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0-5wt.% Lanthanum doped zinc oxide thin films were elaborated by spray
pyrolysis technique, with moving nozzle, on 375°C heated glass. Zinc acetate and
Lanthanum chloride are used as sources precursor of ZnO and La doping,
respectively. Effect of lightly 0-5wt.% La amount concentration on optical,
structural, topographical properties of La-doped ZnO thin films and their
adsorptive ability on the copper ions from water, were investigated. In the visible
range, the transmittance of all samples is greater than 75% and increases after La
doping. Optical gap was found to be in 3.26-3.28eV scale. X-ray diffraction
showed that the thin films have hexagonal wurtzite structure with a strong (002) as
preferred orientation, whereas the crystalline size was ranged in 17.23-37.41nm.
An enhancement in the removal of the ion copper from water solution was
observed after La doping. As a result Lanthanium is a good quality doping
element for increasing the adsorptive ability of ZnO thin films by augmenting its
active surface area or by intesifaying the permanent polarity along c direction.
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1. Introduction

As driven from asemiconductor material, ZnO is considered as transparent conducting
oxides. At room temperature, it has awide band gap (3.3eV) and high exciton binding energy (60
meV) [1, 2]. It is one of the common materials used in microelectronic devices and many
applications, such as light-emitting diodes, solar cells, transparent conducting contacts, liquid
crystal displays, field-effect transistors, photocatalyst and gas sensors devices [3-8]. ZnO thin
films can be produced by several methods. Many workers have shown that physical properties
such as optical parameters, structural and morphological properties of ZnO may be modified by
the used techniques. Based on its simplicity, safety, and inexpensive equipment the famous spray
pyrolysis is one of the more used methods due to its feasible wide area depositions with low
temperature and easy control of film thickness [9], yet using such technique with continuous drop
of solution on substrate, may provoke temperature fall of the substrates and limit solvent
evaporation. At my best knowledge, classical spray pyrolysis needs interruptions (spending time)
of solution flux to keep constant the substrate temperature [10]. This technique needs to be
ameliorated under the optic of maintaining substrate temperature constant.

Trivalent rare earth such as La-doped ZnO evokes few concentrations of researchers.
Structure and optical properties of La-doped ZnOnanorods, atadoping level of 0.2, 0.5, and 1.0
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mol.% La-ZnO were briefly studied in literature [11] and recently some physical
investigations, on 0-4wt.% La-doped ZnO nanorods were done [12]. Because copper is considered
as heavy metals which constitute dangerous problems for our environment, namely water life, and
people health. Lately, for wastewater treatment, it was found that ZnO thin films are more
effective and best adsorbents for taking away copper ions from wastewater [13-15].

Based on the above reasons, the goal of this work is to focus more, firstly on spray
pyrolysis technique with moving nozzle as originality to maintain constant the heat of the
substrates and leads to rapid solvent evaporation hence nozzle motion leads to small area
temperature fall, secondly to investigate the effect of lightly La doping average stepped as (0, 1, 2,
3 and 5wt.%) on optical, structural and surface morphological properties of ZnO thin films
deposited on 375°C heated glass substrate. Lastly, the effect of the 0-5wt. % La-doped ZnO, on the
copper adsorption, as an application in removing ions copper from 1.2 10 molar CuCl, synthetic
solution, will be undergone in this proposed study.

2. Experimental details

2.1. Films preparation

By dissolving (0.5M) zinc acetate dihydrate (Zn (CHs;COO),, 2H,0) in the solvent
containing equal volumes (ratio 1/2:1/2) of double distilled water and absolute methanol solution
(purity: 99.995%), undoped ZnO thin films solution was ready. Few drops (drop by drop) of
concentrated acetic acid solution were added to the prepared solution as a stabilizer. The mixture
solution was stirred at 50°C for 90 min to have a clear and transparent solution. For Lanthanum
doping, Lanthanum chloride heptahydrate (LaCls, 7H,O) with appropriated ratio of La/Zn (0, 1, 2,
3 and 5wt. %) was added to the precedent solution. Each solution, with appropriated ratio of
La/Zn, became homogeneous and clear after stirring for 90 min at 55°C too. For non-doped and
La-doped ZnO thin films, the resulting solutions were sprayed, via moving nozzle, on 375°C
heated glass substrates. The moving nozzle was used to preserve constant the heat of the substrates
and evaporate rapidly the solvent leading to homogeneous thin films. The deposition of ZnO thin
films was performed for 12 min with keeping the moving nozzle-substrate distance equal to 5¢cm.
The substrates are microscope glass (ref: R217102) cleaned with alcohol in ultrasonically bath and
blow-dried with compressed air.

