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Zn0O/ZnAl,O, nanocomposite films were synthesised by ultrasonic spray pyrolysis (USP) by extracting Al,O(SO,), oxide with
zinc chloride hydrate in deionised water. The sample was then subjected to heat treatment at 650°C and 700°C for 1h, which led
to the formation of the spinel oxide (ZnAl,O,) and wurtzite (ZnO) phases. Al,(SO,);-18H,O salt was transformed into aluminum
oxide sulfate Al,O(SO,),, which is an intermediary decomposition product, by calcination at 795°C for 3 h. The structures of the
synthesised ZnO/ZnAl, O, films were confirmed by XRD, FTIR, and X-ray photoelectron spectroscopy (XPS). XPS spectra of the

major Zn, Al, and O photoelectron lines and the major X-ray induced Zn LMM Auger lines for ZnO/ZnAl,O, are presented.

1. Introduction

Zinc aluminate (ZnAl,O,) is of interest due to its desirable
properties, such as its high mechanical resistance, high
thermal stability, low-temperature sinterability, low surface
acidity, and good diffusion [1]. These characteristics make it
very suitable for applications as a high-temperature material,
catalyst, catalyst support, ceramic pigment, and optical and
thermal control coating for spacecraft, and it is emerging as
one of the best wide-band-gap compound semiconductors
(E g =338 eV) for UV optoelectronic applications [2]. In addi-
tion, ZnAl, O, is also widely used in many catalytic reactions,
cracking, dehydration, hydrogenation, pollution control, and
dehydrogenation [3, 4]. According to Hadnadev-Kosti¢ et
al,, the calcination of ZnAl layered double hydroxides leads
to the formation of high-photocatalytic-activity mixed ZnO-
ZnAl, O, oxides with high surface area and thermal stability.
This enhancement of the photocatalytic behaviour is due to
the presence of the ZnO semiconductor (E g = 3.2¢V), which
has a photocatalytic potential assigned to its activation in the
visible region and the presence of the spinel phase [5].

This letter is a contribution to the simplest preparation
methods for mixed oxides. The ZnO/ZnAl,O, system has
been successively prepared by a USP method employing

Al,(SO,);-18H,0 salt as a new precursor for the ZnAl,O,
phase. We also attempt to determine the appropriate syn-
thesis conditions in terms of the substrate and annealing
temperatures for the formation of composite films. This paper
also presents the XPS spectra of the major Zn, Al, and O
photoelectron lines and the major X-ray induced Zn LMM
Auger lines for ZnO/ZnAlO,.

2. Experimental

Aluminium sulphate hydrate salt was used as the Al metal
source in our synthesis. For this purpose, different calcination
temperatures in the range of 750 to 1200°C were applied
to Al,(SO,);-18H,0 initial powder to induce its thermal
decomposition. We have chosen to report the analysis of the
785 and 795°C treatments in this study. The calcination was
carried out in air atmosphere for 3 h. The spraying solution
was 0.06 M in zinc chloride dihydrate (ZnCl,-2H,0) and
0.12M in the calcination final product with distilled water
as the solvent. This solution was maintained under constant-
temperature (below 100°C) agitation for 8 h. Magnetic stirrer
agitation promoted the chemical reaction between precur-
sors, facilitating the dissolution of the salts in water and main-
taining the high homogeneity of the solution. The ultrasonic
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F1GURE 1: FTIR absorption spectrum of the calcination products (3 h, 785 or 795°C) of AlL,(SO,);-18H,0O powder and that of Al,(SO,);-18H,0
powder for comparison (grey line) (the main bands are discussed in the text) (a) and thermogravimetric (TG) curve for Al,(SO,);-18H,0 at
5°C/min (b). The theoretical number of water molecules and weight loss associated with each Al,(SO,), unit are given.

spraying system used in this work consists of a commercial
ultrasonic atomizer VCX 134 AT and a substrate holder with
heater. The ultrasonic vibrator frequency was 40 kHz and the
power used was 130 W. The median drop size at 40 kHz is
45 um. The nozzle-substrate distance was 5cm and, during
the deposition, the solution flow rate was held constant at
0.2mL/min. The substrate (quartz) temperature (Ts) during
deposition was 570°C, and the deposition time was fixed at
30 min. After deposition, the sample was annealed in air for
1hat 650°C and 700°C.

