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Alumina (Al,0;) and spinel zinc aluminate (ZnAl,0,) nanoparticles were
synthesized by a sol-gel method. Pure and chromium (Cr®*") doped ALO,
and ZnAl,O, were prepared and then characterized in order to study the
influence of chromium doping (impurities) on the physical properties of
these compounds. Obtained powders were calcined at 500°C. Optical and
structural properties of as-prepared powders were investigated by UV-
visible spectroscopy (UV-Vis), Fourier transform infrared spectroscopy
(FT-IR) and powder x-ray diffraction (XRD). The band-gap energy values
obtained from UV-visible characterization showed the insulator (E,=4.881
eV) and semi-conductor (E,=3.707 eV) characters of Al,0; and ZnAl,O,,
respectively. The incorporation of chromium atoms in ours synthesized
matrix has been confirmed by the FT-IR spectroscopy; it is explained by
the formation of Cr—O complex at 674 cm™ in both materials. The XRD
results have shown the crystallographic phases (cubic) of Al,O; and
ZnAl,O, nanoparticles. The crystallite size was found to be in the range of
192.968 nm to 460.765 nm for Al,0,:Cr®*, and it was revealed to be con-
stant (~ 32 nm) for ZnAl,0,:Cr®" matrix.

Hamouactuaku okcuny ajiominito (Al,O;) Ta mmiHesni asioMiHaTy IUHKY
(ZnAl,0,) cuHTe30BaHO B30Jb—TeNb-MeTOgOM. YwWcCTi Ta JieroBaHi Xpomom
(Cr®*") AL, i ZnAl,O, 6y1u ojepaHi i MOTIM OXapaKTepW3oBaHi 3 METOIO
BUBUYEHHS BIJIUBY JIeI'YBaHHA XpoMoM (moMmimiok) Ha (ismuHi BacTuBOCTL
mux crnoayk. Omepskani mopormnku mposkapioBanu mpu 500°C. Onoruuni Ta
CTPYKTYPHI BJIACTHMBOCTiI T'OTOBMX MOPOMIKIB MOCJiMMKyBaJy 3a IOIIOMOTOIO
cumeKTpocKomii B yabrpadioserosiit (YP) i Buaumiit obsactax ceitaa (UV-
Vis), imdpauepBonoi cmekTpockomii 3 @yp'e-mepersopom (FT-IR) Ta mopo-
IIKOBOI peHTreHiBcbKol audppakilii (XRD). 3Hauenusa eHeprii 3ab0poHeHOI
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30HU, OJep:KaHi 3a momomoroio Y®P-Buammoi-xapakrepusarlii, morasaau
isonaropuuit (E,=4,881 eB) i manisnposigaukosuii (E, = 3,707 eB) xapak-
tepu Al,O; Ta ZnAl,O, BignmoBigHo. Brisennsa aromie XpoMmy B HaIly CHUHTE-
30BaHy Marpuio 6yao mimrBepakeno FT-IR-cmeKTpocKoIieio; e MOsCHIO-
€ThCcA yTBOpPeHHAM KoMiLtekcy Cr—O mpu 674 cm ! B o0ox Marepidnax.
XRD-peasyabTaTu IoKaszaau Kpucrajgorpadiuui dasm (kybiumi) mHamouacTu-
ok Al,O; Tta ZnAl,O,. Byso BcTaHOBJIEHO, IO PO3Mip KPHUCTANITY 3HAXO-
IUThCcA B Aiamasoni Big 192,968 mMm no 460,765 um ana Al,0,:Cr®, i 6ymo
BUSABJIEHO, IO BiH € mocriftauM (~ 32 M) ansa maTpuni ZnAl,0,:Cr?’.
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1. INTRODUCTION

Alumina (Al,0;) nanoparticles are an excellent ceramic oxide; it has
received considerable attention due to their enhanced properties.
These kinds of materials are extensively applied in optical indus-
tries, electronics, thermoluminescence dosimetry, thermal insula-
tors and in metal cut [1-6]. In addition, these materials are used in
catalysts, ceramics, adsorbents, molecular separation, and composite
materials [7]. Alumina has different crystallographic phases, in
which the y-Al,0; is the most important phase because of its re-
markable properties like high insulation, high strength, high rigidi-
ty and transparency [8, 9].

