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ZnFe2xYbxOs with (x =0, 0.01, 0.02, 0.03, 0.05, 0.07, and 0.09) have been successfully synthesized by the sol-gel method at 750°C.
X-ray diffraction results showed a single phase and crystalline nanopowders of spinel-type structure with cubic symmetry and space
group. The lattice parameters increase with Yb3* concentrations. The BET specific area of ZnxFezxYbxO4 (x = 0.03) was determined
to be the larger 13.59 m%/g. The crystallite size was determined by Rietveld to be in the range of 29-104 nm. FTIR spectra showed two
strong absorption bands, a common characteristic of the spinel structure. Further, the shifting of the lower absorption band toward a
higher frequency confirms that Yb>* ions predominantly replaced Fe*" ions in octahedral sites. The formation of the spinel phase in the
samples was also validated by Raman scattering, with asymmetric broadening, and a systematic shift in the Raman spectra was observed
as a function of Yb3+ concentration. Scanning electron microscopy SEM showed that powders consist of micrometric aggregation of
smaller particles. EDS examinations verified that the chemical elements Zn, Fe, Yb, and O are present in all samples. The direct
bandgap energy values are calculated by Tauc’s plot, and it indicates a semiconductor character of our compound, revealing an increase
and enhancement in bandgap energy values from 1.82 to 2.4 eV with Yb** substitution.
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1. INTRODUCTION

The synthesis of nanostructured materials with controlled composition and improved chemical-physical
properties is one of the most interesting fields of materials science. Spinel compounds with excellent chemical stability
and optical properties have attracted the attention of many researchers in various technological applications such as
cancer treatment [1], medicinal chemistry and pharmacology [2,3], photo catalyst in wastewater treatment [4-6] H»-
generation under visible irradiation [7, 8], lithium-ion batteries [9-11] and gas-sensing devices [12,13]. The spinel
ferrite oxides are a new family of magnetic nanomaterials, in which ferric ions “Fe **” play a prominent role as a
principal cation in their composition [14]. This family of magnetic nanoparticles shows impressive properties which
proved to be promising nanomaterials used in a variety of magnetic applications such as magnetic resonance
imaging [15,16] and magnetic hyperthermia [17, 18]. The molecular formulas of spinel ferrites are represented by
MFe;04 (M is a divalent ion, such as Ni?*, Mg?', Zn?', Co?", etc.). The unit cell has two distinct internal sites with a
total of 96 sites, of which 64 are tetrahedral A-sites and 32 are octahedral B-sites. The structure attributes of spinel
ferrites are intricately influenced by magnetic interactions and the distribution of cations across B and A sites [19].
Zinc ferrite bulk material ZnFe,O4 has a normal spinel structure, where divalent cations Zn?'are located on the
tetrahedral sites while trivalent cations Fe*" are located at the octahedral sites [20]. Zinc ferrite nanoparticles doped
with transition metals are being studied widely by various research groups [21-23]. Recently, the substitution of rare-
earth elements in zinc ferrite was also studied in numerous research such as ytterbium (Yb**), Neodymium (Nd**)
Lutetium (Lu*") substitution [24-26]. Rare earth ions are one of the most excellent substituents to further improve zinc
ferrite properties. They play a major part in the enrichment of their electromagnetic characteristics [27,28]. Trivalent
rare-earth dopants prefer a cubic crystallization system occupying the octahedral sites due to their larger ionic
radius [29]. In fact, the ionic radius of rare earth elements is larger than Fe’" which leads to a structural distortion of
the spinel ferrite [30]. The substitution of the host iron ion (3d) in coordination number CN = 8 by rare earth cations (4f)
results in structural distortions and thus significantly modifying the structural properties and optical ones of the ferrite
nanoparticles through the coupling of the 3d-4f electron [31].

