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Abstract
Nanoscaled self-assemblies with engineered architectonics are important for obtaining innovative
materials for different front-line applications. We investigated here the morphology features at the
nanoscale of the assemblies of the mixed oxides obtained through the thermal transformation of
Zn2+Me3+ (Me=Al/Ga) layered double hydroxides (LDHs), as their “as-synthesized” form or after
they were reconstructed in the aqueous solution of Ga2(SO4)3. The characteristics of ZnMe LDHs and
the derived assemblies of mixed oxides were assessed by X-ray diffraction (XRD), X-ray
photoelectron spectroscopy (XPS), scanning electron microscopy (SEM), transmission
electron microscopy (TEM/EDX), N2 adsorption at −196°C and thermal analyses
(TG/DTG/DSC). The results revealed the formation of nanoscaled assemblies of
ZnO/ZnAl2O4/ZnGa 2O4 and ZnO/Ga2O3/ZnGa2O4 derived from ZnMe(Me=Al/Ga) as
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precursors. Results point out that both the composition of the LDHs and the calcination
temperatures can be used as parameters for tuning the nanomorphology features of the
evolved mixed oxides.

Keywords: mixed oxides, layered double hydroxides, nanoscaled assemblies

1. Introduction
Layered double hydroxides (LDHs) are anionic clays, containing divalent (MeII) and trivalent (MeIII)
cations, generally described by the formula:[MeII1-xMeIIIx(OH)2]x+·An-x/n·mH2O. The cations are
included in octahedral units and are surrounded by six HO- groups. The octahedral units of the layered
layers are connected to each other through HO- groups belonging to the neighboring units, arranged
in hexagonal packing, similar to that of brucite structure. LDHs have a 2-D layered crystal structure
with wide variations depending upon the nature of cations and Me(II)/Me(III) molar ratios, as well as
An- interlayer anions [1,2]. Further, the LDHs structure is stabilized by including a high number of
water molecules in the interlayer space, through numerous hydrogen bonds established with both
cationic sites from the brucite-type layer and the anions from the interlayers. Significant progress has
been made in the synthesis of LDH as tailored heterobimetallic systems allowing specific conductive
responses [1-3]. Furthermore, LDHs are easy synthesized by cost-effective experimental procedures
[4, 5]. A unique behavior of the LDHs is so-called structural “memory effect”. Such that, the LDHs
calcination at moderate temperatures within the range 400-600oC, might destroy the 2-D layered
structure giving rise to assemblies of mixed oxides [6,7]. When these oxides are introduced in aqueous
solutions containing anions, the layered structure of LDH is able to recover the original layered
structure. [8-12]. The calcination temperature values have an important role during the transformation
of the LDHs in the assemblies of mixed oxides and the reconstruction of the 2D network by the
memory effect [10-12]. For the temperature values higher than 650°C, the transformations of the
LDH into the mixed are irreversible, giving rise to stable nanoscaled assemblies of the mixed oxides
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[7,11]. Scare information exists in the literature regarding the nanoscaled morphology of the
assemblies of the mixed oxides derived from LDHs and tuning the architectonics of the selfassemblies of the mixed oxides is still a challenge for growing them as innovative heterostructures.
In the present work we present for the first time Zn-Ga-Al -based oxides as nanoscaled assemblies
obtained through the thermal transformation of Zn2+Me3+ (Me = Al/Ga) layered double hydroxides
(LDHs) by using either the LDHs in “as-synthesized” form or after the LDHs was reconstructed in
the aqueous solution of Ga2(SO4)3. Furthermore, the properties of these complex mixed oxides and
their morphology features were studied as a function of the LDHs compositions and the LDHs
calcination temperature.

2. Experimental
Synthesis of the LDH-like materials
The LDHs precursors, denoted as ZnGa and ZnAl, were prepared by the co-precipitation method. In
a typical synthesis procedure, mixed solutions of Zn(NO3)26H2O/Ga(NO3)318H2O and
Zn(NO3)26H2O/Al(NO3)39H2O, respectively, with Zn2+/Me3+ ratios of 3 (1M overall concentration
of cations) were slowly poured together with a Na2CO3/NaOH solution in a beaker, under vigorous
stirring. The pH of the precipitation medium was kept at a constant value of 8.5 by controlling the
metallic salts and carbonate/hydroxide solutions flows at proper levels. The precipitate slurry was
aged for 24 h at room temperature under slow stirring, then separated by filtration, washed three times
with distilled water and dried at 80oC overnight. The samples calcined at 550°C for 8 hours (denoted
ZnGa_550 and ZnAl_550) were subsequently introduced in an aqueous solution of Ga2(SO4)318 H2O
(0.1M) (99.9%, Sigma Aldrich) for 7 h, at room temperature, to allow the reconstruction of the
original layered structure. The samples were denoted as Ga/ZnAl and Ga/ZnGa, respectively.
Afterwards, the “as synthesized” and the reconstructed LDHs were calcined in air at 600, 750 and
925oC at 10o/min, for 5 hours. The samples were labeled as Ga/ZnAl_t and Ga/ZnGa_t, where t is the
calcination temperature value (oC).
3

