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Abstract Monodispersed hexagonal Al2-xCrxO3 nanod-

isks are synthesized through a reactive doping of Cr6+

cations in a hydrogenated mesoporous AlO(OH)�aH2O

powder followed by annealing at 1,200 �C in air. The

reaction was carried out by a drop wise addition of an

aqueous Cr6+ solution (0.5–1.0 M) to AlO(OH)�aH2O, at

room temperature. Al2-xCrxO3 nanostructure formation

was controlled by the nucleation and growth from the

intermediate amorphous mesoporous Cr4+:Al2O3 compos-

ites in the temperature range 400–1,000 �C. The nanodisks

of *50 nm diameter and thickness of *16 nm is observed

in the sample with x of 0.2 and similar nanodisks with a

low dimension is observed at a higher value of x of 1.6

(after 2 h of heating at 1,200 �C). The Cr3+ $ Al3+ substi-

tution, x B 1.2, inhibits grain growth in small crystallites.

The crystallites in x = 0.2 composition have 43 nm

diameter while it is 15 nm in those with x = 1.2

composition.

Introduction

The electronic, optical as well as other properties of a

particle depends on its particular size, shape, and local

dielectric environment [1, 2]. Nanostructures of controlled

size and shape is important in controlling their chemical

and physical properties due to quantum size effect [3, 4].

As an insulator with a wide band gap, alumina itself pro-

vides a good matrix to implanting various ions that has

good prospects to achieve emitting properties. The substi-

tution of Al3+ with Cr3+ forms an isovalent Al2-xCrxO3

series of an important class of optical materials because of

its promising fluorescence properties as lasers [5–7]. The

high refractoriness and chemical stability of Al2-xCrxO3

series offers many applications in energy plants [8] to pose

superior corrosion resistance against molten salts attacks

[9, 10].

Both Cr2O3 and a-Al2O3 are sesquioxides, with R�3c

hexagonal corundum crystal structure [11]. In this crystal

structure, the metal cations occupy two-thirds of the octa-

hedral interstitial sites. The properties can be modified in

the Al2-xCrxO3 series depending on the x-value. The lin-

earity in change of lattice parameters of such Al2-xCrxO3

systems as a function of x according to the Vegard’s law

[12, 13] is debatable. A miscibility dome exists in Al2O3

rich and Cr2O3 rich crystalline phases at temperatures

below 950 �C [8, 11]. Reaction above 1,000 �C results in

the formation of isomorphous Al2-xCrxO3 substitutional

solid solution [8, 11]. Therefore, there is a growing interest

in nonconventional solid-state methods of synthesis

of Al2-xCrxO3 at low temperature in shorter times. Wet

chemical methods are preferred to obtain a molecular

homogeneity that in turn enables shorter average ionic

diffusion paths at high reaction rate [8, 14, 15]. However,

all the above reports of the synthesis of the Al2-xCrxO3

are confined to the bulk materials. To the best of our

knowledge no report is available on the synthesis of iso-

morphous Al2-xCrxO3 in nanostructures. In this article,

we report the synthesis of monodispersed isomorphous

Al2-xCrxO3 nanodisks through a novel wet chemical route
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by the reaction of Cr6+ with a hydrogenated mesoporous

AlO(OH)�aH2O powder.

Experimental details

The synthesis of Al2-xCrxO3 (0.2 B x B 1.6) is carried out

by a reaction of Cr6+ cations with a hydrogenated meso-

porous AlO(OH)�aH2O, a = 0.25, powder followed by

annealing in the temperature range 400–1,200 �C in air.

This involves a drop wise addition of an aqueous

(NH4)2Cr2O7 solution (0.5–1.0 M) to AlO(OH)�aH2O at

room temperature. An intermediate amorphous Cr4+:Al2O3

product forms on drying the mixture after the reaction

at 150 �C in air. It has a characteristic grayish-black to black

color depending on the x-value. A freshly prepared

AlO(OH)�aH2O, with an initial porosity of *90% and

10–50 nm average pore diameter, was used. It was obtained

by an electrochemical surface hydrolysis of Al-metal in a

humid air [16–18].

Phase analysis of the samples before and after the reac-

tion at selected temperatures is carried out with X-ray

diffraction (XRD). The diffraction has been recorded with

P. W. 1710 diffractometer operated at 40 kV voltage and

20 mA current using filtered CoK� radiation of 0.17905 nm

wavelength. Desorption of chemisorbed gases, thermal

decomposition and nucleation and growth of Al2-xCrxO3

from the precursor powder were studied with differential

scanning calorimetry (DSC) and thermogravimetric analy-

sis (TG). A Perkin-Elmer thermal analyzer was used to

record the two curves by heating 10–20 mg sample in the

30–600 �C range in air at 20 �C/min heating rate. Trans-

mission electron microscope (TEM) images were collected

on a Philips CM12 microscope at an accelerating voltage of

120 kV. The sample for the TEM studies is prepared from

powder dispersed in an organic solvent and then a drop of it

was put over a carbon-coated copper grid.

