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Abstract
Nanostructured aluminium-doped magnetic iron (III) oxide (AlxFe2-xO3 with x= 0.33, 0.67 and 1) have 

been prepared by autocombustion method. The as-prepared samples were characterized by XRD, 

thermogravimetric analysis, UV-vis and Mössbauer spectroscopies and magnetometry. The cubic 

spinel is the main crystalline phase for all compositions. The presence of Al in the spinel phase causes 

a progressive decrease in both the cell parameter (a) and the grain size (L). The room temperature 

Mössbauer spectrum of x= 0.33 is mainly composed of a Fe3+ broad sextet while, for higher Al 

content, the spectra consist of a Fe3+ broad doublet corresponding to superparamagnetic maghemite. 

The saturation magnetization decreases with the Al doping and reaches a rather low value for the ill-

crystalline sample x = 1 (MS ~ 2 emu/g). The optical direct band gap of the samples is red-shifted with 

respect to pure maghemite, with values close to 2 eV. The photocatalytic performance of AlxFe2-xO3 

tested in the decolorization of methylene blue dye showed a good  efficiency for the oxide whose 

band gap energy best matches the energy of the incident light (x= 0.33). The catalytic effect of these 

samples on the thermal decomposition of ammonium nitrate is more noticeable for those Al 

concentrations that lead to the reaction being exothermic.

Keywords: maghemite, Al-doped Fe2O3, photocatalysis, propelents, methylene blue, ammonium 

nitrate 
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Introduction

 

Magnetic iron oxide (Fe3O4, γ-Fe2O3) nanomaterials have been widely studied for their basic 

interest and great potential for multiple applications such as energy conversion and storage, 

biomedicine, catalysis, solar fuels, water separation, and environmental remediation [1-6]. 

The search for possible applications of these materials continues intensely, being strongly 

encouraged by its unique properties such as biocompatibility, abundance of constituent 

elements, low cost, non-toxicity, environmentally friendly material, narrow band gap and 

good magnetic response to promote recovery and recycling processes. As nanosystems, the 

large surface-volume ratio makes them particularly suitable as catalysts for certain reactions 

taking advantage of their semiconductor properties and the surface modification that results 

from the local disorder or by the incorporation of impurities doping.  

Amongst iron oxides, maghemite (γ-Fe2O3) is a cation-deficient spinel ferrite also expressed 

as Fe8//3▭1/3O4, where ▭ represents a cation vacancy. The Fe(III) ions distribute among both 

the tetrahedral A and octahedral B spinel interstitial sites resulting from the close-packed 

oxygens, while the vacancies are usually allocated at B sites but can also occupy A sites [1,7]. 

The distribution of iron vacancies varies with the preparation method and, depending on the 

vacancy ordering, γ-Fe2O3 crystallizes into different symmetries [8,9]. Like magnetite 

(Fe3O4), γ-Fe2O3 is ferrimagnetic with a high saturation magnetization at room temperature 

(74-80 emu/g), being both iron oxides, the most important magnetic minerals in soils and 

sediments [10]. However, natural pure maghemite is not available because it usually contains 

substitutional metal cations like Ti4+, Mg2+ or Al+3 among others [10]. Since γ-Fe2O3 is a 

metastable phase, the methods used to synthesize this compound must be adequate to avoid 

the formation of the most thermodynamically stable Fe(III) oxide, i. e., weakly ferromagnetic 

hematite (α-Fe2O3). Thus, oxidation of magnetite or dehydration of ferric hydroxides are 

usual procedures to obtain nanosized γ-Fe2O3 [11], but methods like co-precipitation, 

solvothermal, hydrothermal, microemulsion and sol-gel combustion processes have also 

been employed [1,2,12]. In recent years, the low-temperature autocombustion process has 

attracted increasing attention in the manufacture of ceramic oxides nanopowders including 
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spinel ferrites due to its environmentally friendly, easy-to-implement, and low-cost synthesis 

pathway [13,14]. 