The aim of this study is to synthesize ZnFe, YbO4 with x=0, 0.02, 0.03, 0.05, 0.07, and 0.09 pure phase using
the sol-gel method at 750°C. The works ought to improve structural, morphological and optical properties via Yb**-
substitution process. Extensive characterization with various technics including XRD, FTIR, BET, SEM and diffuse
reflectance were interested in investigating the impact of ytterbium concentrations on enhancement bandgap energy of
the ZnFe; «YbxO4 compounds.
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2. EXPERIMENTAL
2.1. Synthesis

Yb** doped ZnFe,Os were synthesized by sol-gel method using zinc nitrate Zn(NOs),.6H,O, iron nitrate
Fe(NO3)3.9H,0 purchased from Alfa Aesar. Ytterbium nitrate Yb(NO3)3.5H,O with 99.9 % and citric acid C¢HsO7 were
supplied from Sigma-Aldrich with 99.9% purity. First, Zn(NO3),.6H,0, Fe(NO3)39.H,0, and Yb(NO3)3.5H,0, in their
respective stoichiometry were dissolved in 10 mL of deionized water which were then mixed. After continuous stirring
for 30 min at room temperature, a citric acid C¢HgO7, as a complexity agent, was added to the solution which was then
heated at 85°C under magnetic stirring until a gel formed. The resultant gel was dried at 80 °C for 48 hours. Then, the
generated powders were ground in an agate mortar and heat-treated at 750 °C for 8 hours in a tube oven in the air (4 h, 5
°C/min). The procedure is illustrated in figure 1.
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Figure 1. Different steps of synthesis of ZnFe>xYbxO4 (x=0 0.01 0.02, 0.03 0.05 0.07 and 0.09) nanoparticles by sol-gel method

2.2 Characterizations

The identifications of ZnFe, xYbxO4 phases were done by using X-ray diffraction (XRD). The patterns were recorded
with Briiker D8 Phaser X-ray diffractometer equipped with Cu Ko radiation (\Cu = 1.5418 A) in the 20 range (10-70°).
Raman spectra for samples were recorded on a Horiba Jobin Yvon Lab Ram high-resolution spectrometer in
backscattering geometry in the range 100-1000 cm™ with a He-Ne laser excited with wavelength 532nm, grating 1800
lines/mm, slit 100, power at sample of 0.4 and 1.0 mW, and acquisition 20 s/5 cycles. Jasco FT/IR-4200 was used for
Fourier Transform Infrared spectroscopy over the range 400-4000 ¢cm™'.The morphology of the nanopowders was
investigated using a scanning electron microscope (SEM-EDS) on a Quattro SEM FEG. The BET surface area, pore-
volume and pore size distributions were investigated via N, sorption performed on a BET ASAP 2020 PLUS 2.00
instrument. The grain size distribution was measured using the Mastersizer 2000, Malvern laser instrument. The different
grain sizes were dispatched among various classes and used to evaluate the most relevant statistical diameters. The band
gap energies Eg of the ZnFe,«YbyO4 nanomaterials were determined from the Tauc relation using the diffuse reflectance
data recorded on a optima SP-3000nano spectrophotometer between (200-800 nm.

3. RESULTS AND DISCUSSIONS
3.1. Structural properties

XRD patterns of Yb*" doped ZnFe,O4 samples synthesized at 750°C using sol-gel method are shown in Figure 2a.
The results indicate that all the samples crystallize in a cubic spinel structure according to JCPDS card no. 22-1012 with
the space group: Fd-3m [32,33]. All diffraction peaks were indexed and matched to a single phase without the detection
of any peaks attributed to the formation of secondary phases. As a result, Yb*" atoms are assumed to be efficiently
incorporated into the lattice within the studied range. Figure 2b shows that the Yb3* substitution causes a shift of the XRD
peaks towards to the lower diffraction angles values. The extent of the peak shift is dependent on the Yb*" content. The
same behaviour was observed upon substituting Yb3+ in cobalt ferrite nanoparticles [34]. This may be attributed to the
ionic radius of Yb3+ (0,85 A), which is larger than that of Fe3+ (0,64 A), causing an increase in the interplanar spacing
and a subsequent decrease in the diffraction angle as the lattice parameter increases [35].