2.2. Preparation of heavy-metal ions solution

To investigate the capacities of the as prepared undoped and La-doped ZnO thin films in
removing heavy metal ions (Cu*?), sheets having as surface (2.5x3.5cm?) and 1.6 mg as weight of
product of La-doped and undoped ZnO were introduced into 40mL of wastewater solution
containing 1.2 10”M Cu*? obtained by dissolving 0.085g of CuCl, in 40ml of double distilled
water. The as obtained mixed system was let for 30-60min to ensure sufficient interaction between
sheets of films, as adsorbents, and heavy-metal ions (Cu?"). Cyclic voltammetric apparatus (Volta
Lab PGZ 301) with conventional three electrodes cell was used to analyze the concentration of
heavy metal ions before and after adsorption. As a counter electrode (CE: anode), a platinum plate
was used, whereas for a working (WE) and a reference electrode (RE) we have used a graphite
carbon and saturated KCI electrode (SCE), respectively. The removal percentage of the Cu*? ions
was obtained using the following equation:

R — [COC;CJ «100% )

(o]

whereC,, C. is the initial concentration at t=0 min and the final concentration of ions copper in
solution after 60 min respectively. To know the effect of La-doped ZnO on the copper adsorption
from wastewater, a series of synthetic ion copper solution, at the concentration of 1.2 10?M, was
prepared by dissolving 0.085g of CuCl, in 40ml of double distilled water. The sheets having
surface (AZno=2.5><3.50m2) and have 1.6 mg as weight of product (pzno X Volumez,=
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pznoXAznoXt), of 0-5 wt.% La doped ZnO thin films were separately introduced in the series of the
synthetic solutions. Each sheet was immersed for 60 min then it dipped out from the solution. At
room temperature (rt), all measurements were carried out.

2.3. Characterization techniques

Optical transmittance spectra were carried out using a UV-Visible spectrophotometer
(Shimadzu, Model 1800) operating in the range of 300-900nm. Structural analysis of the samples
was done using X-ray diffraction (XRD, Bruker AXS type 8D operating under an X-ray source at
40 KV and 30 mA condition with Cu Ko radiation (A\=1.5406A) and the 26 value was swapped
between 30° and 55°. Surface morphology of the samples was survived using a scanning electron
microscope (SEM: TESCAN VEGA TS 5130 MM), whereas film thickness was optically
estimated to be (t = 323nm) in respect to Swanepoel low.

3. Results and discussion

3.1. Optical properties

Fig.1 displays UV-visible (300-900 nm) transmittance spectra of 0-5wt. % La doped ZnO
thin films. As seen in the wavelength range 400-900 nm, spectra of all films exhibit high
transmittance values of about 75-92% indicating a better quality of transparency layers. It is easily
seen from Fig. 1 that transmittance of the films increases with La doping level when compared to
undoped one. This may be due to the broadening of the optical band gap as carried out in
theliterature [16]. The transmittance average of the films, before and after doping, is shown in
Table 1. For all the films, in the region between 370-400nm, the transmittance decreased abruptly
due to the fundamental absorption edge attributed to the transition between the valence band and
conduction one. This edge is used to calculate the gap Eg of the films. E4 values were deduced
from transmission measurements with the help of Tauc's relation [17]:

