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Spinel ferrites nanoparticles of the chemical formula CuAlxFe2-xO4 

(where x=0.0, 0.2, 0.4, and 0.6) have been synthesized using the citrate-

nitrate auto-combustion technique. The crystal structure's properties of 

the synthesized nanoparticles have been determined through X-ray 

diffraction (XRD) and Fourier transform infrared (FTIR) analyses. The 

extracted XRD data has demonstrated that all samples have a single 

phase with no undesirable impurities or phases. The samples of (x=0.0 

and x=0.2) have a tetragonal structure while the samples of (x=0.4, 0.6) 

have a cubic spinel structure. The average crystallite size of the 

nanoparticles is found to be in the accepted nano-size range. The lattice 

parameter behavior of the tetragonal and cubic samples correlates well 

with the Jahn-Teller effect and has a trend of increasing with the 

aluminum addition. Some parameters of crystal imperfections like 

dislocation density (δ) and strain (ε) have been found to increase with 

increasing the Al
3+

 concentration and to have an inverse behavior to that 

of the average crystallite size as expected. Also, the formation of CuAl 

ferrite samples has been further confirmed by the FTIR spectroscopy 

where the two prominent absorption bands of ferrites (υ1 and υ2) at 

approximately 592 cm
-1

 and 410 cm
-1

 have been clearly detected. 
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  Introduction 

Metallic oxides form an important 

class of compounds and among them, 

ferrites are most prominent by virtue of the 

spinel structure with high thermodynamic 

stability, low electrical conductivity, 

electro-catalytic activity, and corrosion 

resistance (Deraz, 2008). The spinel is a 

mixed metal oxide with a general formula 

M
2+

M
3+

2O
2-

4 where M is a transition metal 

ion or a combination of ions (Beyranvand 

et al., 2022; Rahman et al., 2022). Many 

compounds adopt this type of structure. 

Moreover, the distribution of cations in 

magnetic ferrites can be represented by the 

formula A[B2] O4 where A and B refer to 

tetrahedral and octahedral sites respectively 

in the face-centered cubic (FCC) oxygen 

lattice (Hussein et al., 2023). There are a 

total of 56 ions in the unit cell of a spinel, 

of which 8 are M
2+

 cations, 16 are M
3+

 

cations and 32 are O
2-

 anions. Based on the 

distribution of the divalent and the trivalent 

metal cations over the A and B-sites, the 

spinel ferrites are classified into three types: 

(1) normal spinel, (2) inverse spinel, (3) and 

mixed spinel. In normal spinel 8 M
2+

 

cations are located in A sites and 16 M
3+

 

cations are located in B sites, while in 

inverse spinel 8 M
3+

 cations are located in 

A sites, and 8 M
2+

 along with 8 M
2+

 cations 

are located in B sites. In mixed spinels, the 

cation distribution in the A and B sites is 

random and different from those of normal 

and inverse structures. The distribution of 

cations between tetrahedral (A) and 

octahedral (B) sites has a significant impact 

on the crystal structure, as well as the 

magnetic, electrical, and thermal properties 

of spinel ferrites. Such feature allows 

spinels to be used in biomedicine, ecology, 

electronics, and industry for various 

applications, including targeted drug 

delivery (Pham et al., 2020), magnetic 

resonance imaging (Das et al., 2021), 

battery cathode materials (Xu et al., 2015), 

longitudinal recording media (Arshad  et 

al., 2022), photoanodes (Kim et al., 2020), 

and gas sensors (Pawar et al., 2020). 

The attention of researchers has been drawn 

to the unique spinel copper ferrite because (i) 

it has a relatively small energy difference 

between Cu
2+

 ions in the tetrahedral (A) and 

octahedral (B) sites, cation redistribution is 

possible and strongly dependent upon the 

annealing temperature, cooling rate, 

microstructure, etc. (Lakhani et al., 2010) 

(ii) the presence of Cu
2+ 

ions can provoke a 

collective Jahn-Teller distortion which is 

associated with the alignment of the Cu
2+ 

ions occupying the tetragonally distorted 

octahedral spinel lattice formed by the 

oxygen ions (Nedkov et al., 2006) (iii) it has 

two crystallographic spinel structures, the 

high-temperature cubic phase  (Almokhtar 

et al., 2004) and the low-temperature 

tetragonal phase (Lakhani et al., 2010). 

