kedge XANES together as a single metal shell with iron amplitude and phase
region of the f-block elements, the main peak due to2pd functions. The fourth shell was found at 3.40 A, a distance
electronic transition is influenced by many-body effeétn typical for the cations occupying the tetrahedral sites (A sies),
general, an increase in the oxidation state of the metal atomand is cited as i in the tables. This shell could be fitted with
causes a shift to higher energies and a decrease in the degreabout three metal backscatterers using iron amplitude and phase
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Figure 3. XANES region (a) of CuFg, (—) along with the reference CuQ-{) measured at the Cu K-edge. XANES region and (b) of GOre
(—) along with the references §@; (---) and FeO (--) measured at the Fe K-edge.

TABLE 1. EXAFS Obtained Structural Parameters for CuFe O, Nanoparticles

sample A-Bs? Nb re(A) o9d(A) Ere(eV) k-range (&A1) R-factor
CuFeO, Cu-O 3.7+ 04 1.97+ 0.02 0.0674 0.007 7.111 2.9715.04 39.31
Cu-0O 1.7£0.2 2.21+ 0.02 0.095+ 0.010
Cu—Mpgf 6.4+ 1.0 2.94+ 0.03 0.102t 0.015
Cu—M,? 3.1+06 3.40+ 0.04 0.110+ 0.022
Fe-O 514+05 1.95+ 0.02 0.104 0.011 4.850 2.9712.03 28.39
Fe—Mg 57+£09 2.99+ 0.03 0.122+ 0.018
Fe—Mas" 56+1.1 3.45+ 0.04 0.122+ 0.024

a A, absorber; Bs, backscatterebs\, coordination numbeker, interatomic distance! o, Debye-Waller factor, with its calculated deviation.
¢ Er, Fermi energy’ Mg, metal backscatterers occupying the octahedral $itéls, metal backscatterers occupying the tetrahedral difesys,
metal backscatterers occupying both tetrahedral and octahedral sites.

TABLE 2: Edge Energy and Oxidation States for the Nizn—ferrite films>32 In the Fourier transform plot, the second
Different Ferrite Nanocomposites along with the Reference peak is broad and spreads over a wide range, indicating the
Compounds presence of both the second and the third shells in it. This is
sample element oxidation state absorption edge (eV) also an indication that iron atoms occupy both tetrahedral and
CuFeO, Cu +2 8991.0 octahedral sites. The second shell could be fitted at a distance
Fe +3 7124.0 of 2.99 A with about six metal backscatterers occupying the B
CuFe0,—5% SnQ Cu +2 8991.0 sites, as this distance is typical of a cation present at the
CuFe0:—20% SnQ (F:‘Z Ig gégi‘:g octa_hedral_sites. The _third shell found at 3.45 A d_ista_nce coul_d
Fe +3 7124.5 be fitted with about six metal backscatterers. This distance is
CuFe0,—5% CeQ Cu +2 8991.0 typical for metal backscatterers occupying tetrahedral sites, when
Fe +3 7124.0 the absorber is in an octahedral site. However, this distance is
Ce +4 5717.0 also characteristic for metal backscatterers occupying octahedral
CuFe0O,~20% CeQ E(Laj ig gigi'g sites, when the absorber is in a tetrahedral site. Since the results
Ce +4 5717.0 illustrate the presence of iron in both tetrahedral and octahedral
CuO Cu +2 8991.5 sites, the contributions for the third shell comes from the cations
FeOs Fe +3 7124.0 occupying both A and B sites, and is mentioned agshh the
Feo Fe  +2 7119.5 tables. In the evaluation of the second and third shells, iron
CeQ Ce +4 5716.5