(chv)? =B(hv—E,) )

where ho and Eq are the photon energy and the band gap energy of the semiconductor; whereas B
is a constant. As seen in Fig.2 a typical variation of (av)?upon photon energy (hv) was used for
determining optical band gap (Eg) of undoped ZnO as an example. For all thin films, E; is deduced
by extrapolation from the linear region to (ahv)?=0, in the range between 370 and 400nm (3.26-
3.28 eV). Deducted values of the optical band gap E, are shown in Tablel. Moreover to carry out
information about the disorder in the film network, Urbach energy (E,), which is directly
associated to the later was used as follow [18]:

a=a,exp(hv/E)) 3)

where « is the absorption coefficient, hv and E, are photon energy and Urbach energy respectively;
whereas ao is constant. The drawn of /na upon the photon energy (hv) was used in deducing
Urbach energy as it was shown in the inset of Fig. 2. E, values were obtained from the inverse of
the slope of /na versus (hv). E, and Eq are reported in Table 1.
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Fig.1. Transmissions spectra of 0-5 wt. % La doped ZnO thin films elaborated by spray
pyrolysis with moving nozzle versus wavelength at fixed time deposition (12min).
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Fig.2. (ahv)? plot versus photon energy of undopedZnO thin film. The inset shows the drawn
of Ino. as a function of photon energy (hv) to deduce the Urbach energy.

Table 1.Optical parameters of 0-5 wt. % La doped ZnO thin films: Optical transmittance T, band
gap energy Eq and Urbach energy E,.

La/Zn (wt. %) T(%) Eq(eV) E,(meV)
0.00 75.92 3.268 84.85
1.00 82.80 3.269 84.00
2.00 84.69 3.273 75.02
3.00 89.66 3.280 52.02
5.00 92.97 3.277 65.60

Shown in Fig. 3 are the variations of the optical gap together with the Urbach tail energy
as a function of La concentration. The slight increase in optical band gap can be explained in terms
of Burstein-Moss band gap widening [19] or may be due to the rearrangement of the atoms in the
crystalline lattice which decreases defects in the microstructure. Also, it can be seen that a
minimum Urbach energy was reached with 3wt.% La-doped ZnO thin films crediting to the
decrease of defects [20].
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Fig.3. Optical band E4 and Urbach energy E, variations of 0-5 wt. % La doped ZnO thin films.

3.2. Structural properties

3.2.1. X-ray diffraction

XRD patterns of 0-5wt. % La-doped ZnO thin films are shown in Fig. 4. All the obtained
spectra of the films much well with the space group P63mc (186) owing JCPDS card No036-1451
of the hexagonal wurtzite ZnO structure[21]. As can be seen, all films exhibit a low surface free
energy growth along (002) peak plane of ZnO which so called c-axis orientation as reported in
theliterature [22-24]. Furthermore, this significant (002) diffraction peak increases with increasing
the La doping concentration until 3 wt.%, in comparison with the undoped one leading to
announce the crystallinity enhancement of the films. In the inset of Fig. 4 displays the XRD
patterns ranged in (34-35°.40). It was noted that a diffraction peak along (002) plane exhibits small
shift to lower angles when La doping is lower than 3wt.% range of La/Zn in the solution compared
to the non-doped one. As registered maximum shift value was (0.1°) with 5wt. % La doping. This
shift may be due to the incorporated La** ions in the ZnO matrix by substituting Zn®*ones, hence
there is a great difference in ion radius between Zn®* (0.74 A) and La*" (1.15 A) leading to an
increase in parameters lattice as it will be discussed bellow. A return toward initial angles value
was remarked when La doping reach 3wt. % (see inset of Fig.4) which means that La>* ions losses
its substitution position. As consequence, from this loss, a decrease in parameters lattice has been
expected and well observed (see for instance Fig.5).
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Fig.4. X-ray diffraction patterns of ZnO films, elaborated by spray pyrolysis with
moving nozzle as a function of La-concentration.

The average size of the crystallites(G) of all the samples along the c-axis (002) can be
calculated using the Debye-Scherer's equation [25]:



996
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where A is the wavelength of X-ray (A=0.15406), pand ¢ are the full width at half maximum
(FWHM) of (002) diffraction peaks and the Bragg angle, respectively.