The crystalline structure of the deposited specimen was
determined by X-ray diffraction (XRD) with a radiation
wavelength of 1.5418 A (CuK,). The chemical bonding states
of the as-calcined powder or the films obtained were charac-
terised by Fourier-transform infrared spectrometry (Nicolet
460 FTIR) at room temperature. The sample for FTIR
measurements was prepared by grinding the film scraped
from the quartz substrate. The uncertainty in the position of
the various peaks is +2cm™". The thermogravimetric (TG)
data were recorded under a dry air flow with a heating
rate of 5°C/min in a SETARAM TGDTA92 16.18 thermal
analyser. TG measurements were corrected for temperature-
dependent buoyancy by subtracting the data of a measure-
ment carried out on an inert sample. The X-ray photoelectron
spectroscopy (XPS) analysis was carried out with a PHI 5000
VersaProbe-Scanning ESCA Microprobe using monochrom-
atized Al K, X-ray source (hv = 1486.6eV, 15kV, 39.3 W,
diameter beam spot: 200 ym) by calibrating binding energy
to Cls (285.1eV). The surface contaminants were removed by
means of mild sputtering method using 2kV Ar" ions.

3. Results and Discussion

Figure 1(a) illustrates the FTIR patterns of the intermediate
products of the 3-h calcination of the aluminium sulphate
hydrate powder at 785 or 795°C. The spectra present some
notable differences related to the molecular and structural
bonding states of the calcined powder. Three bands are
assigned to the v; (SO,*”) mode for the salt heated at
785°C: 1150, 1181, and 1250 cm ™. The SO, group in sulphate
minerals can exhibit four infrared-active vibrational modes,
including a strong F antisymmetric bend (v;) and a gener-
ally weak E symmetric bend (v,). These vibrational bands
generally occur as two to four v; bands between 960 and
1280 cm ™" and one or two v, bands between 420 and 525 cm ™
[7]. The weaker v, vibration band appears at approximately
500 cm ™. Tt should be noted that the principal changes in
the FTIR spectra are observed in the bands located between
584 and 712cm™". Indeed, the FTIR curve of aluminium
sulphate hydrate calcined at 785°C includes additional char-
acteristic triplet absorption bands at 584-712 cm ™' compared
to the spectrum of that calcined at 795°C. These bands can
be attributed to vibrations of the (Al-O-Al)*" group [8].
Additionally, the FTIR patterns of calcined powders exhibit
a band at 3443cm™' and a weak band at 1638 cm ™', which
are assigned to the vibration mode of chemically bonded
hydroxyl groups and the deformation vibration of water
molecules, respectively. Three peaks of very weak intensities
at 2856 cm™', 2927 cm ™!, and 2960 cm™" are attributed to the
C-H stretching vibrations of alkane groups [9].
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The thermal decomposition of aluminium sulphate
hydrate is a possible means for the production of high-purity
aluminium oxides with fine grains via intermediate steps [10].
Alumoxane cations (A1204+) from aluminum oxide sulfate
ALO(SO,), and sulphite ions (SO,>7) are present in the
intermediate products formed during the thermal decom-
position of Al,(SO,);-18H,0 [8].

Figure 1(b) shows the typical thermogravimetric (TG)
curve and the first derivative of the weight loss (DTG) plot
for Al,(SO,);-18H,0 salt. The TG curve and DTG plot are
indicated as solid and dotted lines, respectively. The TG-
DTG can be interpreted as follows: the aluminum sulfate
hydrate decomposition takes place in several steps. The first
three major steps are dehydration reactions in which eighteen
moles of water is lost. In the range of 40-90°C, only a small
weight loss is observed (about 6%). This is due to the fact
that not all the water is released. As the temperature increases
above 90°C, the coarse aluminum sulfate hydrate particles
shatter, releasing water vapor. This is manifested by the fast
weight loss on the TG curve of aluminum sulfate hydrate
(=24.5% between 90 and 151°C). Up to the end temperature of
the third DTG peak (380°C), the cumulative weight loss of the
sample was 46.5%, which approached the theoretical weight
loss from the conversion of Al,(SO,);18H,0 to AL (SO,);
(48.6%). The formation of aluminum sulfate occurs when
the temperature was between 706°C and 785°C. The weight
loss increased with increasing the treatment temperature and
the formation of Al,O(SO,), is observed at temperatures
between 785°C and 800°C (0.83 moles of SO, leaves the
aluminum sulfate at 795°C). The theoretical weight loss due to
the conversion of Al,(SO,);:18H,0 to Al,O(SO,), is 60.6%.
The last major step includes the sulfate ions decomposition
to sulfur oxide vapor. The DTG peak with maxima at =<808°C
(about 70.7% weight loss) of sample is due to y-Al,O; phase
formation. The loss of mass continued until approximately
900°C (about 84.7% weight loss), where a- Al,Oj is formed.