amplitude and phase functions were used. For all three shells,
functions. The obtained structural parameters are in agreementhe determined DebyeWaller factor values were higher than
with the values reported for bulk Cuf, in the space group ~ hormal, indicating high disorder in the distribution of iron atoms
14,/amd52 The results reveal that all the copper atoms occupy between the tetrahedral and octahedral sites. The first shell
the octahedral sites and their occupancy of tetrahedral sites could™e—O bond distance of 1.95 A determined from EXAFS
not be validated. analysis is an average of the tetrahedrally and octahedrally
For the analysis at the Fe K-edge, a three shell model is coordinated iron atoms. In bulk Cuf, in the space group
employed. The first shell is centered at 1.95 A distance and l41/amd the Fe-O distance is 1.74 A for the iron atoms on the
could be fitted with about five oxygen backscatterers. The A sites and 2.14 A for the iron atoms on the B sftétlsing
asymmetric shape of this first peak in the Fourier transform these values, the percentage distribution of iron atoms between
plot corresponds with the two different & bond distances  the tetrahedral and octahedral interstices can be estimated
attributable to the presence of iron atoms on the tetrahedral andemploying the procedure reported in the literattfreThe
octahedral sites. Similar observation has also been reported forcalculations indicate that 58% of iron ions are in A sites and
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Figure 4. Experimental {) and calculated-(-) EXAFS functions (a) and their Fourier transforms (b) for Ci:e-SnG, samples measured at Cu
K-edge.
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Figure 5. Experimental {-) and calculated-(-) EXAFS functions (a) and their Fourier transforms (b) for Cse-SnQ;, samples measured at Fe
K-edge.
42% are in B sites. Furthermore, the average coordination oxidation states determined from the XANES analysis for
number calculated on the basis of the same literdtuesults CuFeO,4 nanopatrticles at the Cu and Fe K-edges are tabulated
in a value of 4.8, which is in agreement with the value of 5.1 in Table 2. The XANES region of CuE®,; nanoparticles
determined from EXAFS analysis. In addition, it is noteworthy measured at the Cu K-edge is shown along with the reference
to mention that Sahastabudhe and Vaingatthwave illustrated CuO in Figure 3.
the covalent bonding nature of copper ferrite by means of In bulk CuFeQ,, the X-ray diffraction measurements at room
EXAFS spectroscopy considering the octahedral/tetrahedraltemperature reported by Ohnishi and Teranfsimdicate that
cation—oxygen bonding and the electronegativity difference approximately 10% of the copper atoms occupy the tetrahedral
between cation and oxygen ion. Yang et&have successfully  sites, and theof§ suggests that the tetrahedrally coordinated
employed EXAFS to study the copper cation inversion in copper ions should havel valence. It follows that, for such a
CuFe0Q, as a function of saturation magnetization. sample, in the XANES region, one would expect to observe
The XANES investigations were performed to complement the contributions from a mixture of 90% €uand 10% Cu*
the results obtained from EXAFS studies. The edge energy andcations. In such a case there would be a small preedge peak
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Figure 6. Experimental{) and calculated-{-) EXAFS functions (a) and their Fourier transforms (b) for Csflze-CeQ, nanocomposites measured
at the Cu K-edge.

TABLE 3: EXAFS Obtained Structural Parameters for CuFe ;0,—SnO, Nanocomposites

sample A-Bs? Nb re(d) od(A) Ere(eV) k-range (&%) R-factor
CuFe0,—5% SnQ Cu-0O 3.5+04 1.96+ 0.02 0.067+ 0.007 7.668 2.9615.04 39.59
Cu-0O 1.5+ 0.2 2.18+ 0.02 0.074 0.008
Cu—Mgf 6.3+ 1.0 2.93+ 0.03 0.105+ 0.016
Cu—Mp? 3.2+ 0.6 3.40+ 0.04 0.114+ 0.023
Fe-O 514+05 1.96+ 0.02 0.112+ 0.011 4.678 2.9912.02 27.72
Fe—Mg' 5.3+0.8 2.99+ 0.03 0.122+ 0.018
Fe—Mag" 4.6+0.9 3.45+ 0.04 0.122+ 0.024
CuFe0,—20% SnQ Cu-0O 3.6+:04 1.96+ 0.02 0.063+ 0.006 7.957 2.9515.04 43.64
Cu-O 1.8+ 0.2 2.17+ 0.02 0.077+ 0.008
Cu—Mjgf 6.6+ 1.0 2.93+ 0.03 0.105+ 0.016
Cu—Ma,? 3.2+ 0.6 3.39+ 0.04 0.114+ 0.023
Fe-O 52405 1.97+ 0.02 0.104 0.011 4.887 2.9712.03 32.47
Fe—Mgf 6.5+ 1.0 2.99+ 0.03 0.118+ 0.018

