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Influence of aluminium concentration in Zn0.9V0.1O
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The (V,Al) co-doped ZnO nano-structured powders (Zn0.9−xV0.1AlxO, where x = 0.02, 0.03 and 0.04) were synthesized via
the sol-gel technique and their structural and optical properties were investigated. The effect of Al concentration on the structural
and optical properties of the Zn0.9−xV0.1AlxO nanopowders was studied using various techniques. The XRD patterns indicate
that the samples have a polycrystalline wurtzite structure. The crystallite size increases with increasing the Al content and lies
in the range of 23 to 30 nm. The lattice strain, estimated by the Stokes-Wilson equation, decreases when Al content increases.
SEM and TEM micrographs show that Zn0.9−xV0.1AlxO powders are the agglomeration of nanoparticles having spherical and
hexagonal shapes with dimensions ranging from 20 to 30 nm. FT-IR spectra show a distinct absorption peak at about 500 cm−1

for ZnO stretching modes and other peaks related to OH and H2O bands. Raman spectra confirm the wurtzite structure of the
Zn0.9−xV0.1AlxO nanoparticles. The direct band gaps of the synthesized Zn0.9−xV0.1AlxO nanopowders, estimated from the
Brus equation and the crystallite sizes deduced from XRD, are around 3.308 eV. The decomposition process of the dried gel
system was investigated by thermal gravimetric analysis (TGA).
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1. Introduction

In recent years, nanostructure materials have at-
tracted a great deal of attention because of their
versatile and remarkable physical, optical and elec-
tronic properties. Particularly, ZnO is a wide band
gap semiconductor (3.3 eV) with a high exciton
binding energy (60 meV) at room temperature,
which has received more and more attention in
the material science due to its various expected
applications. ZnO nanomatererials have been re-
alized by various techniques including thermal
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evaporation [1], chemical vapor deposition [2],
sputtering [3], spray pyrolysis [4], pulsed laser de-
position [5] and sol gel processes [6–8]. Among
these methods, the sol gel process is particularly
attractive because of its simplicity and acceptable
costs for the large scale fabrication of nanostruc-
ture ZnO.

Doping is an effective method to modify the
physical properties of a base material in order
to extend its applications. Relevant reports on
ZnO doped with group IIIA, VB, VIIB and VI-
IIB metals, such as Al, V, Mn and Co indicate
that the doping effect improves the optical, elec-
trical and magnetic properties of the ZnO [9–11].

http://www.materialsscience.pwr.wroc.pl/


Influence of aluminium concentration in Zn0.9V0.1O nanoparticles. . . 199

Additionally, Al doped ZnO films are useful ma-
terials for variety of applications, including trans-
parent electrodes in flat panel displays, light emit-
ting diodes, solar cells and gas sensors [12–15].
Al doped nanomaterials, which are nontoxic, high
transparent and low cost materials, have compet-
itive properties as compared to indium tin oxide.
Thus, investigations on optical, structural and vi-
brational properties of Al doped ZnO nanostructure
materials are of great importance. However, the in-
vestigation of doping and co-doping effects on the
morphology and other properties is actually insuffi-
cient and needs further studies. Few works on ZnO
films co-doped with Al and transition metals have
been devoted to the study on their optical, electri-
cal and magnetic properties [16, 17]. The Al and
transition metal co-doped ZnO films are important
functional materials for optoelectronic and magne-
toelectronic applications. The usually used transi-
tion metals are Co, Mn and V.

In this research, we have investigated (V,Al) co-
doped ZnO nanopowders (Zn0.9−xV0.1AlxO, where
x = 0.02, 0.03 and 0.04) synthesized by the sol-
gel process in order to study the change in the
shape, structure and optical properties of result-
ing materials. The morphology and structure of the
Zn(V,Al)O nanopowders were studied using scan-
ning electron microscopy (SEM) and X-ray diffrac-
tion (XRD). The optical and thermal analysis mea-
surements of the nanopowder samples were mea-
sured using an FT-IR spectrophotometer and a ther-
mal gravimetric analyzer. All the results have been
discussed in relation to doping concentrations.