The XRD patterns of the final products of alum salt
calcination at 785 and 795°C for 3 h are presented in Figure 2.
The spectra relative to the powder obtained after calcination
at 785°C show that it is polycrystalline. The diffraction peaks
present in the XRD diffractogram are identical to those of the
aluminium sulphate (Al,(SO,);) reference pattern (JCPDS
Card number 01-077-0066). When the calcination tempera-
ture was increased from 785 to 795°C (Figure 2), the intensity
of the aluminium sulphate phase peaks decreased, and several
disappeared. At 795°C, the XRD results, combined with the
FTIR results, indicate that the aluminium sulphate phase was
present but at a lower amount than at 785°C. The weak peak
intensities of the substance produced at 795°C reveal that
a large amount of it was poorly crystallised. Matori et al.
have found that the Al,(SO,); phase lost its bonding and
crystallinity after Al,(SO,);-18H,0O was calcined at 900°C
[11]. However, the persistence and shape of the XRD peak
at the 20 = 44.07° position suggests that the nucleation of
the y-alumina phase had begun. The correlation between the
XRD spectrum and the FTIR results obtained for the powder
calcined at 795°C suggests that the Al,O(SO,), metastable
phase of the chemical decomposition of aluminium sulphate
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FIGURE 2: XRD patterns of the final products of alum salt calcination
at 785 and 795°C for 3 h.

hydrate exhibits the rhombohedral structure of the alu-
minium sulphate present at this temperature.

The structural characterisation of the deposited spec-
imen by the simple ultrasonic spray pyrolysis technique
using the white solid formed after calcining the initial
Al,(SO,);-18H,0 precursor at 795°C for 3h in the spraying
solution and annealed at two different temperatures during
1 hour is reported in Figure 3 ((a) 700°C and (b) 650°C). The
XRD diffractogram relative to the coating treated by a 700°C-
1 h heat treatment (Figure 3(a)) reveals the coexistence of zinc
oxide and zinc aluminate. All peaks are well defined, indicat-
ing the highly crystalline nature of the phases present in the
sample. Every diffraction peak of all phases is in good agree-
ment with the standard diffraction patterns of hexagonal ZnO
and cubic ZnAl, O, spinel structures according to JCPDS card
numbers 00-036-1451 and 00-001-1146, respectively. Table 1
displays XRD data of ZnO/ZnAl,O, films. It shows typical
polycrystalline hexagonal ZnO structures. The (002) peak has
the highest intensity. Characteristics of ZnAl,O, were also
presented.

The lattice constants can be calculated using the following
formulas:

1

dhkl = >
VA (12 + K2 + k) [3a? + (/)

@

a
g = —
MR Ie+ P

where a and ¢ are the lattice constants and dj,; is the
crystalline surface distance for hkl indices. With the data in
Table 1, the lattice constants of the ZnO and ZnAl,O, films
were calculated to be a = b = 3.248A, ¢ = 5.208 A and
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TABLE 1: X-ray diffraction data for ZnO/ZnAl, O, nanocomposite films (annealed at 700°C).