Fe—Mag" 47+0.9 3.39£ 0.04 0.145+ 0.029

a A, absorber; Bs,backscattere?s\, coordination numbef.r, interatomic distance o, Debye-Waller factor, with its calculated deviation.
¢ Er, Fermi energy " Mg, metal backscatterers occupying the octahedral ifeéls, metal backscatterers occupying the tetrahedral gitésys,
metal backscatterers occupying both tetrahedral and octahedral sites.

signifying the contributions from Gt cations?%° However, metric tetrahedral site, dipole interactions are allowed, wherein
in the CuFgO,4 nanoparticles the above-mentioned preedge peak the mixing of 4p and 3d orbitals intensifies the absorpfibim
could not be evidenced, indicating the absence df"@ations. CuFeQ,4 nanoparticles, the preedge peak is more pronounced

This in turn reveals that there are no tetrahedrally coordinated due to the noncentrosymmetric tetrahedral crystal field. The
copper ions, which is in agreement with the EXAFS studies. In XANES studies suggest that iron ions occupy more of A sites
addition, the similarity in the values for the absorption edge of than B sites, which is in agreement with the EXAFS studies.
CuFeO, nanoparticles and CuO reveals that copper is in the 3.2, CuFe0,—Sn0, NanocompositesThe experimentally

the +2 oxidation state in the nanoparticles. determined and the theoretically calculated EXAFS functions
The XANES region of CuF£®, nanoparticles measured at in k-space and their Fourier transforms in real space for the
the Fe K-edge is shown along with the referencegOg@nd nanocomposites of Cuk@, containing 5 and 20% (percentage

FeO in Figure 3. The comparison of the absorption edge valuesby weight) SnQ, measured at the Cu K-edge, are shown in
of CuFeQ, nanoparticles with those of 83 and FeO indicates  Figure 4 and those measured at the Fe K-edge are shown in
that iron is in the+3 oxidation state in the nanoparticles. The Figure 5. The fitted parameters are given in Table 3. The
XANES region of CuFgO, nanoparticles show an intense EXAFS determined parameters for the CeBe-SnQ, (both
preedge peak (marked as A), which is characteristic 8f Fe 5 and 20%) nanocomposites at Cu and Fe K-edges resembled
cations in tetrahedral sites. This preedge peak is attributed tothe structural parameters of their corresponding counterparts
1s — 3d electronic transition. Since 1s and 3d states are without SnQ, indicating that the incorporation of tin ions into
centrosymmetric, the transition probability should be small. the CuFgO, lattice does not lead to significant local structural
When the ion is in a centrosymmetric octahedral site, quadrupolechanges around Cu and Fe ions in CiBegnanoparticles. The
interactions are allowed. But when the ion is in a noncentrosym- XRD investigations reported earlferevealed changes in the
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Figure 7. Experimental{) and calculated-{-) EXAFS functions (a) and their Fourier transforms (b) for Csflze-CeQ, nanocomposites measured

at the Fe K-edge.