For the calculation of lattice parameter ¢ and the inter-planer spacing dyq, we have used
the following formulas [26]:

2d,,,sin@=nA (5)
and
2 2 2
1 _4fhi+hk+k™) 1° ©6)
dzhkl 3 3.2 C2

where n is the order of diffraction, dyy is the plane spacing and @ is the diffraction angle, a and ¢
are the lattice parameters, whereas hkl are the Miller planes indices.

The crystallite size (G), dng, 6 and c values are illustrated inTable 2. It was found that ¢
values, for undoped and La-doped, are lower than the standard values given in JCPDS file (No.36-
1451) where (co= 0.5206 nm).

Table 2. Recapitulating measured values of 0-5 wt. % La doped ZnO thin films: Bragg
angle (26), inter planar spacing (d), crystallite size (G) and lattice parameter c.

La/Zn(wt.%)  hkl 20(deg) dha(A) G(nm) c(nm)
0.00 (002) 34.5734 2.5935 18.65 0.5187
1.00 (002) 34.5002 2.5988 17.23 0.5197
2.00 (002) 34.5601 2.5945 30.69 0.5189
3.00 (002) 34.5940 2.5920 37.41 0.5184
5.00 (002) 34.5125 2.5979 21.51 0.5195

The G and c variation with La-concentration are shown in Fig. 5. As it was observed, a
slight decrease in the crystallite size until 1wt % of doping. Beyond this level, monotonically
increase with increasing La doping, to arrive at a maximum value (37.41nm) with 3wt.% La
doping was observed. This increase in crystallite size G reveals the enhancement of the
crystallinity growth along the (002) plane of La-doped ZnO thin film. The same results were
remarked in theliterature [20, 27]. The lattice parameter ¢ increases to reach a maximum value at
1wt.% La doping, after this it decreases, with La doping increase, to attain minimum value at
3wt.% La doping and then increases beyond. The increase in lattice parameter ¢ of La-doped ZnO
may be due to the large difference between the substitute ionic radius of La** (1.15 A) with Zn**
(0.74 A) into the ZnO lattice and its decrease may be attributed to the loss in the substitutional
position of La**ion in the ZnO lattice.
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Fig.5.Crystallite size G and lattice parameter c, variations of 0-5 wt. % La doped ZnO thin films elaborated
by spray pyrolysis with moving nozzle.

3.2.2. Scanning electron microscopy

The surface morphology of 0-5wt. % La-doped ZnO thin films as a function of La
concentration is shown in Fig. 6. At the same SEM magnification Fig. 6a-d show SEM images of
undoped, 1, 3 and 5 wt.% La doped ZnO thin films, respectively. As clearly seen, the whole
samples have a homogenous distribution of ZnO product on the substrates revealing the feasibility
of the moving nozzle. The morphology of ZnO films was remarkably changed with La doping. For
non-dopedZnO thin film, grains with little dimension, randomly distributed takes place. For 1 and
3wt. % La doped thin films the grains growth takes a perpendicular and regular direction to the
substrate with very smaller grains size. This regular direction was carried out by XRD patterns,
whereas the 5wt. % La doped thin film reveals an increase in the crystallite size. It is worth noting
that the decrease in grain size provides the samples great surface area. As clearly seen in Fig. 6 b-
C, numerous pores are present on the surface of the samples which participates also in the increase
of the surface area. The pores presence on the surface may be resulting from evaporation of the
organic solvent [16], or it may be also due to nucleation and coalescence process of crystallite
growth during the deposition of La-doped ZnO as carried out in the literature [28].