Characterization techniques
The structural characteristics were analyzed by powder X-ray diffraction (XRD) on a Shimadzu XRD
6100 diffractometer with monochromatic light (λ=0.1541 nm), operating at 40 kV and 30 mA, 2θ
range 5-80°. The LDHs showed rhombohedral symmetry and the structural parameters were
calculated using the relations: a = 2 d[110] and c = 3 d[003], where the indexes indicate the orientations
of these two characteristic planes. The morphology features of the samples were investigated using a
transmission electron microscopy (TEM) Hitachi H900, operating at an accelerating voltage of 200
kV, coupled with energy dispersive X-ray (EDX) spectrometer and a scanning electron microscope
(SEM) (Philips, XL30 FEG). The X-ray photoelectron spectroscopy (XPS) spectra were recorded on
a Perkin-Elmer 5500-MT spectrometer, equipped with Mg Kα radiation (1253.6 eV), operating at 15
kV and 20 mA; the binding energies (BE) were corrected using the C1s peak to 284.8 eV as reference.
Thermal analyses of powdered sample up to 900°C were carried out at a heating rate of 10°C/min in
nitrogen gas flow, using on a Perkin Elmer equipment consisting of a TG/DTG/DTA Diamond
thermo-balance. Nitrogen adsorption–desorption isotherms were obtained at −196 °C using a Coulter
SA 3100 automated gas adsorption system. The samples were outgassed under vacuum at 110 °C
overnight in order to remove the interlayer water, before the measurements. Specific surface area was
calculated according to the BET method on the basis of the adsorption data.

2. Results and discussions
The structural features of the studied materials are described by the XRD results. Fig. 1 shows that
the XRD pattern of the “as synthesized” ZnAl and ZnGa displays a LDH single phase without any
impurity, with a series of sharp, symmetric and basal reflections, corresponding to [003] and [006]
planes and broad, less intense, non-basal reflections assigned to the [012], [015] and [018] planes.
The reflections corresponding to [110] and [113] are clearly distinguished at 2θ around 60 degrees,
pointing out a well-ordered layered clay matrix. The slight differences due to the different ionic
volumes of Al and Ga changed the values of the maxima of the diffraction angles (Table 1).
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Figure 1. XRD patterns of the as-synthesized and the reconstructed LDH-like precursors.

After calcination at 550oC, the LDH structure collapsed and the characteristic allure of XRD of mixed
oxides were obtained (not shown). The presence of the mixed oxides after the reconstruction in the
Ga2(SO4)3 solution was demonstrated by the main characteristic planes ([003], [006], [110] and [113])
in the XRD pattern, confirming the success of the reconstruction process. The positions of the [003]
and [110] planes were used to calculate the structural parameters of the samples (Table 1).

Table 1: XRD data and the calculated structural parameters for the as-synthesized and
reconstructed samples
ZnAl

ZnGa

Ga/ZnAl

Ga/ZnGa

2θ [003], o

11.61

11.64

9.89

9.79

2θ [006], o

23.34

23.39

20.00

19.96

2θ [101], o

33.82

33.47

33.86

33.80

2θ [009], o

34.53

34.17

36.91

38.8

5

2θ [110], o

60.55

59.35

60.55

60.19

2θ [113], o

61.44

60.69

61.44

60.70

d [003], Å

7.61

7.59

8.94

9.03

d [110], Å

1.53

1.56

1.53

1.54

a, Å

3.06

3.11

3.06

3.07

c, Å

22.83

22.77

26.82

27.09

It is important to underline that the XRD parameters changed after the reconstruction. Gallium phases
were not found, indicating that, if present, gallium nanoparticles are too small to be detected by XRD.
The values of the “c” parameter increased, pointing out that the sulfate ions are present in the
interlayer space and determined its expansion. As expected, the values of parameter “a” is almost
identical for all the samples, indicating that the reconstruction did not modify the distance between
the cations of the brucite-like layers. For the reconstructed LDHs, the XRD peaks are wider, lower as
intensity and not so well defined, indicating the partial loss in crystallinity and the decrease of the
particle size.
For higher values of the calcination temperatures equal to 750°C and 925°C, the structural features
are completely transformed, revealing the formation of the assemblies of the mixed oxides. For the
series derived from ZnAl LDH precursor the XRD patterns are displayed in Figure 2.