One way to improve the performance of γ-Fe2O3 nanoparticles as catalysts or photocatalysts 

can be achieved by doping the oxide with other metals to produce slight modifications in its 

semiconductor characteristics, such as a change of the transitions from the bandgap to the 

visible region and/or to delay the mechanism of recombination of electron-hole pairs  thus 

encouraging the green chemistry [1,6,12]. Taking into account that the presence of tiny 

amounts of aluminium ions helps to stabilize the natural formation of maghemite, we employ 

the autocombustion method to synthesize nanostructured Al-doped maghemite (AlxFe2-xO3 

with x= 0.33, 0.67 and 1) for applications as a catalyst or photocatalyst. The samples were 

characterized using several techniques (x-ray diffraction, thermal analysis, Mössbauer 

spectroscopy, magnetometry, UV-vis spectroscopy). To explore possible technological 

applications these Al-doped iron oxides were tested as catalysts for the degradation of 

methylene blue (MB) as well as oxidant for the thermal decomposition of ammonium nitrate 

(AN). 

2. Experimental

2. 1 Sample preparation

The synthesis of Al-doped maghemite powders was performed by autocombustion method 

[13]. Commercial powders of Al(NO3)3-9H2O and Fe(NO3)3-9H2O nitrates and citric acid 

C6O7H8 (Biopack) were mixed in stoichiometric proportions to obtain AlxFe2-xO3 samples 

with x= 0.33, 0.67 and 1. Mixtures of Al and Fe nitrates and acid citric were heated on a hot-

plate under continuous stirring until gelification took place. Then, the gel was kept at 

approximately 80 ºC until the combustion occurred. Each sample was ground in an agate 

mortar until the mixture was homogeneous and then subjected to a heat treatment at 200 ºC 

for 2 hours in air. 
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2. 2 Characterization techniques 

X-ray diffraction (XRD) measurements were carried out on a Philips Instrument PW 1710, 

operating with Cu Kα radiation (λ = 1.5406 Å) and employing a scan rate of 0.02 degrees per 

second in the scattering angular range (2θ) of 20–80 degrees. The lattice parameter values  

(a) and average crystallite sizes (L) were obtained using MAUD software [15]. 

The Mössbauer spectra of samples were measured in the transmission geometry at room 

temperature using a source with a nominal 50 mCi 57Co source in Rh matrix with a linear 

velocity. The data were processed using the Recoil program [16]. Isomer shifts (IS) are 

referred to metallic α-Fe at room temperature. 

DC-magnetic measurements at 300 K were performed using a vibrating sample 

magnetometer (Quantum Design).  

Thermogravimetric (TGA) and differential scanning calorimetric (DSC) measurements were 

carried out in a Shimadzu-TGA50 and DSC-50, respectively, under nitrogen atmosphere (20 

ml/min) in the 25 to 650 ºC temperature range with a heating rate of 10 ºC/min. The magnetic 

ordering temperature of samples x=0 and 0.33 were determined from the mass-loss difference 

during TGA running with and without an applíed magnetic field of H= 8 mT. Attempts to 

determine the ordering temperature of samples x=0.67 and 1 were unsuccessful due to the 

low magnetic response of these samples under 8 mT.

2. 3 Experimental setups to test the catalytic performance of γ-AlxFe2-xO3  for the  degradation 

of methylene blue and for the decomposition of ammonium nitrate.

The photoinduced degradation of methylene blue (MB) dye in the presence of AlxFe2-xO3 

catalysts was evaluated using UV-vis absorption registered through a spectrophotometer 

model Shimadzu UV 2600. Aqueous suspensions containing 12 ppm of MB (0.8 mg/ml) 

were continuously mixed using a sonicator and illuminated with visible light generated by a 

9 W (3000 K) light-emitting diode (LED) lamp placed at 20 cm above the liquid. Every 10 

minutes a small aliquot of the liquid was separated and placed in a spectrophotometer cell, 

after decanting the magnetic particles using a magnet. The absorption curve was registered 

in a wavelength range between 300 and 850 nm. 
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To test AlxFe2-xO3 as catalysts for the thermal decomposition reaction of ammonium nitrate 

(AN), mixtures AN + AlxFe2-xO3 were prepared using a 95:5 AN:AlxFe2-xO3 mass ratio and 

mixed in an agate mortar. Afterwards, an amount of 200 mg of these mixtures were placed 

in a stainless-steel cylinder of about 0.6 cm3. A Sieverts type apparatus was used to carry out 

the thermal treatments in this closed reactor, whose setup allows measurement of 

instantaneous pressure and temperature as function of time (see Ref. [17] for details). 