Results and discussion

Reaction process

The hydrogenated mesoporous AlO(OH)�aH2O powder

behaves as a reducing agent. It converts Cr6+ to Cr4+ as

soon as it is added and dispersed in the mesopores. This is

an exothermic reaction which can be seen by 5–10 �C

increase in average temperature of the mixture as per the

experimental conditions. The local temperature in the

reaction centers may be higher, i.e., sufficient to cause

in-situ AlO(OH)�aH2O ? Al2O3 molecular decomposition

[16–18]. The reaction with energized AlO(OH)�aH2O in

the mesopores, which involve a high surface energy, thus

can be expressed as,

NH4ð Þ2Cr2O7 þ 2H2 þ 2AlO OHð Þ
! 2CrO2 þ Al2O3 þ 2NH3 þ 4H2O ð1Þ

The product in this reaction results with formation of an

intermediate amorphous Cr4+:Al2O3 phase. This amorphous

phase is annealed at selected temperatures to produce the

nanocrystalline phase of the isomorphous Al2-xCrxO3

compound.

Formation of Al2-xCrxO3 (0.2 B x B 1.6)

nanostructures

The obtained metastable mesoporous Cr4+:Al2O3 precur-

sors have an amorphous structure which can be analyzed

by its XRD. For example, typical X-ray diffractograms are

shown in Fig. 1 at x of (a) 0.2 and (b) 0.8. It consists of

distinct broad halos. The halos describe an amorphous

structure of the Cr4+:Al2O3 specimen [19–21]. A resolved

halo q1 appears at (a) 18 or (b) 19 nm-1. Another halo q2

(weak) lies at 44 nm-1 in sample (a). A well-resolved

distribution of pores through the particles in a mesoporous

structure lies in Cr4+:Al2O3 precursor powder. This is

demonstrated with TEM micrograph in a typical sample of

x of 1.6 in the inset to Fig. 1. The particles in blackish

characteristic contrasts are self-assembled in a network

structure through pores in whitish characteristic contrasts.

They are in shape of elongated platelets or rods of an

average 6–10 nm diameter and 10–20 nm length. Those

are interconnected in a specific network to form a peculiar

mesoporous structure in which the pores and particles are
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Fig. 1 X-ray diffractograms in Cr4+:Al2O3 precursor powders (dried

at 450 K) showing the amorphous nature of the specimens with the

value of x of (a) 0.2 and (b) 0.8. A TEM image is given in the inset

demonstrates the mesoporous structure of the precursor powder
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intimately interrelated one another with a strong macro-

scopic interaction. Average pore size in this fine structure

varies at a scale of 10–20 nm.

Nucleation and growth in the Al2-xCrxO3 nanostructures

occurs from the amorphous Cr4+:Al2O3 precursors on

heating at 400–1,000 �C in air. Figure 2 shows the DSC

curves for the precursor powders of x of (a) 0.2, (b) 0.8 (c)

1.2 and (d) 1.6. Two endothermic signals of A and B

ascribe desorption of chemisorbed species of NH3 and O2

(or CO2) gases and moisture [17, 18]. The NH3 and O2 (or

CO2) molecules occupying the pores release easily at low

temperature primarily in signal A. The peak at B arises due

to desorption of the residual gases with H2O molecules

from the particle surfaces. These gases easily adsorb in

association with H2O molecules and exist at high-energy

surfaces up to rather high temperatures. Both the signals

extend to a maximum of 200 �C. This is well demonstrated

from loss in mass of the specimen in TG curve in the inset

to Fig. 3. The Cr4+ ? Cr3+ conversion and the nucleation

and growth of Al2-xCrxO3 in nanoparticles are reflected in

two exothermic peaks of C and D (Fig. 2), respectively.

Thermograms in Fig. 2 or the inset differ one another in

difference of the porosity and other structural parameters.

Annealing at 1,200 �C for 2 h results in a crystalline

Al2-xCrxO3 powder irrespective of the x-value. For

example, Fig. 3 shows XRD from Al2-xCrxO3 samples

with x equal to (a) 0.2, (b) 0.8, (c) 1.2 and (d) 1.6. All the

peaks are indexed assuming the R�3c corundum crystal

structure. The inset in Fig. 3 compares a regular shift in

(104), (110) and (113) peaks with x in a continuous phase

formation. As analyzed also with other peaks, it reveals a

linear increase in the dhkl value (interplanar spacing) with a

linear increase in lattice parameters a or c as a function of x

in the Vegard’s law [12, 13]. The Cr3+ ? Al3+ substitution,

x B 1.2, inhibits the grain growth. The crystallites in

x = 0.2 composition thus have 43 nm diameter while it is

15 nm in those with x = 1.2 composition (after 2 h of

heating at 1,200 �C). Other details of the crystallite size,

lattice parameters, lattice volume and lattice surface area

are given in Table 1 in the various samples.