TABLE 4: EXAFS Obtained Structural Parameters for CuFe ,0,—CeO, Nanocomposites

sample A-Bs? NP re(A) o4(A) Ere(eV) k-range (A1) R-factor
CuFeO,—5% CeQ Cu-0O 3.7+ 04 1.97+ 0.02 0.0674+ 0.007 7.144 2.9715.04 41.33
Cu-0O 1.6+ 0.2 2.22+ 0.02 0.095+ 0.010
Cu—Mpgf 6.3+ 1.0 2.94+ 0.03 0.102+ 0.015
Cu—Ma,? 3.0+ 0.6 3.40+ 0.04 0.112+ 0.022
Fe-O 5.1+ 05 1.954+ 0.02 0.110+ 0.011 4.802 2.9612.03 28.06
Fe—M5f 53+038 2.99+ 0.03 0.122+ 0.018
Fe—Masg" 6.0+ 1.2 3.45+ 0.04 0.122+ 0.024
CuFe0,—20% CeQ Cu-0O 3.6+04 1.97+ 0.02 0.063+ 0.006 7.516 2.9615.04 40.02
Cu-0O 1.7+ 0.2 2.20+ 0.02 0.084+ 0.008
Cu—Mpgf 6.3+ 1.0 2.93+ 0.03 0.100+ 0.015
Cu—Ma? 3.2+ 0.6 3.40+ 0.04 0.112+ 0.022
Fe-O 514+05 1.95+ 0.02 0.104 0.011 4.750 2.9912.02 27.25
Fe—M5f 544+0.8 2.99+ 0.03 0.122+ 0.018
Fe—Masg" 58+1.2 3.45+ 0.04 0.122+ 0.024

a A, absorber; Bs, backscatterebs\, coordination numbe€er, interatomic distance! o, Debye-Waller factor, with its calculated deviation.
¢ Er, Fermi energy’ Mg, metal backscatterers occupying the octahedral $itéls, metal backscatterers occupying the tetrahedral ditesys,
metal backscatterers occupying both tetrahedral and octahedral sites.

TABLE 5: XRD Obtained Lattice Parameters for CuFe-O4

and CuFe0,—CeO, Nanocomposites

a(h)

sample

c(A)

8.27404+ 0.0003
8.2581+ 0.0002
8.2607+ 0.0002

CuFeO,
CuFe0O,—5% CeQ
CuFe0,—20% CeQ

8.4814- 0.0002
8.6881H- 0.0001
8.652H- 0.0003

lattice parameter values of Cufa due to the addition of SnQO

which could be taken as evidence of
into the spinel lattice. Furthermore, th

incorporation of tin ions
e XRD pattern revealed

the presence of Bragg peaks representative 0b&n@® CuFgO,
phases, indicating that the incorporation is minimal and the
excess of Sngphase segregates. Because the Smdtent was

very low in the samples, unambiguo

different phases was not possible. The TEM investigations on

the as-synthesized samples indicate

us quantification of the

that the g&~eSnQ,

samples are composed on-2B0 nm sized particle.In
addition, the HRTEM studies also showed the phase segregation
of SnG and CuFgO,4 nanoparticleS. The Cu-Sn or Fe-Sn

distances could not be determined from EXAFS analysis as the CuFe0,—20% CeQ (c).

Intensity (a.u)

(422)
»(400)

(b)

et ()

70 80

20 (degree)

Figure 8. XRD patterns of Cur®, (a), CuFe0,—5% CeQ (b), and
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Figure 9. TEM (a) and HRTEM (b) images of Cuk®, nanoparticles. TEM (c) and HRTEM (d) images of CuBe-5% CeQ nanocomposites.
The scale bar in (a) is 10, (b) is 5, (c) is 20, and (d) is 5 nm.

contributions from the tin atoms are lower than the contributions  The XRD patterns for 110€C sintered 5 and 20% (percent-
from the core CuF®, nanopatrticles. age by weight) Ce@containing CuFg0, nanocomposites are

The XANES region of CuF#,;—SnQ, nanocomposites at ~ shown in Figure 8, along with the pattern of CyBg nano-
the Cu and Fe K-edge are similar to those in Giile particles. The obtained lattice parameters are tabulated in Table
nanoparticles. The edge energy and oxidation states determined. It can be observed that the XRD patterns are characterized
from the XANES analysis at the Cu and Fe K-edges are listed by well-defined sharp and high-intensity peaks with deficite
in Table 2. The comparison of the absorption edge values of andh k | values. The mean crystallite size was calculated from
CuFe0,—SnQ nanocomposites with the corresponding refer- the width of the most intense diffraction peak using the Scherrer
ence compounds indicate that copper is in #®and iron is equatiofi? and the crystallite dimensions were found to be 15,
in the +3 oxidation state in these nanocomposites. 41, and 31 nm for CuR8, nanoparticles, Cuk©,—5% CeQ,