Researchers previously attempted 

sporadically to study the effects of doping on 

the structural, electrical, morphological, 

photocatalytic, and magneto-dielectric 

properties of Cu ferrite and they have found 
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that the substitution of nonmagnetic ions 

such as Al
3+

 ions in simple and mixed ferrites 

has received substantial attention over the 

past few years  (Lakhani et al., 2010) as it 

can alter the crystal structure, thermal 

characteristics, and electrical properties of 

CuFe2O4 nanoparticles  (Abuilaiwi et al., 

2022). 

Various techniques have been used to 

synthesize nanostructured ferrite materials 

such as sol-gel auto combustion, co-

precipitation, high-energy milling, 

hydrothermal synthesis, and precursor 

methods. Notably, the sol-gel method has 

been recognized as environmentally friendly 

and as having the ability to yield pure, 

homogeneous nanoparticles. This approach 

also has facilitated the synthesis of 

nanoparticles with optimal size and 

distribution characteristics without using 

complex equipment or high-cost precursors. 

The intrinsic qualities of the sol-gel auto-

combustion method thus make it an attractive 

option for researchers aiming to fine-tune 

nanoparticle characteristics while adhering to 

sustainable and cost-effective practices  

(Badr et al., 2024). 

This study represents the characteristics of 

CuAlxFe2-xO4 nanoparticles (where x=0.0, 0.2, 

0.4 and 0.6), synthesized using the citrate-

nitrate auto-combustion technique. It further 

examines the influence of the Al
3+

 ionic ratio 

on the structural attributes of the CuAlxFe2-

xO4 nanoparticles. Moreover, the present 

work paves the way to a future study of the 

impact of these prepared nanoparticle ferrites 

on the thermophysical properties - e. g. 

thermal conductivity, specific heat, and 

thermal diffusivity - of some phase change 

materials for thermal energy storage. 

Experimental details 

 Preparation of nanoparticle ferrites  

 The CuAlxFe2-xO4 nanoparticles 

(where x=0.0, 0.2, 0.4, and 0.6) have been 

prepared by the citrate-nitrate auto-

combustion method as per the steps 

delineated below: 

Initially, a combination of chemical reagents 

including Cu(NO3)2⋅3H2O (≥98% purity, 

sourced from Loba Chemie), Fe(NO3)3.9H2O 

(≥98% purity, sourced from Loba Chemie), 

and C6H8O7 (≥99.5% purity, sourced from 

Loba Chemie) have been adjusted in weights, 

such that the ratios of the used anhydrous 

citric acid to trivalent metal ions to divalent 

metal ions were 3:2:1  (Banifatemi et al., 

2021; Hussein et al., 2021). The above 

mentioned nitrate salts have been dissolved 

in distilled water and stirred for 15 minutes 

without heating to create a homogeneous 

mixture before adding the citric acid. Finally, 

ammonium hydroxide has been added to the 

mixture in drops with the continuation of the 

stirring process until the pH reaches 

approximately 8.0. After removing the 

magnet, the mixture has been heated for three 

hours to a temperature of about 120
o 

C. The 

formed viscous gel has been self-ignited to 

give eventually a fine and brown powder of 

the ferrite. The material has been grinded by 

an agate mortar and sintered at 1000°C for 4 

hours. Then a part of the powder has been 
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pressed into discs and sintered again for 

density measurements. The other part is left 

as powder for XRD and FTIR 

characterization. 

The synthesis procedure can be summarized 

via the following equation: 

Cu(NO3)2.3H2O+(x)Al(NO3)3.9H2O+(2-

x)Fe(NO3)3.9H2O+3C6H8O7  CuAlxFe2-

xO4+ emitted gasses ↑     

Characterization 

The ferrite samples have been characterized 

using two analytical techniques, including 

XRD analysis using (PANALYTICAL co. 

Xpert Pro system in the Central 

Metallurgical Research and Development 

Institute in Helwan with a Cu-K target and 

a wavelength of 1.54 Å, 54 kV, and 40 mA), 

and FTIR spectroscopy using (Bruker 

Tensor 27 in the Scientific Research Center 

and Measurements of Tanta University in 

the range of 350-4000 cm
-1

).  