Beyond a certain concentration of Yb?", the single-phase domain of the solid solution becomes poly-phase by the
appearance of new peaks due to the high Yb*"/Fe*" ratio, indicating the formation of secondary phases ytterbium oxide
(Yb203) and ytterbium iron perovskite (YbFeOs), which crystallized in cubic phase (JCPDS file no. 43-1037) and
orthorhombic structure (JCPDS file no. 047-0070) respectively. We are confirmed by preparing samples with higher
concentrations of Yb** showing that the limiting solubility for this compound is when the concentration of Yb3* is located
belongs to 10% and 20% (Figure 2c). Consequently, it can be seen that the maximum solubility limit of Yb*" ions in the
ZnFe;0, crystal structure lies between 10% and 20%.

The lattice parameter a is sensitive to the composition of the solid solution (Figure 3). At first sight, the substitution
of Yb3* with greater ionic radii in place of Fe3* at octahedral site causes expansion of crystalline structure which resulted
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into increase in lattice parameters. However, a close examination reveals that a x =0, 0.01 and 0.02 concentrations are
formed, indicating that the parameter a is not affected by the little amount of Yb*" substitution, and then a decrease at
x=0.05 after which it increases and reaches a maximum at x = 0.09. The lattice parameters are calculated by Rietveld
refinement program. Clearly, the lattice parameter of the doped samples is higher than that of the undoped original
compound and increases with increasing Yb?* incorporation. This behavior is associated with the larger ionic radius of
ytterbium (r=0.87A°) in octahedral coordination compared to iron (r=0.65A°). The considerable difference in ionic radii
between Yb*" and Fe’* leads to a deviation from Vegard’s law, which explains the non-linear increase in the lattice
parameter with increasing dopant concentration [36].
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Figure 2. (a) X-ray diffraction patterns of ZnFe2xYbxO4 (x=0, 0.01, 0.02, 0.03, 0.05, 0.07, and 0.09), (b) expanded view of 20
diffraction peak between 35 and 35.6, and (c) the solubility limit of Yb*" ions in ZnFe204 nanopowders
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Figure 3. Composition dependence of the lattice parameters and crystallite size (D) of ZnFe2-xYbxO4
(x=0, 0.01, 0,02,0.03, 0.05, 0.07, 0.09)

The calculated values for the lattice constant (a) and cell volume (V) are shown in Table 1. The obtained values of
the lattice constant (a = 8.442 A), for ZnFe,O4 (x=0) are in good agreement with the earlier reported values (a = 8.44 A)
[37, 38].
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Table 1. Lattice parameters, Crystallite size, cell volume and surface area of ZnFe2xYbxOs compounds

Lattice cell volume Crystallite size D Rietveld Crystallite size D XRD density Suer (exp)
X constant a VA% refinement Scherrer 1 (g/ cm’) (m/g) Dggr (nm)
(A% (nm) (nm)

0 8.44224 601.690 104.49645 70.025 5.33 6.415 175.47
0.01 8.44397 602.060 99.57471 44.962 5.35 / /
0.02 8.4444 602.152 83.40205 43.137 5.38 / /
0.03 8.4456 602.409 62.64066 32.075 5.40 13.589 81.765
0.05 8.44481 602.240 51.09478 27.275 5.43 / /
0.07 8.44676 602.657 45.45637 30.062 5.50 11.388 95.794
0.09 8.44749 602.813 29.09815 18.85 5.55 / /

In Table 1 is also shown the average crystallite size (Dxrp) Which are evaluated from the width at mid-height  (j3,
radians) of the most intense peak using Debye Scherrer’s formula [39]:

K
" Becosd’ D

Where is a shape factor (taken as 0.94 for spherical crystallites), A represents the X-ray wavelength, and 0 signifies Bragg’s
angle. Moreover, crystallite size D was calculated by the Rietveld method, and by comparison with Scherer, the Rietveld
method appeared to give better results.

