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We report the influence of annealing temperature (600 °C-1000 °C) on structure, crystallographic phase tran-

sition, morphology, vibrational, and magnetic properties of CuFe2O4 nanoparticles synthesized by a facile sol-

gel auto combustion technique. The as-prepared and 600 °C air annealed samples show cubic spinel structure,

secondary phases of α-Fe2O3, and CuO (minute reflections), resulting in inferior magnetic properties. Further,

the 800 °C air annealed sample discloses a structural phase transition from cubic to tetragonal phase and min-

ute α-Fe2O3 secondary phase. This sample exhibits the highest coercivity (HC) 1221.4 Oe and squareness ratio

(MR/M20kOe) = 0.56. On the other hand, the sample annealed at 1000 °C in air reveals superior magnetic prop-

erties (magnetization = 24.5 emu/g & HC = 484.7 Oe) compared to all other samples. The revolution of mag-

netic properties with annealing temperature originates from the morphology, cubic to a tetragonal structural

phase transition, c/a > 1, and cation site occupation induced by Jahn–Teller distortion. 
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1. Introduction

Among several spinel ferrites, copper ferrite (CuFe2O4)
has gained considerable attention owing to its intriguing
structural, optical, electrochemical, and magnetic pro-
perties [1, 2]. These properties are worthwhile in various
potential applications, including water treatment, catalysis,
gas sensors, lithium-ion batteries, and biological appli-
cations [2-6]. The physical/chemical properties of CuFe2O4

nanostructures are strongly affected by structure, morpho-
logy (shape, size, & size distribution), and the cation
distribution in their definite magnetic sites [7-9]. CuFe2O4

exists in two crystallographic phases: the high-temper-
ature (T > 700 K) cubic spinel phase (c-CuFe2O4, lattice
parameter 8.38 Å, space group: Fd-3m) and the low-
temperature (T < 700 K) tetragonal phase (t-CuFe2O4,
lattice parameters a = 5.82 Å, c = 8.71 Å, space group:
I41/amd) based on preparation methods and annealing
conditions [10, 11]. The structural transition from high
symmetry cubic (Fd-3m) to low symmetry tetragonal (I41/
amd) is caused by Jahn–Teller distortion. In an ideal unit
cell configuration, eight divalent Cu2+ ions occupy the
octahedral site (B), and 16 trivalent Fe3+ are equally

distributed in tetrahedral (A) and B sites [12]. The mag-
netic moment of sublattice-A is antiparallel to sublattice-
B. Therefore, the total effective magnetic moment (μeff)
of CuFe2O4 originates from the unbalanced magnetic
moments of eight Cu2+ ions in sublattice-B [13, 14].
Therefore, it possesses ferrimagnetic behavior with Néel
temperature of nearly 780 K [13, 14]. Several groups
have been synthesized the CuFe2O4 samples using bottom-
up and top-down methods and observed structural phase
transition from cubic to tetragonal or vice versa by apply-
ing heat treatments and varying the processing conditions.
Goya et al. observed tetragonal to cubic phase transition
in a bulk CuFe2O4 reduced by a high-energy ball milling
method [15]. Yadav et al. synthesized CuFe2O4 NPs using
glucose and fructose (honey) assisted sol-gel process.
They have observed cubic to tetragonal phase transition
and the CuO secondary phase with an increased annealing
temperature of as-prepared NPs from 500 °C to 1100 °C
[16]. Laokul et al. synthesized CuFe2O4 NPs using aloe
vera in the sol-gel process, have seen cubic phase and
secondary phase of CuO in sample annealed at 600 °C,
which is transformed to a tetragonal phase when annealed
at 900 °C [17]. Therefore, the above reports showed that
the structure, phase transition, cationic site occupation,
and magnetic properties are sensitive to heat treatments
and processing conditions. 

Herein, we have synthesized the CuFe2O4 nanoparticles
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(NPs) by the simple triethylamine-assisted sol-gel process.
The as-prepared NPs have been subjected to heat-treat-
ment in a temperature range of 600 °C to 1000 °C in air
to study the structure and magnetic properties. XRD
analysis revealed cubic to tetragonal phase transition with
the increased annealing temperature. The evaluated lattice
parameters and the value of c/a > 1 indicate that the
structural phase transition is due to the Jahn–Teller di-
stortion in annealed (800 °C & 1000 °C) samples. Raman
spectra further confirm the cubic to tetragonal phase
transition with the rising of annealing temperature. The
magnetic properties of CuFe2O4 NPs were improved with
the increase of annealing temperature due to the rise in
crystallite/particle size, decreased surface disorder, and a
change in cation distribution induced by Jahn–Teller
distortion.