Relative intensity

Pos. ["2Th.] FWHM [°2Th.] Identified planes (hkI) dyy (A) (%)
0
31.3057 0.8839 220 ZnAlL,O, 2.857 19.08
31.8155 0.1537 100 ZnO 2.813 31.48
34.5118 0.2024 002 ZnO 2.599 100.00
36.3725 0.2267 101 ZnO 2.470 53.29
36.8650 0.7104 311 ZnAL O, 2.438 30.54
44.8092 0.6298 400 ZnAlLO, 2.023 2.24
47.6504 0.3149 102 ZnO 1.909 9.37
55.6419 0.6298 422 ZnAl,O, 1.652 3.65
56.7192 0.2362 110 ZnO 1.623 9.83
59.3661 0.6298 511 ZnALO, 1.557 6.27
62.9704 0.3149 103 ZnO 1.476 8.90
65.2577 0.4723 440 ZnAl, 0O, 1.430 9.10
68.0799 0.2880 112 ZnO 1.376 5.60
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FIGURE 3: Typical XRD pattern of the ZnO/ZnAl,O,nanocomposite films annealed during 1h at (a) 700°C and (b) 650°C.

8.087 A, respectively, and the reported values are a = b =
3.249A, ¢ = 5207 A and 8.062 A, respectively, according
to the JCPDS data. This close agreement indicates the phase
purity of the two oxides obtained.

Information on the crystallite size (D) for the films
(i.e., ZnO/ZnAl,O,) was obtained from the full width at
half maximum of the diffraction peaks using the Scherrer
formula:

0.941

D= —"—" |
ﬁ(hkl) cos e(hkl)

2)

where A, O(hkl), and B(hkl) are the X-ray wavelength
(0.15418 nm), Bragg diffraction angle, and line width at half
maximum, respectively. This formula is not limited by the
preferential orientation and is valid for an ordinary XRD
profile. To improve the statistics, the most intense peaks in
the profiles were chosen to determine the crystallite size.

The average crystallite sizes of ZnO and ZnAl,O, were
estimated to be 43 nm and 12 nm, respectively.

Rietveld refinement verified the formation of the
ZnO/ZnAlL,O, composite films after also an annealing
at 650°C for 1h and is reported in Figure 3(b). Excellent
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agreement is observed in terms of the peak positions and
intensities between the theoretical and observed data, as
depicted in Figure 3(b). The lattice parameters obtained from
the Rietveld analysis of the ZnO and ZnAl,O, structures
area = b = 3250 A, ¢ = 5.208 A and 8.097 A, respectively,
and the reported values are a = b = 3.250 A, ¢ = 5.207 A
and 8.087 A, respectively, according to the JCPDS data. This
close agreement indicates the phase purity of the two oxides
obtained. The average crystallite sizes of ZnO and ZnAl,O,
were estimated to be 47 nm and 13 nm, respectively.

The relative crystallinity of each phase in the oxides mix-
ture can be estimated by counting software diffractograms
XRD (X’Pert HighScore). This estimation for the deposited
system annealed at 650°C during 1 hour, for example, is of
60% for ZnO phase and 40% for ZnAl,O, one.

In accordance with the X-ray diffraction analysis of the
spraying product, the FTIR results of the deposited specimen
heat treated at 700°C during 1h (see Figure4) demon-
strate the presence of ZnO/ZnAl,O, mixed compounds.
The absorption peaks located at 675, 557, and 502 cm ! are
characteristic of the regular spinel structure with octahedrally
coordinated aluminium centres only [12]. The absorption
peak located at 431cm ™, corresponding to the Zn-O vibra-
tion frequency, is clearly represented, which is in agreement
with the results obtained by XRD, and is significant red
shifted compared with that of bulk ZnO manufactured via the
French process (437.33 em™Y) [13].

To probe with a fine way the present elements in our
system as well as their chemical environment, the X-ray
photoelectron spectroscopy (XPS) technique was employed.
Indeed, the correlation of the different core levels binding
energy positions with compounds properties which can be
present in the film, the variations in binding energies, or
chemical shifts of the photoelectron lines in the experimen-
tal curves reflect the modifications of the average atomic
potential undergone by these electrons depending on the
chemical bonds involved. This has been extremely useful
in many studies. The sputtering of the sample surface in
comparison with its initial surface induces changes in the
binding displacement which refer directly to the preparation
and preservation of the specimen. The film surface sputter
cleaning step was inside the XPS chamber and XPS analyses
were investigated both on the as-deposited and removable
surface specimens. The XPS survey spectrum of the as-
deposited coating (heat treated at 700°C for 1h) reported in
Figure 5 indicates the presence of Zn, O, and Al elements.
However, some carbon and sulfur are incorporated in the
as-deposited film and with more smaller quantities after a
surface sputtering.