As aresults, Yb*" content increases, the diameter is also found to decrease due to the larger ionic radii of the dopant.
The average crystallite sizes were found to be between 29 and 104 nm. The theoretical value of X-ray density p (as
mentioned in Table 1) increases as the Yb®" concentration increases in the samples, and it was calculated through the
following formula:

8M

P = R @
Where a is the lattice parameter, Na represents Avogadro’s number, and M indicates the molecular weight of the
synthesized samples.

To determine the specific surface area and the pore size distribution of the synthesized samples, we have used the
BET method. According to the nitrogen sorption data, the surface areas of ZnFe,Os replaced with Yb*" at composition
values of 0, 0.03, and 0.07 is 6.415, 13.589, and 11.388 m?/g, respectively. Specific surface area is highly affected by the
substitution ratio. The highest surface area is attributed to the sample with composition x = 0.03 with a value of
13.589 m?*/g. whereas the average particle size Dpgr, was determined using the following formula:

6

3

It should be noted that the sample with x = 0.03 has the smallest average particle size (81.765 nm, from Table 1)
compared to x = 0 and 0.07. This confirms that the specific surface area and the particle size are inversely related to each
other [40].

D = .
BET PXSBET

3.2. Vibrational properties
In order to explain the cation distribution at tetrahedral and octahedral sites in ferrites samples which are known to
be sensitive to infrared in the 400-700 cm™' range where the characteristic metal-oxygen bands appear [41]. Figure 4
shows FTIR spectra of the ZnYbyFe,.xO4 nanopowders after calcination at 750°C.
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Figure 4. FTIR spectra ZnFe2 xYbxO4 Figure 5. Raman measurements of the ZnFe> xYbxO4
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All spectra show two noticeable strong bands, common characteristics of spinel structure, where the first around
400-450 cm! characteristic of octahedral coordinated Fe-O, and the second is more intense in the range 530-600 cm™!
associated with the vibrations of the tetrahedral coordinated Zn-O.

The absorption band of octahedral coordination shifts toward higher frequency for the substituted samples, whereas
that of tetrahedral varies more less and remains nearly constant (Figure 4). The shifting toward to the higher frequency
confirms that Yb*" ions are predominantly replacing Fe*" ions at octahedral sites. This was found with ytterbium
doping [42]. Furthermore, an absorption band occurs at 1420 cm™! because of the existence of O-H stretching vibration
of free water molecules [43].

The nanopowders ZnFe,«YbiO4 with (x=0 0.01 0.03 0.05 0.07 and 0.09) have been characterized by Raman
scattering in the range of 100 to 1000 cm™ at the wavelength excitation Aex =532nm which crystallize in cubic ferrites.
Figure 5 shows Raman spectra which indicate the strongest active mode at 655cm™ corresponding to A, symmetric
stretching mode which it associated to vibration of Zn-O in tetragonal site, in other hand the Fe-O vibrations were
attributed at 165-250 and 355 cm™' on octahedral site corresponding to: translational movement of the assembly
tetrahedron; F», (1), symmetric bending; E, and asymmetric bending; F»; (2) respectively, while the F», (3) mode at
480 cm! is the second order active mode Raman. The intensity peaks related to the concentration of Yb*" may be due to
the electronegativity values of ytterbium doping as a rare earth and to the length of vibrating bond of ytterbium with
environmental atoms in the polyhedron [44-47].