6



Intensity, a.u.



Ga/ZnAl
Ga/ZnAl_600
Ga/ZnAl_750
Ga/ZnAl_925






 















0

20



40
60
2 Theta, degree

80

Figure 2. XRD patterns of the Ga/ZnAl and the mixed oxides obtained by calcination.
(-LDH phase,- ZnO,-ZnAl2O4, - ZnGa2O4)

Ga/ZnAl showed the same trend: when the calcination temperatures increased, the extent of
crystallization accentuated for higher temperature values. The peaks from the diffraction pattern
clearly described the self-assembly of the mixed ZnO/ZnAl2O4/ZnGa2O4 phases, as is detailed in
Table 2. As the temperature increased, the peaks become higher, sharper and narrower, indicating
that ZnO/ZnAl2O4/ZnGa2O4 improved their crystallinity.

Table 2: The XRD parameters for the assemblies of the mixed oxides obtained by the thermal
transformation of Ga/ZnAl and Ga/ZnGa LDHs.

Oxide phase Maxima diffraction angles, 2theta (degrees)
and planes indexes
26

35

37

43

52.5

57

γ-Al2O3
[012] [104] [110] [113] [024] [116]

7

ZnO

32

34.5 36.5

47.6 56.9 63.1 68.1 69.3

[100] [002] [101] [102] [110] [103] [112] [201]
ZnAl2O4

30

35

55

60

66

[220] [311] [422] [511] [440]
ZnGa2O4

19

31

35.5

38

43

55

58

63

[111] [220] [311] [222] [400] [422] [511] [440]
GaO(OH)

18

21.5

26

33.5

35

37.5

41

42

52

54

60

[020] [110] [120] [130] [021] [111] [121] [140] [211] [221] [151]
α-Ga2O3

24.8

33

36

41.5 50

55

63

65

[012] [104] [110] [113] [024] [116] [214] [300]
β-Ga2O3

18

30

31.5

35 38.5

43

46

48

57.5

61

62.5 65

[20-1] [400] [002] [111] [311] [112] [600] [511] [313] [020] [-710] [221]

For the Ga/ZnGa the XRD patterns are displayed in Figure 3.
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Figure 3. XRD patterns of Ga/ZnGa and the mixed oxides obtained by calcination.
(β – beta Ga2O3,

ZnGa2O4,

ZnO, X - LDH).

Hence, after the calcination at 750oC, Ga/ZnGa display a low crystallinity mixed oxide, in which the
reflection of ZnO and ZnGa2O4 are clearly identified. After calcination at 925oC, the XRD analysis
clearly show the formation of well-crystallized β-Ga2O3, while the characteristic reflections of
ZnGa2O4 is also identified. This result is in agreement with previous reported data from the literature
[13-22]. Therefore, the controlled thermal treatment of Ga/ZnGa gave rise to a complex assembly of
the mixed oxides described as ZnO/Ga2O3/ZnGa2O4.
To get more information about the structural transformations, thermal analysis was performed from
room temperature up to 900oC; the TG and DTG curves are shown in Figure 4 and the mass loss and
characteristic temperature values are shown in Table 3.
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Figure 4. TG (a) and DTG (b) curves for the “as-synthesized” and the reconstructed LDHs.

The decomposition temperatures are slightly higher for Ga-containing LDH and the two weight loss
stages were due to the water elimination from the interlayer and to the decomposition of the HO- and,
most probably, NO3- anions, respectively. In the case of the initial ZnAl and ZnGa LDHs, the mass
loss reported in terms of moles of was almost similar for both samples.