2. Experimental details

(V,Al) co-doped ZnO nanocrystals were pre-
pared by the sol-gel method using 16 g of zinc
acetate dehydrate as a precursor in 112 mL of
methanol. After 10 min magnetic stirring at room
temperature, 0.628 g of ammonium metavanadate
corresponding to [V]/[Zn] = 0.10 and adequate
quantities of aluminium nitrate-9-hydrate corre-
sponding to [Al]/[Zn] ratios of 0.02, 0.03 and 0.04
were added. After an additional 15 min magnetic
stirring, the solution was placed in an autoclave and

dried under supercritical conditions of ethyl alco-
hol (EtOH). The obtained powder was then heated
in a furnace at 500 °C for 2 hours in air.

Crystallite phase and orientation were eval-
uated by X-ray diffraction (Philips X’pert
diffractometer) supplied with copper X-ray tube
(λkα1 = 1.5406 Å), nickel filter, graphite crystal
monochromator, proportional counter detector,
divergence slit 1° and 0.1 mm receiving slit.
The working conditions were 40 kV and 30 mA
for the X ray tube, scan speed 0.05° and 2 s
measuring time per step. The transmission electron
microscopy (TEM) measurements were performed
with a JEM-200CX microscope. The Raman
spectra were performed at room temperature with
a Labram system equipped with a microscope in
backscattering configuration. The excitation line
at 514.5 nm was from an Ar+ laser. FT-IR spec-
troscopy (Thermo Scientific Nicolet iS10 FT-IR
Spectrometer) was used at room temperature in
the range of 450 to 4000 cm−1 with a resolution
of 4 cm−1. Thermal gravimetric analysis (TGA)
curves of the (V,Al) co-doped ZnO nanopow-
ders were obtained using a TG-DTA apparatus
(PerkinElmer). Approximately 2.9 mg of a sample
was placed in a platinum crucible on the pan of a
microbalance and heated from 35 to 950 °C at a
rate of 10 °C·min−1.

3. Results and discussions
3.1. Structural and morphological charac-
terization

Typical XRD patterns obtained for various sam-
ples of Zn0.9−xV0.1AlxO nanocrystals are shown
in Fig. 1. Except the intensity reduction and a
slight shift of XRD peaks to higher angles for
the sample Zn0.9−xV0.1AlxO (x = 0.03), no dif-
ference in XRD patterns was found in the other
samples (x = 0.02 and 0.04). For each sample,
the reflection peaks show completely hexagonal
wurtzite structure with no secondary phases (re-
lated to V and/or Al atoms) within the detection
limit of our XRD [18]. The XRD measurements
indicate that these nano-sized Zn0.9−xV0.1AlxO
particles are highly crystallized and all the
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diffraction peaks match well with Bragg reflections
of the standard wurtzite-type ZnO structure [18].
The crystallite size of the Zn0.9−xV0.1AlxO
nanopowders (d), calculated from the widths of the
major diffraction peaks observed in Fig. 1 using the
Scherrer formula [19], are given in Table 1. The
average crystallite sizes range from 23 to 30 nm.
From Table 1 it is clear that crystallite size in-
creases with increasing the Al content.

Fig. 1. The XRD patterns of the three Zn0.9−xV0.1AlxO
nanopowders synthesized by the sol-gel process.
(a) x = 0.02, (b) x = 0.03 and (c) x = 0.04.

For all the Zn0.9−xV0.1AlxO nanoparticles the
lattice parameters, given in Table 2, are slightly
smaller than those of pure ZnO. Certainly, the in-
corporation of V and Al ions, which have smaller
sizes than that of Zn, is responsible for the observed
effect. Moreover, it is seen from Table 2 that the
lattice constants slightly decrease at x = 0.03 com-
pared to those for x = 0.02 and 0.04. The ratio of
a/c of Zn0.87V0.1Al0.03O is 0.623, which is slightly
smaller than that of pure ZnO (0.624), which might
be due to the incorporation of more Al ions for
this Al composition (x = 0.03). This is confirmed
by the small shift in XRD peaks for x = 0.03
(Fig. 1), which implies systematic replacement of
Zn ions by Al ions in the lattice without chang-
ing its wurtzite structure. The lattice strain was
also calculated according to Stokes-Wilson equa-
tion and is given in Table 1. We note that this pa-
rameter decreases when the Al content increases