3.3. Morphological properties

Scanning electron microscopy (SEM) images of the oxides with compositions x = 0, 0.01, 0.02, 0.03, 0.05, 0.07,
and 0.09 are shown in Figure 6. It depicts all powders that consist of micrometric aggregation of smaller particles. The
existence of a high-density agglomeration indicates that pore-free crystallites are present on the surface. Nonetheless, for
x =0.02, 0.07, and 0.09, the morphological study reveals the presence of pores and voids due to gases emitted during the
synthesis process [48]. Micrographs of ZnFe,O4 samples containing ytterbium are not homogeneous and consist of both
monolithic, massive pieces and grains connected by bridges. The samples' irregular shape could result from mechanical
grinding [49].

Figure 6. SEM images of ZnFe2xYbxOs with x (x=0 0.01 0.03 0.05 0.07 and 0.09)

Energy dispersive X-rays analysis was applied to provide the elemental identification and quantitative compositional
in formation. Figure 7 shows that all the elements are present, no additional peaks are observed indicating the purity of
the nanopowders.
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3.4. Optical properties

=0.09

The optical properties of Yb3*substituted ZnFe,O, spinel nanoparticles were determined using UV—vis analysis.
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Figure 8 shows the energy gap £, of ZnFe,«Yb,O4 at different ratios, which is calculated using the well-known Tauc
relation:

(ahv)" = A(hv — E,) “

Where «a is the absorption coefficient, /v is the photon energy (eV), 4 is proportionality constant and # are either 2 or 1/2
for direct and indirect transitions, respectively. By extrapolating the linear part of the curve on the energy axis, more
reliable values of the gap were determined.

For all samples, the diffuse reflectance spectra exhibit a steep shape of absorption bands characteristic of direct
transitions (Figure 8), with an appropriate adjustment for » = 2 and is the energy required for electrons to be excited from
the top of the valence band (VB) to the bottom of the conduction band (CB) without phonon assistance.

The calculated gaps depend on the Yb* concentration and increase monotonically with Yb3+ substitution into the
crystal lattice, corroborating the existence of a solid solution. This result can be explained by the fact that the Yb** ions
substitution process requires a higher energy level to excite an electron from the valence band to the conduction band,
thus increasing the energy band gap of the doped-zinc ferrite. The obtained bandgap energy values for ZnFe,.,YbcO4
nanoparticles are comparable to those reported in the literature [35,50-51].

CONCLUSIONS

In the present work, Yb*" doped ZnFe,O4 with (x=0, 0.01, 0.02, 0.03, 0.05, 0.07, and 0.09) have been successfully
synthesized by the sol-gel method at 750°C for 8 hours. The obtained powders were then analysed for their structural,
morphological, and optical properties. XRD patterns show that ZnFe,«YbxO4 samples are single-phase and crystallize in
cubic symmetry with good crystallinity. As the ytterbium ion content increased, the lattice constant increased, whereas
the crystallite size decreased from 29 to 104 nm. The specific surface area of the Brunauer—Emmett—Teller (BET) of the
ZnyFerYbxO4 (x=0.03) was determined to be the larger 13.59m?/g. FTIR analysis shows that the substitution of ytterbium
ions shifts the lower band absorption towards the higher frequency side, indicating the occupancy of Yb*" ions in
octahedral sites. The appearance of all active modes in the Raman spectra shows that the structure of spinel ferrite was
not changed by the insertion of ytterbium. The SEM images show that the samples are agglomerated and irregular in
shape, which could be due to mechanical grinding. The identification and quantitative composition in formation were
determined by energy dispersive X-rays (EDS), confirming that all samples contain Zn, Fe, Yb and O without any
additional elements. The narrow-bandgap energy is found to be dependent on the ytterbium content and increases
monotonically from 1.82 to 2.4 eV with Yb3+ substitution, corroborating the existence of the ZnFe,xYbxO4 samples.
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JOCJIKEHHS ®I3UYHUX BJACTUBOCTEN HAHOITIOPOIIKIB ZnFe;0s, JETOBAHUX Yb**,
CUHTE30BAHUX 30JIb-T'EJIb METOJ0OM
M. Terrad!, C. Caani?, I. Myarrax®, A. Kesszim!, I. Jlanes!, B. Pexkik!
Hlabopamopis isuxo-ximiunux neopeaniunux mamepianie ma ix sacmocysannus (LPCMIA), Ynisepcumem Caada Janeba,
bBrioa 1, BP270 09000, bnioa, Anicup
2Jlabopamopis npuxnaonoi ximii ma mamepianie (LabCAM), Vuisepcumem Mxameoa Byzapu 6 Bymepoeci,
AegeHnio oe n'lndenenoanc, Bymepoec, 35000. Anxcup
3Jlabopamopis pizuxo-xinii mamepianie (LPCM), Vnisepcumem Amap Teniooci, BP37G 03000, Jlazyam, Anscup