5 pm Vega an
(oire Microstructures et Défeuts dans les Matériaus -

Fig.6. SEM image of 0-5 wt. % La doped ZnO thin films: a) undopedZnO thin films,
b) 1wt. %, c) 3wt. % and d) 5wt. %.
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3.3. Removal of copper ions

Befor starting the removal of copper ions, a calibration of different synthetic solutions
current was proceed and curve of which is obtained by plotting the current of cathodic reduction
peaks of cyclic voltammograms (CVs) versus fixed standard concentrations of copper chloride.
Fig.7 displays cathodic voltammograms of copper solutions in concentrations range of 3.15 x 10™
to 15.8x10™g/mL. CVs of the copper solutions were recorded between -1.2 and -0.0V/SCE at a
scan rate 50mV.s™. All CVs exhibit peaks of reduction reactions at a potential range (-0.34 to-
0.50V/SCE) which is due to the reduction of Cu*® ions to Cu metal on the graphite carbon
electrode; the cathodic peak current densities increase with the increase copper concentrations and
exhibit a shift toward more negative potential. The calibration curve of the reduction current,
versus the standard concentrations of copper, is shown in Fig.8.
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Fig.7.Cyclic voltammograms recorded for calibration curve with different copper
concentrations, in the potential range -1.2 to -0.0 V versus SCE at 50 mV/scan rate.
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Fig. 8. Calibration curve of reduction current of Cu®* versus standard concentrations of copper
and reduction currents of residual solutions upon 0-5wt.% La doped ZnO immersed sheets in
1.2 10°M CucCl, for 60min.

In order to determine the residual unknown concentration of copper in solution after each
sheet immersion, CV was also preceded and recorded in thepotential range -1.2 to 0.8V/SCE at a
scan rate 50mV.s™.Fig. 9shows the recorded CVs before and after each immersion. As can be seen
three anodic peaks Aj, A, and A; were observed approximately at potential -0.20V, 0.29V,and
0.58V/SCE. Peak A; may be due to the stripping of copper metal from the electrode, peak A,was
assigned to the oxidation of Cu to Cu™(Cu — Cu*" + ¢) and finely peak A; was ascribed to the
dissolution of copper metal leading to Cu*? ions (Cu — Cu*? + 2¢"). Two cathodic peaks C,, and
C, were observed at potential -0.10V/SCE and at thepotential plate (-0.50V t0-0.43V/SCE) as seen
in Fig. 9. Peak C; is due to the reduction of Cu*? ions to Cu*'(Cu*? + e— Cu*") and peak C, is due
to the reduction of Cu*? ions to Cu metal on the graphite carbon electrode (Cu*? + 2e’— Cu); As
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see from the inset of Fig. 9 that the cathodic peak C, current densities decrease after having
introduced undoped and La-doped ZnO samples, and the cathodic peak C, slightly shifts to more
positive potential. The current of the initial Cu®* ions in asolution containing 8.95x10™ g/mL of
CuCl, is 0.025mA before immersion and decreases until 0.021 mA after having immersed 1wt%
La doped sample for 60 min. Currents values, before and immersion, are listed in Table3. Residual
concentrations of Cu*? ions (it means CuCl,), in solution, were obtained by intercepting its current
to the concentration axis in g/mL via the calibration curve as plotted in Fig. 8.
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Fig.9.Cyclic voltammograms recorded, in 1.2 10M CuCl, electrolyte in potential range -1.2
to 0.8V versus SCE and scan rate of 50 mV/s, for 0-5wt.% La doped ZnOsheets before and
after each 60min of immersion.

Table 3. Measured currents, concentrations and removal percentages of copper Cu™?
ions from aqueous solution with La level doped ZnO.

Samples Current(mA) Concentration(10™g/mL) Percentage removal (%)
Before immersing sheets
0.02572 8.9586 Il
After immersing sheets in (8.9586x10™ g/mL ) in copper solution for 60 min
Owt.% La ZnO 0.02471 8.6275 3.69%
1wt.% La ZnO 0.02128 7.4535 16.80%
2wt.% La ZnO 0.02337 8.1383 9.15%
3wt.% La ZnO 0.02351 8.2851 7.51%
5wt.% La ZnO 0.02376 8.3829 6.42%