Due to its wide band-gap (~ 3.8 eV) [10, 11], semi-conducting zinc
aluminate ZnAl,O, shows increased interest for many applications,
such as wultraviolet photoelectronic devices, sensors, high-
temperature material, optical coating and catalysts or supports in
many catalytic reactions due to its high thermal stability, low sur-
face acidity and hydrophobicity properties [12—14]. It has the chem-
ical formula of AB,0,, where A stands for metal cation, which occu-
pies a tetrahedral site, and B represents Al, which occupies the oc-
tahedral sites, within the cubic packed crystal structure that be-
longs to the space group Fd3m [14, 15].

Recently, different physical and chemical preparation techniques,
such as hydrothermal followed by calcination [16—21], the Pechini
process [21], solid-state routes [16], oxalate-precursor co-
precipitation [22] and the spray pyrolysis method [23], are employed
to prepare materials in powders’ form composed of nanoparticles.
Sol—gel process is one of the effective methods for synthesis of
metal-oxide nanoparticles, because it has many advantages than
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other methods [24—26]. Transition-metals’ ions, such as chromium
(Cr*") and titanium (Ti*"), doped a-Al,O; nanoparticles are known as
the most important laser materials; in this context, many studies
have been reported on the effects of these impurities on some prop-
erties of alumina nanoparticles [27—-33]. Alkali, alkaline earth, rare-
earth or transition metal ions’ doped ZnAl,O, have been a subject of
several previously published papers, such as referring to europium
(Eu®") ions [34], samarium (Sm?") ions [385], manganese (Mn?®') ions
[14], copper (Cu®*") ions [36], cerium (Ce?") ions [37], calcium (Ca®")
ions [88] and chromium (Cr®") ions [10, 11, 39-42].

In the present investigation, the synthesis of alumina (Al,O;) and
spinel zinc aluminate (ZnAl,0,) nanoparticles by means of the sol—
gel method are described. The effect of chromium (Cr®") doping on
the structural and optical properties has been briefly studied, and
the results are discussed. UV-visible spectroscopy (UV-Vis), Fourier
transform infrared spectroscopy (FT-IR) and powder x-ray diffrac-
tion (XRD) are the techniques used in the characterisation of nano-
particles.

2. MATERIAL AND METHODS
2.1. Material

Each chemical reagent used in the experiment was of analytical
grade, and they were used as obtained without further purification.
For synthesis, the pure and Cr*"-doped Al,O; and ZnAl,O, nanopar-
ticles, aluminium chloride hexahydrate (AICI;-6H,0, 99% Sigma-
Aldrich), aluminium nitrate nonahydrate (Al(NO;);-9H,0, 99% Sig-
ma-Aldrich), zinc nitrate hexahydrate (Zn(NQO,),-6H,0, 99% Sigma-
Aldrich), chromium nitrate (Cr(NO;);, 99% Sigma-Aldrich) were
used as precursors; urea (CH,N,0), polyvinylpyrrolidone (PVP) and
citric acid (CgHgO;) were used as a stabilizers; distilled water and
ethanol (C,H;0) were used as solvents.

2.2. Preparation of Pure Al,O; Nanoparticles

In order to synthesize the Al,0; nanoparticles via sol-gel method,
the precursor reacts with solvent (distilled water) to form a clear
solution; so, we dissolve 17.5 g of aluminium chloride hexahydrate
(AIC1;-6H,0 salt) in 100 ml of distilled water under continuous stir-
ring at room temperature during 1 hour. Then, 5 ml of ethanol
(C,H:0) was added to the above-mentioned solution. In this step, the
temperature was increased to 70°C. After the next 5 minutes of
magnetic stirrer, 8 g of polyvinylpyrrolidone (PVP) stabilizer were



334 Ahmed KADARI, Salah Eddine REZAK, Kheira KASSI, and Mostapha CHEHAIRI

added to the obtained solution. In order to obtain alumina sample in
powders’ form, the solutions were dried at 100°C for 24 hours to
evaporate the contained water and to remove organic compounds.
The resulting powders were grinded with mortar-pastel and, then,
calcined in an electrical furnace at 500°C for 4 hours.