The AN thermal decomposition was also investigated using the DSC technique, where AN + 

AlxFe2-xO3 mixtures were placed in a platinum crucible with an open pan under the heating 

conditions described in the subsection 2.2. 

3. Results and Discussion

3. 1 Structural, hyperfine, magnetic and optical spectroscopic characterization of AlxFe2-xO3 

catalysts

Figure 1 shows the XRD diffractograms of Al-doped maghemite samples; the pattern of 30 

nm γ-Fe2O3 nanoparticles (NPs) studied in Ref. [18] is also included for comparison. We 

observe that all the patterns show the Bragg reflections corresponding to cubic spinel (Space 

Group Fd3m) [9]. Extra peaks belonging to hematite as a secondary phase are also detected 

(see Fig. 1). We observe that both a and L decrease with increasing the aluminium content 

(Figs. 2(a) and 2 (b)). Moreover, the detriment of a by about 2.5 % when x=1 is almost in 

agreement with the value predicted by Vegard's law for ideal solutions (see Fig. 2 (a)). These 

results are similar to those previously reported for Al-doped maghemite [7,19,20] (Fig. 2(a)), 

and they are expected considering the inclusion of Al3+ ions at cationic spinel sites with lower 

ionic radius than Fe3+. Similarly, to previous findings, our results indicate that the inclusion 

of Al prevents the grain size growth of the oxide (Ref. [7] and references therein). Indeed, 

we observe that increasing x=0.33 up to x=1 reduces the spinel crystallite size by a quarter. 

Moreover, the rather broad and poorly defined Bragg peaks for sample x=1 indicate its ill-

defined long-range structure. It is worth mentioning that attempts to synthesize a sample 

without Al content (x=0) throughout the autocombustion method as described here have been 

unsuccessful.  
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Figure 1: XRD diffractograms of AlxFe2-xO3 samples. The pattern of 30 nm γ-Fe2O3 nanoparticles 

(Ref. [18] is also included. The arrows indicate the visible Bragg peaks of hematite α-Fe2O3 (H).  
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Figure 2: (a) Cell parameter (a) for the different Al-content (x). The figure also includes data from 

Refs. [7,19,20]. The linear behaviour predicted by Vegard’s law is also shown (black dashed line). 

(b) Average crystallite size (L) as a function of the aluminium content (x). The dash line was added 

for the eye guide. The x= 0 value corresponds to the 30 nm γ-Fe2O3 sample (Ref. [18]).
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Previous studies on bulk γ-Fe2O3 have reported that its room temperature zero-field 

Mössbauer spectrum consists of a broad asymmetric sextet (see, for instance, [21]),  which 

accounts for the superposition of hyperfine magnetic fields belonging to Fe3+ at both A and 

B sites [21]. The similar hyperfine parameters of Fe3+ at A and B sites added to the random 

location of cation vacancies resulting in different iron environments makes it difficult to 

determine the A and B contribution separately unless in-field Mössbauer experiments were 

performed [22]. On the other hand, surface and size effects in nanosized γ-Fe2O3 or the partial 

substitution of iron by another cation can also cause line broadening and line-shape 

asymmetry [21]. Thus, to account for the different iron local environments the spectra need 

to be fitted assuming several magnetic components with distribution of hyperfine fields. 

Figure 3 shows the Mössbauer spectra of Al-doped maghemite obtained by autocombustion. 

Spectrum belonging to nanosized γ-Fe2O3 is also included, the latter showing a broad sextet 

that was fitted to six distributed magnetic components (Table I). Spectrum of Al0.33Fe1.67O3 

(x=0.33) is composed of a magnetic signal, which is fitted to three distributed magnetic 

sextets plus a broad doublet. The two distributed sextets with high hyperfine field (Bhf) values 

can be assigned to Fe mainly occupying spinel sites in a blocked state, while the sextet with 

Bhf of about 200 Oe with no direct physical sense was included to account for iron atoms at 

particles whose relaxation times are comparable to the Mössbauer time scale (about 10-8 s). 

For high Al content (x= 0.67 and 1) no magnetic resolved lines are observed and each 

spectrum mainly consists of a broad Fe3+ doublet fitted to a distribution of quadrupolar sites. 