3.3. CuFe0,—Ce0, NanocompositesThe experimentally ~ and CuFgO,—20% CeQ nanocomposites, respectively. The
determined and the theoretically calculated EXAFS functions XRD results reveal a tetragonal structure for Cizenano-
in k-space and their Fourier transforms in real space for the Particles and for the corresponding CyBg-CeQ; nanocom-
nanocomposites of Cuf®, containing 5 and 20% (percentage Posites. The addition of Ce@s characterized by the emergence
by weight) CeQ, measured at the Cu K-edge, are shown in Of a (111) peak at 28%5and a (220) peak at 47.4refer to
Figure 6 and those measured at the Fe K-edge are shown infigure 8) belonging to pure ceria, and their intensities are found
Figure 7. The determined structural parameters are tabulated inf0 increase with the increase in concentration of £e@is
Table 4. In this case as well, the structural parameters obtainedinteresting to note that the 5% Cg®ontaining composites
from both Cu and Fe K-edge analyses are similar to those of €xhibit a prominent (311) peak (at 36) bf CuFeO4 compared
CuFeO, nanoparticles. There are also no variations in the t0 20% CeQ composites, which could be attributed to the
parameters obtained for the 5 and 20% ge@ntaining samples,  incorporation of cerium ions in the spinel structure. The variation
revealing that the addition of CeQloes not alter the local  in the lattice parameter values of Ce@CuFeO,; nanocom-
structure around Cu and Fe ions in CuBgnanoparticles. In  Posites in comparison to Cuj&@, nanoparticles also indicates
this case as well, the distances corresponding te-@aiand the incorporation of cerium ions in the spinel lattice. In addition,
Fe—Ce could not be determined from EXAFS analysis due to the XRD pattern of these nanocomposites also reveals the
the same reasons mentioned earlier for G@ge SnG, nano- presence of Bragg peaks corresponding to a pure,@ease,
composites. Due to the low absorption jump at the Geddge which could be attributed to the excess of Ge®hich is not
because of high extinction and low Ce€ntent in the samples, incorporated in the spinel structure. Due to the low ge@ntent
the signal-to-noise ratio was poor in the measured spectrum andin the samples, unequivocal quantification of the different phases
hence, the EXAFS data could not be evaluated. Due to the could not be performed.
inability to perform detailed EXAFS analysis at the Cg-L The TEM and HRTEM images of the as-prepared Gakze
edge, the possibility of the CtO—Ce and Fe-O—Ce interac- nanoparticles and Cup@,—5% CeQ nanocomposites are
tions could not be unequivocally addressed. shown in Figure 9. The TEM investigations show that the
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22 4. Conclusion
A The EXAFS and XANES investigations on CykEr nano-
particles reveal that the nanopatrticles have a structure analogous
to that of the bulk material. The studies indicate that all the
copper ions occupy the octahedral sites, and the iron ions are
distributed between the tetrahedral and octahedral sites. The
XAFS investigations on Cuk©,—SnG and CuFgO,—Ce
nanocomposites show that the incorporation of the tetravalent
metal ions in the spinel structure does not alter the local
environement around copper and iron ions in Gkzenano-
particles. In addition, the XRD pattern indicates CyBgas a
single phase in the nanoparticles and shows the incorporation
of tin and cerium ions in the spinel lattice besides the existence
of MO, and CuFgO, phases in Cuk8,—MO, nanocomposites.
Furthermore, the TEM studies show that the as-synthesized
particles are in nanometric sizes. The HRTEM investigations
also confirm that CuR®, exists as a single phase and reveal
the composite nature of Cuff&—MO, materials.
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