in accordance with the increase of the grain size.
Fig. 2 shows SEM images of the Zn0.9−xV0.1AlxO
nanopowders. The nanoparticle morphology does
not change significantly with increasing Al con-
tent. SEM images show a mixture of nanopar-
ticles, where the grains have different sizes and
shapes (spherical and hexagonal). The largest por-
tion of the powder is agglomerated, but some sep-
arated particles are also found (Fig. 2). Accord-
ing to the SEM analysis, hexagonal prismatic par-
ticles with a broad particle size distribution are ob-
served (Fig. 2b). The aerogel powders are com-
posed of nanometer sized particles as confirmed by
TEM micrograph of the Zn0.87V0.1Al0.03O sample
(Fig. 3a). The grain size estimated using TEM mi-
crographs and the 100 nm scale bar ranges from
20 to 30 nm. The later values are very similar to
those deduced from XRD measurements and the
Scherrer equation (Table 1). The EDX spectrum of
the Zn0.87V0.1Al0.03O sample, presented as exam-
ple in Fig. 3b, shows signals directly related to the
dopants. Zn and O appear as the main components
with low levels of V and Al, which confirms the
formation of Al and V co-doped ZnO.

In order to extract the band gap energy (Eg)
of the Zn0.9−xV0.1AlxO nanopowder samples, the
values of the crystallite sizes obtained from XRD
measurements have been inserted into the Brus
equation, which is derived from the effective mass
model [20]. The obtained values of Eg, listed in Ta-
ble 2, are around 3.308 eV. The different parame-
ters of ZnO bulk used in the Brus equation were
taken from [21].

3.2. TGA analysis

The thermal behavior of dried Zn(V,Al)O gel
has been investigated by thermal gravimetric anal-
ysis (TGA). Fig. 4 depicts the results of the TGA
measurements of the nano-sized Zn0.9−xV0.1AlxO
particles. It can be seen that the sample weight
decreases continuously with the increase in tem-
perature before reaching a stable value at 700 °C
(Fig. 4). The TGA curves of all the samples show
two weight loss stages between 100 and 410 °C,
and between 410 and 700 °C. The mass losses for
the temperature range of 100 to 410 °C are ∼3, 5
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Table 1. The crystallite sizes and the lattice strain estimated from XRD data along the major reflection planes of
the three Zn0.9−xV0.1AlxO samples.

Nominal Al (101) (100) (002)
concentration Crystallite size Lattice strain Crystallite size Lattice strain Crystallite size Lattice strain

(at.%) d(nm) (× 10−3) d(nm) (× 10−3) d(nm) (× 10−3)

2 23.35 4.71 24.42 5.11 22.91 5.04
3 24.08 4.49 26.59 4.76 23.02 4.94
4 28.76 3.82 29.90 4.17 28.84 4.01

Table 2. Lattice parameter values calculated from the XRD patterns and the energy gap of (V, Al) co-doped ZnO
nanopowders. The energy gap was estimated from the effective mass model (Brus equation) and the
crystallite size of the nanopowder sample.

Nominal Al concentration Energy gap Lattice parameters (Å)
(at.%) (eV) a c

2 3.307 3.2385 5.1874
3 3.308 3.1862 5.1112
4 3.313 3.2356 5.1853

and 6 % for x = 0.02, 0.03 and 0.04, respectively.
While in the temperature range of 410 to 700 °C,
the mass losses are ∼7, 8 and 9 % for x = 0.02, 0.03
and 0.04, respectively. The first weight loss stage
corresponds to the dehydration of Zn0.9−xV0.1AlxO
nanopowders and decomposition of zinc acetate by
combustion. However, the second stage is related
to the release of entrapped gases formed during the
decomposition of acetate ions [22]. The obtained
residue is around 90 % (pure ZnO phase).