Results and discussion 

XRD analysis 

Figure (1) illustrates the XRD patterns of 

the four prepared samples. For the samples 

of x=0.0 and x=0.2 respectively, it is 

revealed the successful preparation of a 

tetragonal spinel ferrite structure without 

any detectable impurities in agreement with 

standard cards of CuFe2O4 (JCPDS No. 01-

072-1174) and (JCPDS No. 01-086-8841). 

Here it is worth mentioning that many 

researchers have found that the Cu ferrite 

sometimes is formed in a tetragonal crystal 

structure due to Jahn–Teller distortion (Jiao 

et al., 2013; Masunga et al., 2021; Badr et 

al., 2024).   On the other hand, the pattens 

of the samples x=0.4 and x=0.6 respectively 

confirm the successful preparation of a 

cubic spinel ferrite structure without any 

detectable impurities in agreement with 

standard cards of (JCPDS No. 01-089-

7408) and (JCPDS No. 01-089-7408). 

It is also clearly observed that the 

diffraction peaks are narrow and sharp, 

indicating the samples' crystallinity.  

Furthermore, the prominent characteristic 

peaks of the ferrite samples undergo a slight 

shift mostly towards higher 2θ angles with 

increasing the aluminum (Al
3+

) content. This 

shift is ascribed to d-spacing alteration 

related to the lattice parameters and the 

lattice volume. This is attributed to the fact 

that the Al
3+

 ion has a smaller ionic radius 

compared to the Fe
3+

 ion (Ahmad Abuilaiwi 

et al., 2022). It’s also good evidence that 

aluminum is well-introduced to the copper 

ferrite. 
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Fig. (1): XRD pattern of CuAlxFe2-xO4 samples 
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The average crystallite size has been 

calculated using Scherrer’s formula 

(Darwish et al., 2023): 

  

Where 1/2  is the full width at half 

maximum (FWHM) of the main peak 

representing the plane (211) for the 

tetragonal structure, and the plane (311) 

for the cubic structure, q  is Bragg angle, k 

is the constant dependent on crystallite 

shape (=0.9 for cubic and tetragonal 

crystals) and   is the x-ray wavelength 

(=1.54 Å). 

Lattice constants have been calculated by 

the following relation  (Mulud et al., 

2020): 

  

where d is the interplanar spacing. 

Notice that in cubic system a=b=c. 

X-Ray density (Dx) of all samples has been 

calculated too by using (Darwish et al., 

2024) : 

  

where M is the molecular weight of the 

sample, AN  is Avogadro’s number, Vol is 

the unit cell volume of the samples ((a
2
c) 

for the tetragonal structure and
 
(a

3
) for the 

cubic structure), and Z varies according to 

the JCPDS cards of each compound (= 4 

for the tetragonal structure and = 8 for the 

cubic structure). 

The samples have been pressed again into 

discs and the measured density (Dm) of the 

samples has also been determined by 

(Hussein, et al., 2023): 

  

where the sample’s mass is donated by m, 

and Vol is the volume of the sample. Finally, 

the porosity (P) has been calculated by 

(Anjum et al., 2020; Gayathri Manju et al., 

2020) :  

  

Additionally, the following equation can be 

used to determine the dislocation density, 

which is denoted by the symbol δ and is 

described as the quantity of dislocation lines 

per unit volume of a crystal (Hussein, et al., 

2023): 

 

Also, the next formula has been used to 

calculate the lattice strain (ε) caused by 

crystal distortions and imperfections in the 

sample materials (Salman et al., 2016; Khan 

et al., 2019) : 

 

All these results have been listed in Table 1. 

The average crystallite size, the volume of the 

unit cell and the porosity of the disc-shaped 

samples are represented too as functions of x 

(Al content) in Fig. (2) (a-c).  

The crystallite size of the samples ranges from 

66.32 nm to 43.47 nm, which is in the 

accepted nano-size range. It decreases as the 

aluminum content increases as reported in 

literature (Raghavender et al., 2012). This 

can be attributed to the increase of lattice 

strain; where an increase in lattice strain is 
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known to decrease the crystallite size (Hussein 

et al., 2023; Darwish et al., 2023). 