Table 3: Thermal analysis results
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ZnAl

Characteristic
temperatures
163
233

ZnGa

170

242

28.75

Ga/ZnAl

187

237

35.22

Ga/ZnGa

123

672

35.44

Sample

% mass loss
31.55

Assuming the chemical composition of Zn3Al(OH)8NO3 for ZnAl and Zn3Ga(OH)8NO3 for ZnGa,
the ”molar masses” of these species are, 421.2 respectively 463.9. After the thermal degradation, the
mass loss ratios for the both samples are 288.1 and 330.5, as shown in Table 4. Ideally, the mixed
oxides resulted by calcination have the formulae Zn3AlO4.5 (mass 295.2) and Zn3GaO4.5 (mass 337.9).
The ratio between the calculated and experimental mass changes for both samples is 1.02. For the
reconstructed samples, Ga/ZnAl and Ga/ZnGa, the weight loss has almost similar values. However,
in the case of Ga/ZnGa sample, the decomposition temperature is much higher than for Ga/ZnAl. It
is a prove that sulfate anions entered in the interlayer as compensation anions in a higher extent during
the reconstruction of the calcined ZnGa. This statement is also supported by the bigger value of the c
parameter of the cell (Table 1) and by the presence of high amounts of sulfur in the Ga/ZnGa
reconstructed sample (Table 3). The temperature of the second decomposition step of Ga/ZnAl
sample is in turn similar to the initial samples, suggesting that in this case, the reconstruction was
performed including rather by HO- ions in the interlayer, not SO42- ions.
The nanoscale morphology of the starting LDHs and the assemblies of the mixed oxides was analyzed
by SEM and TEM microscopy. SEM images of some representative samples are shown in Figures 5
and 6.
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Figure 5. SEM images of ZnGa LDH and Ga/ZnGa samples calcined at different temperatures.
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Figure 6. SEM images of ZnAl and Ga/ZnAl samples calcined at different temperatures.

Results revealed that the morphology of the samples was strongly influenced by both the composition
of the initial LDHs and the temperature of the calcination temperature. ZnGa appears as smooth and
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relatively uniform platelets, with about 15-18 nm thickness and quite irregular shape, but relatively
uniform sizes, without sharp corners. During the calcination procedure, the morphology changes
gradually. Small almost spherical balls begin to form at 750oC, coexisting with the initial sheets, still
in majority. Finally, at 925oC, bulk polyhedra closely packed with each other are formed.
After the calcination of ZnGa at a temperature of 750oC, the transitions towards the ZnGa2O4 and
Ga2O3 brings also spectacular morphology transformations. A high number of small, uniform holes
appear on the sheets surface at 750oC, while the sheets become less plane and wider. At 925oC, the
transition to final phases also leads to numerous polyhedra, quite well individualized and
characterized by a high dimensional dispersity (size between 50-300 nm). ZnAl looks typically as a
LDH, consisting of platelets nanoparticles with sizes around 150 nm, interconnected to each other.
Upon heating, the morphology changes to numerous grains, almost spherical, loosely grouped to each
other at 750oC, and transformed in bulk, porous agglomerations at 925oC. The reconstruction product
looks very alike the native ZnAl, with the smooth thin sheets arranged under different angles,
typically for a LDH. The reconstruction success is also confirmed by the SEM results. Upon
calcination at 750oC, a sponge-like mass is formed from small spherical grains tightly packed. A very
similar morphology is noticed after calcination at 925oC, based on particles with a higher diameter;
these results are in accordance with the XRD patterns that were highly similar for these two samples
(figure 2). TEM data reveal the morphology changes during the calcination from 600 to 750oC. The
particles are closely packed after calcination at 600oC with relatively uniform sizes of 15-20 nm.
Upon calcination at 750oC, the particles diameter increase up to 30-50 nm, pointing out the formation
of well-individualized, relatively uniform and close packed particles for the Ga/ZnAl 750 sample
(figure 7).
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Figure 7. TEM images and SAED of Ga/ZnAl_600 (a) and Ga/ZnAl 750 (b) samples; light field
(left) and dark field (right).

The BET specific surface areas (SSA) values are presented in Table 4. The samples containing
aluminum have higher SSA by comparison with the samples based on gallium. It is interesting to note
that the SSA values of the initial LDHs are lower than those of the reconstructed materials, both for
aluminum and gallium-based samples. Also, the calcination process at 750oC let to the increasing of
the surface area. This behavior is consistent with similar results from the literature [23, 24].
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Table 4: Specific surfaces of the samples
Sample

SSA, m2

Sample

SSA, m2

ZnAl

74

ZnGa

69

Ga/ZnAl

83

Ga/ZnGa

75

Ga/ZnAl_750

91

Ga/ZnGa_750

89

The XRF analysis was used to determine the samples elemental composition in the nearby of
the surface (Table 5). In the as-synthesized samples, the 3:1 ratios between the divalent/trivalent ions
from the synthesis recipe are roughly found also in the solids. During the reconstruction step, the
surface of the ZnGa strongly enriches in gallium. A high amount of sulfate ions, detected as sulfur on
the surface, indicate the deposition of some gallium sulfate nanoparticles on the surface during the
regeneration of the structure. For Ga/ZnAl calcined at high temperature, aluminum is found in a
higher concentration than expected, while zinc content was unexpectedly low that shows a strong
diffusion of aluminum from the bulk material to the surface of the grains.