3.3. Raman scattering

Room temperature Raman spectra of
Zn(V,Al)O nanopowders, synthesized by the
sol-gel process, are shown in Fig. 5. At the low
frequency region, the peaks at 180, 320, 370, 410
and 433 cm−1 are attributed, respectively, to the
2E2(low), 2E2(M), A1(TO), E1(TO) and E2(high)
modes [23]. The observation of the later modes
indicates that the Zn(V,Al)O product has a wurtzite
structure as confirmed by XRD analysis [24]. The
intense peak around 713 cm−1 can be assigned
to combinations of LA and TO modes at the
M point. The relatively intense peak located at
about 500 cm−1 could be assigned to multiphonon
scattering of the E1 (TO) and E2 (low) modes.

Phonons in a nanocrystal are confined in space and
all types of phonons over the entire Brillouin zone
contribute to the Raman spectrum. The Raman
peak at 576 cm−1 may be due to the A1(LO)
mode [25]. Recent reports have considered the
appearance of this mode in relation to lattice
defects, being either oxygen vacancies or zinc
interstitials or their combination [26, 27].

3.4. FT-IR measurements

Fig. 6 illustrates the FT-IR spectra of the
Zn0.9−xV0.1AlxO nanopowder samples in the range
of 500 to 4000 cm−1 at room temperature. In the
FT-IR spectra of the synthesized products, there is a
significant spectroscopic band at around 500 cm−1.
This is the characteristic band of ZnO [28]. The
peak at 680 cm−1 is probably due to nitrate (NO−

3 )
group, which has not completely been removed
during the sol-gel process. Also, the characteristic
absorption bands at about 3400, 1560 cm−1, corre-
sponding to the O–H stretching and bending modes
of water absorbed on the surface of nanocrystals,
respectively, are observed [29]. The weak absorp-
tion at 1409 cm−1 is attributed to the C=O stretch-
ing mode [30]. However, the band arising from
the absorption of atmospheric CO2 on the metallic
cations is clearly observed at 2303 cm−1.
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(a)

(b)

(c)

Fig. 2. Typical SEM micrographs showing the mor-
phology of nanocrystalline Zn0.9−xV0.1AlxO
samples (a) x = 0.02, (b) x = 0.03, and (c)
x = 0.04.

(a)

(b)

Fig. 3. TEM micrograph (a) and EDX analysis (b) of
the synthesized Zn0.9−xV0.1AlxO nanoparticles
for x= 0.03.

4. Conclusion
In summary, Zn0.9−xV0.1AlxO nanopowders

with crystallite size in the range of 23 to 30 nm
were prepared at various Al concentrations (2, 3
and 4 at.%) using the sol-gel technique. The pro-
tocol of elaboration was based on slow hydroly-
sis of the precursor using an esterification reac-
tion, followed by a supercritical drying in EtOH.
The properties of the powder samples were dis-
cussed in details. The effect of various aluminum
concentrations on the structure, morphology and
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Fig. 4. TGA curves of nano-sized Zn0.9−xV0.1AlxO powders at a heating rate of 10 °C/min. (a) x = 0.02, (b)
x = 0.03 and (c) x = 0.04.

Fig. 5. Room temperature Raman backscattering spec-
tra of the nanocrystalline Zn0.9−xV0.1AlxO
powders.

Fig. 6. FT-IR spectra of Zn0.9−xV0.1AlxO nanoparti-
cles. The spectra were recorded at room tem-
perature and vertically shifted for clarity. (a)
x = 0.02, (b) x = 0.03, and (c) x = 0.04.
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optical properties of the samples was studied. The
XRD patterns of Zn0.9−xV0.1AlxO nanopowders re-
vealed that the products had a single-crystalline
wurtzite hexagonal structure. The XRD measure-
ments showed that at x = 0.3, higher amount
of Al ions were incorporated into the ZnO lat-
tice. The SEM and TEM images showed the sur-
face topography of the elaborated Zn0.9−xV0.1AlxO
nanopowders, which were formed of nanoparti-
cles having spherical and hexagonal shapes and
assembled in agglomeration. The nanocrystalline
Zn0.9−xV0.1AlxO powders obtained in this study,
exhibited direct optical band gap around 3.308 eV.
Thermal analysis showed that the obtained residue
contained around 90 % of pure ZnO phase. Ra-
man and FT-IR measurements confirmed the for-
mation of the wurtzite phase Zn0.9−xV0.1AlxO
nanoparticles.
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