Additionally, the smaller ionic radius of Al
3+ 

(54A˚) compared to Fe
3+

 (65 A˚) 22,32,33 

[21,30,31] has caused that in the cubic samples 

as well as in the tetragonal ones, the lattice 

constant (a) is decreased with increasing the 

aluminum concentration (x), in agreement with 

literature (Raghavender et al., 2012) 

Consequently, the unit-cell volume has 

decreased as expected in both the tetragonal 

and the cubic structures as the aluminum 

content increases. 

Moreover, according to the XRD data it is well 

observed that by introducing the aluminum 

into the formed tetragonal copper lattice, the 

crystal structure has been turned into a cubic 

structure overcoming the Jahn-Teller effect 

(Almokhtar et al., 2004; Badr et al., 2024)  

The X-ray density is a measure of mass per 

unit volume, while both molecular weight and 

lattice volume of our samples (for both the 

tetragonal and cubic structures) decrease with 

the addition of Al
3+

 ions as the dopant. Hence, 

the X-ray density (Dx) decreases with 

increasing the Al
3+

 content as anticipated from 

equation no. 4.  The measured density (D) has 

the same trend as the X-ray density as it 

decreases with increasing the aluminum 

content in both the tetragonal and cubic 

structures. Also, the X-ray density values (Dx) 

are higher than the measured density values 

(D), due to the formation of pores during the 

pressing and the mentioned above heat 

treatment (Kabbur et al., 2018). However, the 

porosity has generally small values but 

showing an increasing trend with increasing 

the content of Al
3+

 ions in both tetragonal and 

cubic structures as expected. The calculated 

parameters of crystal imperfections like 

dislocation density δ and strain ε increase with 

increasing the aluminum concentration and 

have an inverse behavior of the crystallite size 

as expected. 
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 Fig. (2): Crystallite size R (nm), the unit cell 

volume V (Å
3
) and the porosity P of CuAlxFe2-xO4 

(where x=0.0, 0.2, 0.4 and 0.6) as function of 

Aluminum content (x). 
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Table (1): The Lattice constant a (Å), average crystallite size R (nm), measured density D (kg/m
3
), X-

ray density Dx (kg/m
3
), Porosity P (%), dislocation density (δ) 

(m-2)
, lattice strain (ε), and the unit cell 

volume V (Å
3
) of CuAlxFe2-xO4 (where x=0.0, 0.2, 0.4 and 0.6)

 

FTIR of Copper Aluminum Ferrite 

Fig. (3) depicts the FTIR spectra of the 

nanocrystalline CuAlxFe2-xO4, (where x= 0.0, 

0.2, 0.4, and 0.6) ferrite samples measured 

over the frequency region of 300–4000 cm
-1

. 

The obtained FTIR data for the investigated 

samples is reported in Table (2). Cu-Al 

ferrites exhibit a distribution of metal cations 

in two distinct interstitial sites, namely the 

tetrahedral site (also known as the A-site) and 

the octahedral site (also known as the B-site) 

(Kumar et al., 2019) .  

The formation of Cu-Al ferrite samples has 

been confirmed by two prominent absorption 

bands (υ1 and υ2) at approximately 592 cm
-1

 

and 410 cm
-1

 respectively as illustrated in 

Table (2). The stretching vibrations of 

tetrahedral metal ions and oxygen bonding 

[Mtetra↔O] are typically associated with υ1 

(Reyes-Rodríguez et al., 2017) , while υ2 is 

commonly associated with the divalent metal 

ion – oxygen complexes at the octahedral site  

 

[Mocta↔O] (Kumar et al., 2019). The values 

of υ1 are often higher than the values υ2 due to 

the shorter A-site metal-oxygen bonds 

compared to the B-site metal-oxygen bonds. 

These two bands are essential features in all 

FTIR spectra of ferrites documented in the 

literature.  