Figure 6(a) shows the XPS survey spectra of the as-
deposited and sputter-cleaned (after 2min, Ar" sputtering
(~2nm)) films. The quantitative analysis indicates that the
surface atomic composition percentages of Zn, Al, and O
change from 15.3, 14.6, and 53.4 at % to 16.5, 18.0, and 57.3
at %, respectively, after sputter cleaning the surface. These
results are in good consistence with the expected theoretical
values of Zn, Al, and O of the ZnAl, O, and ZnO compounds,
included in the general concentrations, assumed to other
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negligible oxygen configurations like the C-O contaminant
one. The observed quantitative at. % concentrations of the Zn,
Al, and O principal elements are in good agreement with the
XRD analysis, where we have demonstrated the formation of
a cubic crystalline phase of the ZnAl,O, and wurtzite ZnO
phase [14].

An important factor regarding the surface property of
oxides is the occurrence of preferential segregation of one ion
over another on the surface leading to a difference between
the bulk and surface composition and in turn on catalytic
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properties. The atomic ratio of elements Zn/Al of the as-
deposited film is about 1.04:1 and that of 2min sputter-
cleaned film is 0.91:1, deviating from the theoretical value of
1:1 calculated from the chemical formula of ZnO/ZnAl,0O,.
This result shows that the surface Zn/Al atomic composition
is somewhat different from the bulk composition.

Figure 6(b) shows the XPS spectra in the Zn 2p region for
these samples (as-deposited and sputter-cleaned thin film).
The Zn 2p core level spectrum for thin film shows a doublet,
whose binding energies are 1022.7 and 1045.9 eV (1022.0 and
1045.2 eV for the sputter-cleaned), which can be identified as
the Zn 2p3/2 and Zn 2pl/2 lines, respectively. The binding
energy differences between the two lines are 23.2eV (23.2eV
for the sputter-cleaned), which is comfortably lying close
to the standard reference value of ZnO [15]. The Zn 2p3/2
and Zn 2pl/2 binding energy positions and binding energy
difference, calculated from XPS analysis, reveal the oxidation
of the Zn atoms to the Zn** chemical state. Recorded
to the Zn** 2p doublet collected before the surface ion-
bombardment, a similar line shapes but a decrease in intensity
and a minor shift in binding energy positions were detected,
which indicates that the environment of Zn®" at the top
surface is slightly different from Zn** underneath it [16].

A high resolution XPS scan of the Al 2p peak reveals
the nature of the aluminum bonding. Figure 6(c) shows the
comparison of the Al 2p peaks for the sample before and after
Ar” sputter cleaning for 2 min. The center of the peak shifts
from 74.7 to 74.0 eV. The binding energy of the Al 2p signal is
compatible with the presence of AI’* species.

Figure 6(d) shows the XPS spectra in the Al 2s region
for these samples (as-deposited and sputter-cleaned thin
film). There is no considerable shift in Al 2s binding energy
value centered around 119.5 and 118.8 eV for the as-deposited
and sputter-cleaned thin film, respectively, indicating the
presence of AI’* on the surface. For the as-deposited film,
no change in line shape was observed for AI’* except for a
decrease in intensity and a minor shift in binding energy,
which shows that the environment of AI** at the top surface
is slightly different from AI’* underneath it. The same trend
was observed for Zn 3s peak at 140.3 ¢V and 140.0 ¢V for the
as-deposited and sputter-cleaned thin film, respectively.

Kim et al. reported that when Al-doped ZnO epitaxial
layer is prepared and analysed by XPS, the strong O 1s peak
at 530.6 €V is a characteristic of O~ ions on the wurtzite
structure of a hexagonal Zn** ion array, and the weak O Is
peak at 532.0 eV is characteristic of a nonstoichiometric Al-
O phase [17].Chen et al., in an investigation of XPS and AES of
Al-doped ZnO, reported that the three distinct components
of O 1Is can be attributed to the presence of loosely bound
oxygen on the ZnO surface (532.4 €V), O*~ ions in the oxygen
deficient regions within the ZnO (531.25eV), and O* ions
on the wurtzite structure of the hexagonal Zn** ion array
(530.15eV), respectively [18]. The deconvolution of the XPS
spectra of the O 1s spectrum is shown in Figure 6(e). The
O 1s core level spectrum of as-deposited film seems to be
asymmetrical and can be best fitted using two Gaussian
curves at 531.28 (FWHM 2.7) and 531.97 (FWHM 3.69) and
may be attributed to the oxygen of ZnO crystal lattice [19]