2.3. Preparation of Pure ZnAl,O, Nanoparticles

Spinel ZnAl,O, nanoparticles were synthesized by means of the sol—
gel method involving the mixture of zinc nitrate hexahydrate
Zn(NO;),-6H,0 and aluminium nitrate nonahydrate AI(NO;);-9H,0.
Firstly, 12.5 g of Zn(NO;),-6H,O and 15 g of AI(NO;);;9H,O were
dissolved in 100 ml of distilled water following the magnetic stirrer
at a room temperature. The urea solution (3.75 g of CH,N,O in 20
ml of distilled water) has been added drop wise to the above-
mentioned solution. After 3 hours of stirrer, 10 g of citric acid
(CsH0;) were added to the zinc aluminate solution. The final prod-
uct was obtained after 5 hours. The gel was dried at a temperature
of 100°C in an oven for powders’ synthesis. Resulting white pow-
ders were calcined at 500°C for 4 hours.

2.3. Preparation of Cr-Doped Al,O; and ZnAl,O,

To synthesize the Cr-doped Al,O; and Cr-doped ZnAl,O,, different
quantities of chromium nitrate Cr(NO;); (1%, 3% and 5%) were
solved in 10 ml of distilled water; afterward, chromium solution
was added to the pure Al,O; and ZnAl,O, solutions, and the synthe-
sis process was conducted similarly to the pure samples.

2.4. Characterization

The phase composition of ours synthesized matrix was analyzed by
the x-ray diffraction spectrometer (MiniFlex 600 powder diffrac-
tometer with CuK, radiation (A =1.5406 A) in the range from 3° to
90°); optical properties were studied using the SHIMADZU (UV-
1650-PC) double beam spectrophotometer. FT-IR spectra were rec-
orded by using the Alpha Bruker FT-IR spectrometer.

3. RESULTS AND DISCUSSION
3.1. UV-Vis Spectroscopy

To study the effect of chromium (Cr®) impurity on the optical
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Fig. 1. UV-Vis spectra of the (a) Al,0;:Cr®*" and (b) ZnAl,O,:Cr®*" nanoparti-
cles synthesized by sol-gel method and calcined at 500°C.

properties of alumina (Al,O;) and zinc aluminate (ZnAl,0,) synthe-
sized by sol—gel method and calcined at 500°C, solution samples of
these compounds were analysed using UV-Vis spectroscopy.

Figure 1, a and Figure 1, b show the transmittance spectra of
Al,0,:Cr®" and ZnAl,0,;:Cr*, respectively. The average transmittance
for the pure Al,O; was above 85%, but, following the increasing in
the doping concentration, two broad bands were observed in the vis-
ible wavelengths (centred at 406 nm and at 562 nm). These bands
may be associated with the following d—d electronic transitions of
Cr®*': ‘A,, » Ty, (406 nm) and *A,, — *T,, (562 nm) according to the
diagram of Shirpour et al. [29, 43, 44]. For the ZnAl,0,:Cr®" nano-
particles, the average transmittance was above 85% in the visible
region. It can be observed that the transmittance decreased with the
increases of the doping concentration.

Variation of absorption coefficients of Cr-doped Al,O; and Cr-
doped ZnAl,O, are presented in Fig. 2, a, b, respectively.

The relationship between the optical band-gap energy (E,) and the
absorption coefficient (o) is given by Tauc’s equation [45]:

ahv =7 (hv-E,)",

where -7 is a constant and E, is an optical band-gap of the studied
sample. The exponent n is taken as !4, since it is direct allowed
transitions. The band-gap energy (E,) can be obtained by plotting a
graph (ahv)® versus hv and extrapolating linear portion of the ab-
sorption edge.

The calculated band-gap by Tauc’s plot for all samples is shown
in Fig. 3, a, b. Obtained values of optical band-gap energy are tabu-
lated in Table 1.
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Fig. 2. Variation of absorption coefficient (o) as function of energy (hv)
for the (a) Al,0,:Cr*" and (b) ZnAl,0,:Cr®*" nanoparticles.