The absorption bands around 1618 cm
−1

 are 

related to other O–H (i.e. the sharp peak of 

hydroxyl group) (or C-H/C-C) groups 

confirming the existence of interlayer water 

and the oscillations of the H–O–H bonds 

(Darwish et al., 2024). The broad absorption 

band observed around 3415 cm
−1

 corresponds 

to O–H bond (i.e. the broad peak of hydroxyl 

group) stretching vibrations of H2O present in 

the interlayer space (Al Maashani et al., 

2020) (Saafan et al., 2021). Moreover, the 

small absorption peaks ranged from 2850 to 

2920 cm
-1

 may be attributed the carboxyl 

group. 

Sample 

& method of 

preparation 

a 

(Å) 

Average 

crystallite 

size (nm) 

 

D 

(kg/m
3
) 

Dx 

(kg/m
3
) 

P 

(%) 

Dislocation 

density (δ) 

(m
-2

) 

The 

lattice strain 

(ε) 

V (Å
3
) 

CuFe2O4 

(x=0.0) 

a=5.810 

c= 8.677 
66.32 4207.43 5430.92 22.5 2.27E+14 0.001358 292.58 

CuAl0.2Fe1.8O4 

(x=0.2) 

a=5.809 

c= 8.614 
46.43 3965.05 5325.80 25.5 4.63E+14 0.001941 291.16 

CuAl0.4Fe1.6O4 

(x=0.4) 
8.308 44.64 4200.59 5273.29 20.3 5.01E+14 0.002497 573.60 

CuAl0.6Fe1.4O4 

(x=0.6) 

 

8.289 43.47 2796.76 5175.65 45.9 5.28E+14 0.002558 569.61 
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A small shift of the tetrahedral and octahedral 

stretching frequency bands (υ1) and (υ2) 

towards the higher frequency region (lower 

wavenumber region) is observed as illustrated 

in Table (2) in both the tetragonal and cubic 

ferrite samples with increasing Al
3+

 content. 

This shift can be attributed to the bases of 

reduced mass, bond lengths, and 

electronegativity of cations (Nandan et al., 

2019), variation in crystalline size and 

dispersion of cations (Rahman et al., 2022) 

(Khan et al., 2021) at A and B sites. 

The force constant of tetrahedral site F1 and 

the octahedral site F2 can be determined using 

the following equations: 

F1 = 4π
2
c

2
 υ1

2
μ  

F2 = 4π
2
c

2
 υ2

2
μ  (Hussein et al., 2024), 

where c is the speed of light in vacuum and μ 

is the reduced mass of the oxygen and metal 

system, which is equal to 2.061 × 10
−23

 g.  

The collected FTIR data for samples under 

investigation is tabulated in Table 2. It is 

noted that the force constant F1 values are 

greater than F2 as anticipated. This can be 

attributed to the differences in band stretching 

between ʋ 1 and ʋ 2 bands, the stronger 

cationic interactions at the tetrahedral site, 

reduced interatomic distance, and higher 

energy required to break the bonds (Barde et 

al., 2022) . The variation of force constants F1 

and F2 values is associated with variation in 

grain size too (Yadav et al., 2017).

1000200030004000

 

wavenumber(cm-1)

 x=0.0

3415

1618

607

410

588

 

 x=0.2

408

 

 x=0.4

416

595

 

 

 x=0.6

T
ra

ns
m

itt
an

ce
 (a

.u
.)

CuAlxFe2-xO4

406

580

Fig (3): FTIR spectrum of CuAlxFe2-xO4 samples 



Table (2): FTIR absorption band values and force constants, F1, F2, at the A- and B-sites, and Fav of CuAlxFe2-

xO4 (where x=0.0, 0.2, 0.4 and 0.6) 