Percentage removal of copper as a histogram and the cristalite size are drawn in Fig. 10.
Based on removal equation of Cu*? ions and its associated histogram, it becomes clear that, in
general, adsorption of copper on sheets (or removal efficiency) of La-doped ZnO thin films has
higher removal than undoped ZnO. The removal efficiency of ZnO increases from 3.69.% to
16.80% after La doping exhibiting the higher percentage removal of copper ions at 1wt.% La
doping than undoped and the others La-doped ZnO thin films. Beyond 1wt. % La doping, removal
of copper ions decreases to arrive at the minimum value of about 6.42.% with 5wt.% La doping
level. Removal values were illustrated in Table 3. Correlating the adsorption results with the
crystallite size corresponding to 1wt.% La doped ZnO, it reveals that a link, between the removal
and the surface area of samples, exists: the smallest grain size, as it was revealed in XRD study,
provides great surface area (i.e decrease in grain size leads to sencetive nanostructure on the
surface), yielding to more Cu*“adsorption on the surface of the samples. This behavior may be
credited to the presence of more active adsorption sites on the La-doped ZnO thin film surface [29]
or also to the substitution of Zn*?cation by La* hence 5 wt.% La doped sample has big crystallite
size compared to the undoped one but it exhibits more Cu*?removal, as seen in Fig. 10. This
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further removal may be attributed to the increase in the permanent dipole toward ¢ direction in the
ZnO matrix attracting Cu** from the solution.
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Fig.10. Drawn of a histogramin with the cristalite size of La doped ZnO on
the removal (adsorption) of Cu*?ions from aqueous solution.

Both of the tow conceptions improving the removal of Cu*’ions may be explained as
follow:

The first one is the effect of the littleness in grain size mainly at lower level of doping (0-3
wt. % La) where the removel follows the decrease in grain size as seen in Fig. 10. As it is well
known that the ZnO is polare material along ¢ direction; the second conception is the effect of La
doping in intensifying the permanent dipole along ¢ direction. At 5 wt. % La doping, it is very
importante to mentione that even tough the grain size increases, the removal increases too. This
means that the insertion of La in Zn site increases the permanent dipole toward the ¢ direction as
shown in Fig. 11. The insertion is confirmed by XRD studies (see inset of Fig. 4) where the shift
of the peak towards the lower angles is more significant in the case 5wt.% la doped sample. The
permanent dipole intensification may be understood as follow: the insertion of La in ZnO matrix
augmentains the lattice parameter (é= c+ Ac¢) and the local ionic charge yielding to an
augmentation in the local permanent dipole (u + Ap) as illustrated in Fig. 11; the augmentation in
the local permanent dipole lets the sample surface more attractive (adsorbtive) toward Cu*®. As
results, the adsorptive ability of thin films increases after La doping. Those results are in good
agreement with similar results reported in the literature [13, 29, 30] which were obtained with
Silver, Lanthanum and Gallium doped ZnO. More over, at nuked eye, one can observe that the
layer of adsorped copper ions on the ZnO layer has the blue color of Cu*?ion. Also after annealing
the adsorped layer becomes black onwing the copper oxide color as exhisibted in Fig.12.

é=c+dc

Fig.11. Effect of La in intensifaying the permanent dipole toward the ¢ direction:
a) u before doping, b) (u + Aw) after doping.
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(a)

Fig.12. Photograph of La doped ZnO /glass slide: a) La doped ZnO before immersion, b) La doped
ZnO after adsorption of copper ions and ¢) La doped ZnO / glass slide coated with CuO/Cu,0
after annealing temperature (370° C).

4. Conclusions

0-5wt.% La-doped zinc oxide thin films were deposited on 375°C heated glass by spray
pyrolysis with moving nozzle. From UV-Visible transmission techniques, it was shown that the
transmittance of the whole samples, was more than 75% in the visible region, and become more
transparent after La doping. The Optical gap range was in 3.26-3.28eV. XRD studies show that
thin films are a hexagonal wurtzite structure with (002) as preferred orientation whereas the
crystalline size for all samples were averaged in 17-37nm. Use of the moving nozzle in providing
homogenous distribution of ZnO product on the substrates was recognized by SEM images.

An enhancement in removal exceeding 16% of ion copper from the synthetic solution was
achieved after 1wt. % La doping. For possible use in wastewater treatment, La is a good quality
doping element for increasing the adsorptive ability of ZnO thin films by augmenting its active
surface area or by intesifaying the permanent polarity along ¢ direction.
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