The latter corresponds to Fe3+ belonging to maghemite and, to a lesser extent, to the hematite 

secondary phase both in a superparamagnetic relaxation state within the Mössbauer time 

scale. Additionally, a minor component with a large IS needs to be included to fit the spectra 

of x = 0.67 and 1. 
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Figure 3: Mossbauer spectra at 298 K. The solid lines are the result of the fitting procedure. 

Table I: Mössbauer hyperfine parameters resulting from the fitting procedure. δ in the isomer shift, 

ΔQ is the quadrupole shift or quadrupolar moment, Bhf  is the hyperfine field, σ is the distribution 

width, A is the relative area.

Sample δ (mm/s) ΔQ(mm/s) Bhf (Oe) σ mm/s) A (%)

γ-Fe2O3 NPs 0.311 0.021 5061 0.3 28.1

x=0 0.321 0.0098 4901 0.3 34.2

0.312 0 4712 0.3 16.8

0.312 -0.012 4462 0.3 12.1

0.393 0 3972 0.6 8.7

AlxFe2-xO3 0.3155 0.941 0.461 24

 0.281 44513 4410 13

x=0.33 0,341 4961 192 19

 0.363 20317 20420 42

x=0.67 0.3292 0.9744  0.4646 91.16

1.092 2.164  0.155 5.7

x=1 0.3401 1.0243 0.4323 91.65

0.693 2.727 0.778 8.35
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The values of saturation magnetization (MS) at room temperature reported for bulk γ-Fe2O3 

is about 74-80 emu/g and, as a magnetically soft material, it presents a small coercivity field  

(HC)[23]. Due to finite-size and surface effects a reduction of MS is expected for nanosized 

maghemite [23]. This is observed for 30 nm-γ-Fe2O3 (Fig. 4), whose MS (determined at the 

maximum applied field) is nearly 60 emu/g while HC is about 9 Oe.  Figure 4 also shows the 

loops of Al-substituted samples. We observe a progressive decrease of MS with the Al 

content, reaching a rather low value for the ill-crystalline x = 1 sample (MS ~ 2 emu/g). A 

similar behavior was found by Batista et al. [7] for high levels of Al-isomorphous 

substitution. The inclusion of non-magnetic Al+3 ions in the maghemite lattice generates a 

weakening of superexchange interactions, which produces a reduction of the magnetic 

ordering temperature of maghemite (Fig. 5) and reduces MS. In the present case, the decrease 

of MS is also affected by the L detriment caused by the addition of aluminium and, 

additionally, by the presence of a small amount of the hematite phase detected by XRD. The 

negligible hysteresis in the M vs. H loops of x = 0.67 and 1 samples (see inset Fig. 4) indicates 

that the particles are in a superparamagnetic state (within an experimental time scale of about 

100 s). 

Figure 5 shows the difference between the TG thermal measurements with and without the 

presence of a magnetic field (ΔTG) for pure maghemite nanoparticles and Al-doped 

maghemite (x=0.33). This can be used to determine the magnetic ordering temperature (TC) 

of the material considering that as it is heated in the presence of H near TC  there will be an 

apparent weight loss when the magnet no longer attracts the sample. In both cases, TC is 

within the range of values reported in the literature for maghemite, viz. 743 K to 985 K  

[21,24]. However, TC  decreases with the addition of Al (TC is around 890 K for the non-

substituted sample, while is around 860 K for x=0.33). To our knowledge there has been no 

other direct determination of the ordering temperature for Al-doped maghemite, this being 

restricted to indirect measurements using Mossbauer spectroscopy [19].

The optical reflectance spectra are shown in Fig. 6 (a). It is noteworthy that higher reflectance 

values of the Al-doped samples are shifted towards the high wavelength optical region when 

they are compared with the results of pure maghemite nanoparticles. The energy band gaps 

(EG) of these nanomaterials (see Fig. 6 (c)) were obtained from application of the Tauc Plot 
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method and considering direct transitions [25,26]. We observe that the band gap of about 2.6 

eV for 30 nm-γ-Fe2O3 nanoparticles is blue-shifted with respect to the values reported for 

bulk maghemite (2.0 eV), and this can be due to its nanometric grain sizes [27,28]. On the 

contrary, EG values near 2 eV are registered for the also nanosized Al-doped maghemites (x= 