Table 5: Elemental composition of samples determined by XRF analysis
Sample

Element

Conc (%)

ZnAl

Zn

75

Al

25

Zn

73.7

Ga

26.3

S

27

Zn

5

Ga

68

ZnGa

Ga/ZnGa

16

Ga/ZnAl_925

Al

43

S

0.1

Zn

32

Ga

25

Further, the EDX was also used to study the samples composition. The results are shown in Figure 8.
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Figure 8. EDX spectra of the samples

The reconstructed Ga/ZnGa has a higher content in C and O by comparison to the assembly of oxides
revealing the presence of CO32- anions.
Further, XPS analysis was used to get information about the surface composition of the materials (see
Figure 9 and Table 6).
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Figure 9. XPS spectra of the samples a. overall spectra; b. Ga2p1/2 and Ga2p3/2; c. Zn2p 3/2.

The main signals from the XPS spectra are due to gallium oxide 1118-1120 eV (Ga 2p3/2), 1145 eV
(Ga 2p 1/2), zinc oxide 1045 (2p 1/2) and 1022 eV(2p 3/2) and aluminum oxide, 80 eV (2p) [22, 25,
26]. The oxygen signal O1s from oxides appears between 530.8-531.9 eV. The peaks are symmetric
and well-centered, indicating that the metals are present only in the oxides forms.

Table 6: Chemical composition of the samples determined by XPS.
Ga/ZnAl_600 Ga/ZnAl_750

ZnGa

ZnGa_600

Ga/ZnGa Ga/ZnGa_750

O/Metal

2.24

1.91

2.19

0.77

0.85

1.80

Zn/Ga

2.43

1.89

3.42

7.74

0.14

0.11

Zn/Al

2.76

1.72

-

-

-

Al/Ga

0.88

1.10

-

-

-

The results shown in Table 6 indicate that the composition of the samples strongly depends on the
thermal treatment. For ZnAl, after reconstruction in Ga2(SO4)3 solution followed by calcination at
600oC, the gallium amount increased such that gallium content reaches a ratio of about 88% regarded
to aluminum content. The content of ZnAl2O4 and ZnGa2O4 is almost equal for both assemblies of
the mixed oxides. Upon calcination at 750oC, the Al/Ga ratio increases, suggesting the advanced
diffusion of gallium in the inner grains during the high temperature treatment. Both Zn/Al and Zn/Ga
ratios are 1.72 and 1.89, respectively, indicating that ZnO is present as a separate phase, in order to
balance the expected 1/2 molar ratio from ZnAl2O4 and ZnGa2O4 phases. For ZnGa LDH Zn/Ga ratio
is higher than 3 suggesting that some gallium does not precipitate during the synthesis. The
calcination at 600oC dramatically increases the Zn/Ga ratio, suggesting a migration of gallium in the
inner part of the grains. The reconstruction of the structure brings an amazing enrichment of the
particles in gallium, suggesting that its presence as octahedra in the layer is doubled by the formation
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of a high amount of nanoparticles, undetectable by XRD, on the outer surface of the LDH grains. The
formation of high amounts of Ga2O3 that is revealed by XRD, is also reflected in the final Zn/Ga ratio
of 0.11. There are significant differences in the behavior of the two series of samples, due to the
presence of aluminum together with gallium in the ZnAl series. Aluminum hinders the strong
segregation of gallium oxide phase, which is very abundant in ZnGa-derived materials.

3. Conclusions
Nanoscaled assemblies of Zn-Al-Ga mixed oxides were obtained by the controlled thermal
treatment of Zn2+Me3+ (Me = Al/Ga) layered double hydroxides (LDHs) precursors, as their “assynthesized” form or reconstructed in the aqueous solution of Ga2(SO4)3. The derived ensembles of
the mixed oxides are clearly identified as ZnO/ZnAl2O4/ZnGa2O4 and ZnO/Ga2O3/ZnGa2O4, while
their nano-sized features, described as nanoparticle sizes and their interspaces, are impacted by the
composition of the LDH precursors and the calcination temperature used during the transformation
of the 2D-layered structure of the LDH into the mixed oxides. These results demonstrate that the
synergistic combination of various methodologies in production of the assemblies of the mixed oxides
from LDHs might afford to tune their nanoarchitectonic into an effective tool for designing innovative
materials.
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