ZnFe2xYbx0s 3 (x =0, 0,01, 0,02, 0,03, 0,05, 0,07 ta 0,09) Oy;u yCHiNIHO CHHTE30BaHi 30Jb-rejib MeToz0M 1pu 750°C. Pesynbratu
peHTreHiBcbkol qudpakiii nokasanu oxgHodasHi Ta KPUCTATIYHI HAHOIOPOLIKU 31 CTPYKTYPOIO IIMiHENl 3 KyOiYHOI0 CHUMETpI€ro Ta
HPOCTOPOBOIO IPYIOIO . [lapamMeTpy peliTku 361IbIIyI0ThCA 31 3611bImeHHsaM koHueHTpauii Yb*'. Iutoma mioma ZngFer«YbxO4 32
merogoMm BET (x = 0,03) Oyna Bu3naueHa sik Oinbiia 3 HEX 1 cTaHOBUTH 13,59 M2/r. Po3Mmip kpucranitiB, Bu3HaueHuii PiTBenbiom,
3HAaXOAUTHCA B HiamazoHi 29-104 am. [U-ciextpu 3 Dyp'e mokaszanm ABi CHIbHI CMYTH TOTJIIMHAHHS, IO € 3aTabHOI0 XapaKTEPUCTHKOIO
CTpyKTypH miHesi. KpiM Toro, 3MilieHHsT HUKHBOT CMYTH ITOTJIMHAHHS B 01K BUIIOT YaCTOTHU MiATBEPIKYE, 110 10HH Y b3+ mepeBaskHO
samimyrots ionn Fe’' B okraempuunux mosuuisx. ®opmyBaHHS WINUHENIBHOT (asu y 3paskax Takok OyJo MiATBEPIKEHO 3a
JIOTIOMOTOI0 KOMOIHANiHHOrO PO3CIIOBAaHHS 3 ACHMETPUYHHM pPO3IIMPEHHSAM, 1 CIIOCTEPIraBCsl CHUCTEMAaTHIHUH 3CyB Y CIIEKTpax
koMO6iHaliHOrO po3ciroBaHHs sk QyHKLis KoHueHTpauii Yb3*. Ckanyroua enexrponHa Mikpockonis SEM nokaszana, 0 MOPOILKH
CKJIQIAIOTHCS 3 MIKPOMETPHUYHOI arperaunii ApiOHimmx yacturok. EDS-nocnipkenns miarsepamiy, mo xiMiuHi einementu Zn, Fe, Yb
ta O mpuCYTHI y BCiX 3pa3kax. 3Ha4eHHsS MPsMOI eHepril 3a00poHEeHOT 30HM po3paxoBaHi 3a rpadikom Tayka, i e BKasye Ha
HamMiBOPOBIAHUKOBHI XapaKTep HAIIOl CHONTYKH, AEMOHCTPYIOUH 301IbIICHHS Ta TIOCHIICHHS 3HAYCHb eHeprii 3a00pOoHeHOT 30HH Bif
1,82 10 2,4 B i3 3amimenaam Yb’".

KurouoBi ciioBa: imep6iii; Hanonopowku hepumy yuuxy, penmeeHiscoka oughpaxyis, Paman, enepeia 3a60poHeHoi 301U