0.33 and 0.67), while the x=1 sample shows an appreciable red-shift in the band gap 

transition. Thus, even though the L sizes of Al-doped maghemites are lower than pure 

nanosized maghemite (Fig. 2 (a)), the inclusion of aluminium modifies the electronic 

configuration and counteracts the size effect on the band gap transition. 
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Figure 4: Magnetization versus applied magnetic field curves taken at 298 K.  Inset:  Enlargement of 

the loops at low magnetic fields.
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3. 2  Photocatalytic performance of AlxFe2-xO3 on the MB degradation
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Figure 7: (a) Photocatalytic degradation of methylene blue (MB) plus AlxFe2-xO3 (x=0.33) catalyst 

aqueous solution under visible light irradiation. (b) Photodegradation efficiency percentage (PDE%) 

as defined in the text (Inset (c) Maximum PDE% as a function of the difference between the energy 

band gap EG of Al-doped samples and the energy of the incident light EL).

  

The absorbance spectra (Fig. 7 (a)) show two broad peaks at about 609 and 665 nm 

corresponding to the characteristic absorption bands of MB [25,29]. A decrease of the 

absorption intensity with the exposure time is observed for all Al-doped samples (Fig. 7(b)). 

The MB degradation is also confirmed by visualising the progressive discoloration of the 

solution. Figure 7 (b) shows the photocatalytic degradation efficiency percentage (PDE%) 

estimated by using the expression PDE% = 100 x (1 - IMBtS/IMB), where IMBtS and IMB are the 

highest peak intensities of the spectra of the supernatant of MB + catalyst mixtures and pure 

MB, respectively, after a time interval t. These results show that the catalytic performance 

improves in the way x=1→0.67→0.33.
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As previously reported [25], the exposed surface area of the catalyst and the presence of 

carbonaceous residuals in samples prepared by autocombustion influence the photoactivated 

degradation process of MB. On one hand, visible light irradiation promotes the generation of 

electron-hole pairs in these oxides that favours its photocatalytic activity. On the other hand, 

the carbon remnants inhibit the recombination process. This can explain the higher PDE% 

reached for Al-doped samples in comparison with pure maghemite nanoparticles, as shown 

in Fig. 7 (b). However, there is a lack of correlation between the L sizes and PDE% of AlxFe2-

xO3, considering that the x= 0.33 sample is the one presenting the best performance. It is 

worth noting that the estimated direct band-gap value for this sample is closest to the energy 

value of the incident light (2.01 eV) (Fig. 6 (b)), thus the absorption of light facilitates the 

promotion of electrons to the conduction band. 

3. 2  Influence of the additives AlxFe2-xO3 on the thermal decomposition of ammonium nitrate 

Nanostructured transition metal oxides have been proved to be effective additives to the 

thermal decomposition of ammonium nitrate [30]. In a previous work [17], we demonstrated 

that the incorporation of MFe2O4 (M = Mg, Co, Cu, and Zn) spinel ferrites prepared by 

autocombustion decreases the onset temperature of the process that manifests itself through 

an exothermic reaction and, in addition, increases the amount of heat released during the 

reaction. Further, the catalytic performance of these ferrites can be correlated with the 

electronegativity of M2+ cations, which act as Lewis acid sites that interact with the gas 

molecules removing ammonia.  
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Figure 8: (a) DSC curves for pure AN and AN + AlxFe2-xO3 mixtures placed in a sealed aluminium 

pan, (b) Heat released during the AN decomposition as a function of the aluminium content. 

To test the effect of AlxFe2-xO3 as a catalyst on the thermal decomposition of AN we have 

employed usual techniques for thermal analysis as well as through thermal treatments in a 

closed reactor. The DSC curve of pure AN under sealed condition shows endothermic peaks 

related to structural phase transformations (peaks (1) and (2) in Fig. 8 (a)), and peak (3) that 

corresponds to the melting of AN. The labelled peak (4) corresponds to the thermal 

decomposition of AN [31]. Further, near the peak (4) region (see inset Fig. 8 (a)) we observe 

oscillations due to the superposition of endothermic and exothermic peaks, which account 

for the AN decomposition (into HNO3 and NH3) and an oxidation reaction, respectively [17]. 