It is observed that the microstructure varies in recrystal-

lized Al2-xCrxO3 powders with a function of the Cr3+

contents. This has been studied in detail with TEM micro-

graphs in the samples of selected Cr3+ contents in the

corundum structure as processed in 2 h of heating at

1,200 �C. For example, Fig. 4a or b shows a typical TEM

micrograph in Al2-xCrxO3 nanodisks at the value of x = 0.2.

Micrograph (a) represents a homogeneous distribution of

crystallites of hexagonal morphology of 40–50 nm size.

Hexagonal discs are clearly seen in a close-up of micrograph

inset to (a). Average width of the nanodisks is *16 nm as
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Fig. 2 DSC thermograms in mesoporous Cr4+:Al2O3 powders (dried

at 450 K) at a heating rate of 20 K/min; (a) 10, (b) 40, (c) 60, and

(d) 80 mol.% of Cr3+. The inset shows TGA thermograms in the

respective samples

20 40 60 80 100

38 40 42 44 46 48 50 52

(113)

(110)

(104)

(d)
(c) 
(b) 

(a)

(1110)

(300)
(214)

(116)

(024)

(113)

(110)

(104)

(012)

(d) 

(c) 

(b)

(a)

In
te

ns
ity

 (
ar

b.
 u

ni
ts

)

DIffraction angle (degree)

Fig. 3 X-ray diffractograms in Al2-xCrxO3 nanoparticles obtained in

2 h of heating at 1,200 �C from mesoporous Cr4+:Al2O3 powders of x
of (a) 0.2, (b) 0.8, (c) 1.2, and (d) 1.6. The inset shows the regular

shifts in (104), (110), and (113) peaks

Table 1 Crystallite size D, lattice parameters, lattice volume V0, and

lattice surface area S0 in Al2-xCrxO3 nanocrystals at different x-values

after 2 h of heating at 1,200 �C from mesoporous Cr4+:Al2O3 pre-

cursor powders

x D (nm) Lattice parameters (nm) V0 (nm3) S0 (nm2)

a c

0.2 38 0.4784 1.3024 0.7744 4.9276

0.4 32 0.4802 1.3063 0.7826 4.9619

0.6 22 0.4822 1.3101 0.7914 4.9986

0.8 17 0.4842 1.3150 0.8010 5.0386

1.2 15 0.4882 1.3265 0.8214 5.1240

1.6 20 0.4920 1.3404 0.8430 5.2147
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marked with the arrows in micrograph (b). The electron

diffractogram (inset) corresponding to micrograph (b) has

well defined arrays of diffraction spots from arrays of lattice

planes in the corundum Al2-xCrxO3 structure demonstrating

the single crystalline nature of the specimen. A similar

microstructure of hexagonal nanodisks is observed in the

Cr3+ rich sample. This is shown in the micrograph in Fig. 4d

with the value of x of 1.6. At such concentration of Cr3+ the

nanodisks are rather small in size as small as 20 nm. The

corresponding electron diffractogram as shown in the inset to

(d) is similar as in the other specimen (b) demonstrating that

both the obtained specimen are single crystalline in nature.

Such nanodisks are also reported in several other systems

such as silver, cadmium, ZnO, rare earth oxides, etc [22–25].

At a moderate chromium concentration, x of 0.8 or 1.2,

the hexagonal nanodisks morphology of isomorphous

Al2-xCrxO3 changes to nearly cubical or spherical ones as

shown in the inset or Fig. 4c. In these samples a peculiar

mesoporous Al2-xCrxO3 structure develops a strong mixing

between small particles and pores. The particles of

15–30 nm diameter are distributed through 10–20 nm

pores.

Conclusions

A reactive doping of Cr6+ cations in a mesoporous

AlO(OH)�aH2O precursor powder results in Al2-xCrxO3

nanostructures, 15–45 nm diameter, following annealing at

1,200 �C in air. A continuous solid Al2-xCrxO3 solution is

obtained in this case. The morphology is strongly dependent

on the concentration of Cr3+. Hexagonal Al2-xCrxO3

nanodisks are formed at a low (x = 0.2) as well as high

(x = 1.6) Cr3+ contents. A peculiar mesoporous Al2-xCrxO3

structure is observed at a moderate value of x of 0.8 or 1.2 in a

strong mixing between small particles and pores.
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