and oxygen of ZnAl,O, [15], respectively. The O 1s core level
spectrum of sputter-cleaned thin film can be best fitted using
two Gaussian curves at 530.86 (FWHM 3.41) and 532.19 eV
(FWHM 3.93). In case of sputter-cleaned film, the intensity at
532.2 eV binding energy decreases dramatically whereas the
intensity of 532.19 eV peak increases.

Figure 6(f) shows the area of the survey scan in the
proximity of the C 1s peak at 285.1¢€V, S 2s, and S 2p regions
of the (as-deposited and sputter-cleaned) coating annealed
at 700°C for 1h. A significant diminution in the intensity
of the carbon line seen in the relative curve to the surface
film after Ar" sputtering is characteristic of the purity of
the bulk specimen from the carbon specie contamination.
Tuan et al. explain this observation by the total reaction of
the metal-organic precursor molecules and the desorbing of
the carbon-containing ligands from the surface, so the peak
in the as-deposited film spectrum is probably because the
adventitious hydrocarbons apparently built up on the sample
during the transfer through air [20]. Some sulfur content
is detected in the as-deposited thin film, which becomes
negligible after sputter cleaning of the film. The low sulfur
content of the deposited film is likely due to decomposition
of the aluminum oxide sulfate (Al,0(SO,),) precursor.

In this study, the modified Auger parameter method [15]
(i.e., modified Auger parameter = &' = binding energy of
the major photoelectron line plus the kinetic energy of the
major Auger line for the element of interest) was used to
determine the chemical state of zinc. It is known that the &'
values located at 2010 and 2014 eV are characteristic of the
oxidation state (Zn**) and metallic state (Zn°), respectively
[15]. For as prepared and sputter-cleaned ZnO/ZnAl,O,
films, the shifts of the &’ are given in Table 2. That the o
values kept constant at ~2010.2 eV, being far from 2014 eV,
indicates the existence of Zn>" [21]. The calculated modified
Auger parameter values for zinc oxide and ZnO/ZnAl,O,
system are identical but differed from the calculated value for
the zinc aluminate by only 0.6 eV, as can be observed. This
difference is usually not considered very pronounced and
the differentiating between ZnO and ZnO/ZnAl,O, and/or
ZnAl, O, becomes not possible and exhibits other data than
o« values alone. A similar approach (rend) and deduction
were reported by Strohmeier et al. to distinguish between
ZnO and Zn(OH), and/or ZnAl, O, in their studied zincated
disc, where the difference between the a' values obtained for
these compounds was 0.4 eV [22]. However, the O Is values
determined for the sputter-cleaned ZnO/ZnAlL, O, system
and ZnAl,O, material are equals and up to one electron volt
in comparison with that of ZnO oxide. As can be seen from
Table 2, the O 1s binding energy shows a chemical shift of
1.7 eV between ZnO/ZnAl,O, (as-deposited film) and ZnO.

4. Conclusion

In this study, a ZnO/ZnAl,O, system was successfully
obtained from an inexpensive aluminium sulphate hydrate
salt as the Al metal source by ultrasonic spray pyrolysis.
The AL, (SO,);18H,0 thermal decomposition product after
calcination at 795°C for 3 h in air atmosphere combined with
ZnCl,-2H,0 salt in distilled water constitutes an efficient
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spraying solution. A relatively low substrate temperature
(570°C) for the ZnAl,O, formation was employed. The
preparation conditions permit the formation of a nano-
metric ZnAl,O, phase. The structures of the synthesised
ZnO/ZnAl, O, films were confirmed by XRD, FTIR, and X-
ray photoelectron spectroscopy. XPS spectra of the major Zn,
Al, and O photoelectron lines and the major X-ray induced
Zn LMM Auger lines for ZnO/ZnAl,O, are presented.
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