With the addition of the catalyst, while the first two DSC peaks remain unaltered, peak (3) 

broadens and shifts to lower temperatures. We observe that the incorporation of nanosized 

maghemite makes the decomposition reaction more endothermic (Figs. 8 (a) and (b)). 

Interestingly, this same behavior is observed for the sample with the highest Al content (x=1), 

while for x=0.33 and 0.67 an exothermic reaction predominates (see Fig. 8 (b)).

Figure 9 (a) shows the pressure chamber (P) recorded during the thermal decomposition of 

AN and AN + catalyst carried out in the reactor. The decomposition is reflected by the 
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increase of P, which for pure AN starts around 200 ºC and extends for about an interval of  

about 170 ºC. While the addition of 30 nm-γ-Fe2O3 or AlFeO3 (x=1) shifts the decomposition 

towards higher temperatures, this effect is not observed for x=0.33 and 0.67 samples. 

However, the catalytic influence of these samples is manifested in the rate of change of 

pressure (dP/dt), shown in Fig. 9 (b), where the maximum rate is registered adding  x=0.67 

sample.   
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 Figure 9: (a) Pressure (P) as a function of the temperature reactor chamber for pure AN and AN + 

catalysts mixtures. (b) Rate of change of pressure (dP/dt) versus the temperature reactor chamber for 

pure AN and AN + catalysts mixtures (Inset: Maximum values of the pressure velocity registered for 

each sample).

Hence, our results indicate that the addition of 30 nm-γ-Fe2O3 or AlFeO3 delays the onset 

temperature of the decomposition reaction, being the latter predominantly endothermic. On 

the contrary, the incorporation of AlxFe2-xO3 (x= 0.33, 0.67) makes the reaction more 

exothermic and, at the same time, leads to a higher reaction rate without appreciable changes 

of the onset temperature (see Fig. 10). Furthemore, the catalytic effect of these Al-doped 

maghemites follows the same trend previously observed for other spinel compounds, i. e., it 

can be correlated with the generalized electronegativity χi = (1 + 2Z)χ0 (χ0 is the Pauling's 

electronegativity of the metal element and Z is the valence of metal ions (see Ref. [17] and 
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references therein)), being χi = 11.27  for Al3+. According to this interpretation, the metal 

cations participate as acidic Lewis sites to remove ammonia in the AN decomposition process 

throughout an exothermic oxidation reaction with nitric acid and its reaction products. 

Finally, the results indicate that the effect of these Al-doped maghemites in this 

decomposition process is not directly related to the size of the particles but to the 

concentration of aluminium for which the reaction becomes exothermic.
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Figure 10: Temperature at which the maximum change of pressure (dP/dt max) is registered in the 

reactor versus the heat released during the decomposition from DSC experiments.

4. Conclusions 

Nanoparticles of aluminium-doped maghemites were successfully prepared by 

autocombustion method. The XRD patterns exhibited diffraction peaks corresponding to a 

cubic spinel structure with average crystallite size and lattice parameter that  decrease with 

the aluminium content. The Mossbauer studies revealed that the oxidation state of the iron 

ions was 3+, while the magnetic results showed the ferrimagnetic character of the samples, 

leading to the conclusion that iron atoms form the maghemite phase, in agreement with XRD 

results. The energy band gap of the samples is red-shifted with the Al content, going from 

2.6 eV (x=0) to 1.8 eV (x=1). The values of the energy band make AlxFe2-xO3 suitable 
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magnetic materials for the recovery of contaminated water. The addition of Al increases the 

surface-volume ratio, which, added to the presence of carbonaceous residues produced by 

the autocombustion method, influences the effectiveness of AlxFe2-xO3 as a photocatalyst in 

the degradation of the methylene blue dye. The best photocatalytic degradation efficiency 

was observed for the sample x=0.33, whose direct band-gap energy value matches the energy 

of the incident light. Although by controlling the content of Al we can tune the band gap to 

the incident energy to, doping magnetic iron (III) oxide with Al3+ does not seem to be the 

most suitable for the photodegradation of methylene blue because low levels of degradation 

are reached. Finally, for the application of Al-doped maghemites as catalysts for the 

decomposition reaction of ammonium nitrate, samples x= 0.33 and 0.67 are the most suitable 

since they produce exothermic reactions at lower temperatures than pure maghemite.
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