1000 — Pure ZnAlLQ,
900- Pure AlO, ALO O (19,
] 7 Crd (1"
1 — ALo Cr (1%) znAlaoA Cr%(gu“’
07 Ao (av) o nALO, Cre(3%)
41— Cr (59
7007 — ALOCE (5%) ZnALD,Cr* (5%)
P 2
> 5004 2
T ] 3
B 400 ~
3004 704
200+
100
0 Sl
1 0
100 ——— : ‘ ' - ‘ .
Ls 20 25 30 6.0 3600 3625 3650 3675 3700 3725 3750 3775
hv, eV

Fig. 3. Plots of (ahv)® versus photon energy for the (a) Al,0,:Cr®" and (b)
ZnAl,0,:Cr®*" nanoparticles.

Figure 4 shows the variation of the optical band-gap energy (E,)
versus chromium (Cr®") concentration. It is observed that the optical
band-energy decreased from 4.881 eV to 4.493 eV with increasing
Cr®" concentration for the Cr-doped Al,O, nanoparticles. No change
was observed in the optical band-gap energy for the Cr-doped
ZnAl,O, nanoparticles. We know that the band-gap is a region in
energies with no allowed states. The density of states (DOS) versus
energy depends on the chemical composition of the material; if the
chemical composition is changed, at least, in principle, the DOS dis-
tribution should change. Doping is the action to add impurities; so,
the chemical composition changes by doping. The change in the en-
ergy distribution of the allowed states cannot have a general rule
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TABLE 1. Optical band-gap values for the Al,0,:Cr® and ZnAl,0,:Cr®" cal-
culated using the Tauc’s equation.

Samples | E, eV References
Al O, 4.881
Al,0,:Cr3" (1%) 4.756
4. 2
ALO,:Cr* (3%) 4.631 06 eV [28]
AlL0,:Cr* (5%) 4.493
ZnAl,O, 3.707
ZnAl,0,:Cr®" (1%) 3.706
. 10, 11
7nALO,:Cr* (3%) 3.705 8.8 eV [10, 11]
ZnAl,0,:Cr*" (56%) 3.703
4.9+ LN - — - AlEOK;Cr’"
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Fig. 4. Dependence of the optical band-gap energy of Cr-doped Al,O; and
Cr-doped ZnAl,O, nanoparticles on Cr®* concentration.

such as the band-gap will decrease after introduction of impurities.
Generally, those impurities are called dopants, which create allowed
shallow states in the band-gap. Shallow states have small ionisation
energies; and, when the doping density is high, the dopant states
generate a band. If this band is very close to the valence or conduc-
tion band edges, the band-gap will decrease.

3.2. XRD Measurements

The XRD patterns of Cr-doped Al,O; and Cr-doped ZnAl,O, obtained
after calcination at 500°C are shown in Fig. 5, a, b, respectively.

As regards the XRD pattern of Al,O; nanoparticles (Fig. 5, a),
the diffraction peaks appeared at the 20-values of 33.23° (220),
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Fig. 5. XRD patterns of (a) Al,0;:Cr®* and (b) ZnAl,O,:Cr® nanoparticles
calcined at 500°C.

39.02° (222), 45.25° (400), 56.38° (422), 61.28° (511), 67.96° (440)
and 78.86° (621) confirm the cubic phase of y-Al,O; with the unit
cell parameter a=7.912 A. These have been coordinated with
JCPDS card No. 02-1420. Some diffraction peaks have been at-
tributed to the formation of chromium oxide Cr,0; [29]. Low-
intensity peak of a-Al,0; was detected at the 20-value of 52.02°.

The diffraction peaks at 19.26° (111), 31.51° (220), 63.18° (311),
39.08° (222), 45.09° (400), 47.54° (331), 56.44° (422), 67.80° (440),
69.13° (531), 75.59° (620) and 79.82° (533) observed in Fig. 5, b are
in agreement with JCPDS card No. 74-1138 that confirms the cubic
system of ZnAl,O, with the lattice parameter a=7.996 A and the
Fd3m space group. Three diffraction peaks at the 20-values of
32.79°, 34.35° and 62.63° have been attributed to the presence of
Al O, Cr,0; and ZnO compounds, respectively.

Concerning the Cr-doped Al,O; and ZnAl,O, compounds calcined
at 500°C, the cubic phases were obtained always. These tow observa-
tions indicated that chromium (Cr®") ions were successfully and
completely incorporated into the Al,O; and ZnAl,O, crystal lattice.
Comparing the atomic radius of Cr®*" (0.63 A) with Al*" (0.53 A) and
Zn®" ions (0.74 A) suggests that Cr®" ions likely substitute Al*" at-
oms at the octahedral sites.