Sample υ1 (cm
-1

) υ2 (cm
-1

) F1 (dyne/cm) F2 (dyne/cm) Fav (dyne/cm) 

x=0.0 607 410 269405 122912 196159 

x=0.2 588 408 252803 121716 187260 

x=0.4 595 416 258858 126536 192697 

x=0.6 580 406 245971 120526 183248 

Conclusion 

CuAlxFe2-xO4 nanoparticles with (x = 0.0, 0.2, 

0.4 and 0.6) have been successfully produced 

utilizing the citrate-nitrate auto-combustion 

method. The XRD and FTIR studies illustrate 

the effect of Al
3+

 doping on the structural 

properties. The XRD diffraction peaks are 

narrow and sharp, indicating the samples' 

crystallinity. The tetragonal structure (samples 

of x=0.0 and 0.2) has been turned to pure cubic 

structure (samples of x=0.4 and 0.6) by 

increasing the Al ion content. The crystallite 

size (R) has ranged from 66.32 to 43.47 nm, 

and it has been found to decrease by increasing 

the aluminum content which correlates well 

with increasing the lattice strain. Also, the unit-

cell volume has decreased in both the 

tetragonal and the cubic structures as the 

aluminum content increases in agreement with 

the lattice parameter behavior. Both the X-ray 

density and measured density decrease with 

increasing the Al
3+

 content in both the 

tetragonal and cubic structures, while the 

porosities show an increasing trend with the 

content of Al
3+

 ions in both the tetragonal and  

 

the cubic structures. FTIR studies have 

revealed the presence of the two main 

absorption bands (υ1 and υ2) around 592 cm
-1

 

and 410 cm
-1

. The force constant F1 values are 

greater than F2 values as anticipated. 
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 انسبيُم بحجى انُاَويٍ انُوع عهى انخصائص انهيكهية في انفريتات انُحاسية الانًوَيوو انثلاثى  استبدالاثر 

 اعى،ساييه سعفاٌ،يحًد انُجارالاء أبو انيزيد،احًد انسب

 لسى انفٍضٌبء كهٍه انؼهىو، جبيؼه طُطب،

ثبسزخذاو  ( x=0,0.2,0.4,0.6حٍث )  CuAlxFe2-xO4 راد انصٍغخ انكًٍٍبئٍخ ثحجى انُبَى  رى رصٍُغ  جضٌئبد انفشٌزبد انسجٍُم

ًُصَّؼخ يٍ خلال رحهٍم حٍىد رمٍُخ الاحزشاق انزارً ثبنسزشاد وانٍُزشاد. رى رحذٌذ خصبئض انزشكٍت انجهىسي نهجض ٌئبد انُبَىٌخ ان

أظهشد ثٍبَبد حٍىد الأشؼخ انسٍٍُخ انًسزخشجخ أٌ  .(FTIR) ورحهٍم رحىٌم فىسٌٍه نلأشؼخ رحذ انحًشاء (XRD) الأشؼخ انسٍٍُخ

ثهٍكم سثبػً  (x=0.2 و x=0.0) جًٍغ انؼٍُبد رحزىي ػهى طىس واحذ دوٌ أي شىائت أو أطىاس غٍش يشغىة فٍهب. رزًٍض ػٍُبد

ثهٍكم يكؼت يٍ َىع سجٍٍُم. رى انؼثىس ػهى أٌ يزىسط حجى انجهىساد انُبَىٌخ  (6.0و  x=0.4) انسطىح، ثًٍُب رزًزغ ػٍُبد

نهجضٌئبد انُبَىٌخ ٌمغ ضًٍ انُطبق انًمجىل نحجى انُبَى. سهىن يؼبيم انشجكخ فً انؼٍُبد انشثبػٍخ وانسذاسٍخ ٌزىافك ثشكم جٍذ يغ 

 ػٍىة انجهىساد يثم كثبفخ الاَضلاق بيلادهش وٌظهش ارجبهًب يزضاٌذًا يغ إضبفخ الأنًٍُىو. رى انؼثىس ػهى أٌ ثؼض يؼرٍ-رأثٍش جبٌ

(δ) والاَفؼبل (ε) رضداد يغ صٌبدح رشكٍض Al3+  هجهىساد كًب هى يزىلغ. كًب رى رأكٍذ رشكٍم نحجى يزىسط انورظهش سهىكًب ػكسًٍب يغ

، حٍث رى انكشف ثىضىح ػٍ FTIR ٍىو ثشكم إضبفً يٍ خلال يطٍبفٍخ الأشؼخ رحذ انحًشاءػٍُبد انفشٌذ انُحبط والأنًُ

 .1-سى 016و 1-سى 295ػُذ حىانً  (υ2 و υ1) َطبلً الايزصبص انجبسصٌٍ نهفشٌزبد