The crystallites’ sizes were calculated by Scherrer’s equation [46]
using the most intense diffraction peaks (220) for Al,O; nanoparti-
cles and (311) for ZnAl,0O, ones. Obtained sizes have been tabulated
in Table 2. The crystallites’ sizes were found to be in the range
from 192.968 nm to 460.765 nm for Al,0;:Cr®" nanoparticles and
they were found to be constant (~ 32 nm) for ZnAl,0,:Cr®" nanopar-
ticles. For the alumina compound, it can be seen that the size of the
particles is increasing with the increase in the concentration of
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TABLE 2. Crystallites’ sizes for the Al,0,:Cr®* and ZnAl,0,:Cr®" obtained
from XRD patterns.

Samples | 20, ° hEkl FWHM, ° D, nm
Pure AlL,O, 33.461 220 0.043 192.968
ALO,:Cr*" (5%) 33.340 220 0.018 460.765
Pure ZnAl,O, 36.170 311 0.257 32.545
ZnAl,0,:Cr®" (5%) 36.140 311 0.256 32.688

Fig. 6. Unit-cells’ schemes of (a) Al,O; and (b) ZnAl,O,.

chromium (Cr®') ions; this change may be explained by the differ-
ence of atomic radii of Cr® and AI*" ions. No change has been ob-
served for zinc aluminate compound because the concentration of
doping impurities (Cr®" ions) is very small; so, the effects on struc-
ture will be negligible.

Figures 6, a, b show the alumina (Al,0;) and =zinc aluminate
(ZnAl,0,) unit cells performed by using VESTA code.

3.3. Fourier Transform Infrared (FT-IR) Spectroscopy

The FT-IR spectra of Cr-doped Al,O; and Cr-doped ZnAl,O, nanopar-
ticles synthesized by using the sol-gel method and calcined at the
same temperature (500°C) were recorded in the wave-number range
from 4000 cm™ to 400 cm™* and are shown in Fig. 7, a, b. The two
strongly bands at around 3433 cm™ and 1643 cm™ have been at-
tributed to the stretching mode of the OH group and the adsorp-
tion due to H,0 molecules, respectively [47, 48]. The Al-O stretch-
ing and bending modes have been characterized by two absorption
bands at low energies (500—700 cm™) with peaks at 680 cm ™ and
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Fig. 7. FT-IR spectra of (a) Al,O;:Cr®" and (b) ZnAl,0,:Cr®" nanoparticles.

501 cm™, respectively [49—51]. Absorption band at 555 cm™ was
attributed to the stretching mode from Zn-O [52, 53]. The incorpo-
ration of doping (Cr®") ions in ours matrixes Al,0, and ZnAl,O, has
been confirmed by the low-energy peak from Cr—O at 674 cm™ [54].

4. CONCLUSIONS

In the present paper, a sol—gel synthesis method was used for prep-
aration of Cr-doped alumina (Al,0;) and zinc aluminate (ZnAl204)
nanoparticles. Obtained powders were calcined at 500°C. UV-visible
(UV-Vis) spectroscopy, Fourier Transform Infrared (FT-IR) spec-
troscopy and x-ray diffraction (XRD) confirm that chromium (Cr®")
ions have been successfully incorporated into Al,O; and ZnAl204
crystal lattices. The optical-gap values indicate the insulator
(E;,=4.881 eV) and semi-conductor (E,=3.707 eV) character of
Al,O; and ZnAl,Q,, respectively. The incorporation of chromium at-
oms in ours synthesized matrix has been confirmed by the FT-IR
spectroscopy; it was explained by formation of Cr—O complex in
both materials (with peak at 674 cm™). The XRD patterns revealed
the formation of cubic structure for both ALO;:Cr* and
ZnAl,0,:Cr®" nanoparticles. They also revealed some low-intensity
peaks for a-Al203. The crystallite size was found to be in the range
from 192.968 nm to 460.765 nm for Al,0;:Cr®" nanoparticles and it
was found to be constant (= 32 nm) for ZnAl,O,:Cr®" nanoparticles.
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