2. Experimental Details

Figure 1 demonstrates the synthesis and growth of
morphology corresponding to the crystallographic phase
transition (different color powder samples shown in insets)
with annealing temperature. The CuFe2O4 NPs were
prepared by the sol-gel route starting with CuSO4·5H2O
and Fe(NO3)3·9H2O salts as for the erstwhile work on
MnZn ferrite NPs [20]. The required amount of pre-
cursors solvated in 15 ml of ethylene glycol, and sub-
sequently, 20-25 drops of glycerol were added to stabilize
the solution at 75 °C. The vigorous magnetic stirring
continued until the formation of a homogeneous solution.
The solution was brought to room temperature and further

dissolved in 37 ml of 2-propanol & 18 ml triethylamine
and stirring proceeded for 15 minutes to obtain the gel.
Lastly, the brown color gel burnt at 180 ºC for several
hours to acquire the final product (Fig. 1). The as-pre-
pared (AP) NPs were heat-treated in temperatures from
600 ºC-1000 ºC to study structural and magnetic pro-
perties. The X-ray diffraction (XRD) data procured with
PANalytical X’pert PRO, CuKα (= 1.54059 Å) radiation.
Vibrational properties examined using Raman spectra
(Jobin-Yvon LabRAM HR800UV) with He-Ne laser of
633 nm. The morphology of the samples was analyzed
using field emission scanning electron microscopy (FESEM,
Hitachi, S-4800). The vibrating sample magnetometer
(VSM, Microsense EV9) was used to study the magnetic
properties at room temperature.

3. Results and Discussions

Figure 2 shows the XRD patterns of the CuFe2O4 AP

and air annealed (600 °C-1000 °C) samples, respectively.
The AP NPs unveils the cubic spinel phase (JCPDS 77-
0010) and a minor quantity of secondary phases corre-
sponding to the α-Fe2O3 (JCPDS 33-0664) and CuO (very
small). The sample annealed at 600 °C also shows the
cubic spinel phase and secondary phase (α-Fe2O3), with
increased secondary phase intensity than the AP sample
due to the increased oxidation. These observations are
similar to the earlier reports on MgFe2O4, Fe3O4, and
MnZnFe2O4 cubic spinel structures annealed under similar
conditions [18-20]. Further cubic to tetragonal phase
transition appeared in sample annealed at 800 °C with

Fig. 1. (Color online) Schematic representation for the synthesis of CuFe2O4 nanoparticles, the growth of morphology (the different

colored powder samples were shown in insets), and corresponding structural phase transition with the increase of annealing tem-

perature. 
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significantly reduced secondary phase fraction. On the
other hand, the pure tetragonal phase (JCPDS 35-0425) is
realized in the sample annealed at 1000 °C. Therefore,
annealing at higher temperatures leads to developing a
tetragonal phase in CuFe2O4 cubic spinels [16, 17]. The
sharper peaks seen in high-temperature annealed samples
indicate that the rise of crystallite size. Therefore, the
crystallite size was determined by XRD peak width of
highest intensity peak (311) using the Scherrer formula
for AP and annealed samples. The crystallite size is 23.7
nm for AP NPs, increasing with annealing temperature
and reaching a value of 60.7 nm for 1000 °C annealed
sample (see Table 1). Lattice parameters and c/a ratio
values calculated using the relation for cubic phase [16,
22] 

1/d2 = h2 + k2 + l2/a2 (1)

and for the tetragonal phase

1/d2
 = h2 + k2 / a2 + l2/c2 (2)

where d is the interplanar distance, a and c are lattice
parameters, and (hkl) is the miller indices.

The evaluated lattice parameters and c/a ratio values
have summarized in Table 1. The lattice parameter a

value for cubic CuFe2O4 spinels are 8.3211 Å and 8.3483
Å for AP and 600 °C  air annealed samples, respectively.
The observed values are in good agreement with earlier
reports [12, 22]. As shown in Table 1, for the tetragonal
phase, the a (=b) value slightly decreased with the increase
of annealing temperature, but, c value and c/a ratio increased
with the increase of annealing temperature. Therefore,
cubic to tetragonal phase transition is due to the Jahn–
Teller effect related to cation redistribution and the value
of c/a [16]. The structural variation associated with cation
redistribution and the value of c/a could lead to a
development in magnetic properties.

Raman spectroscopy is a powerful technique to study
the structure, phase formations, and vibrational properties
of the samples. Fig. 3(a) depicts the frequency (100-1000
cm1) dependent Raman spectra of CuFe2O4 AP and air
annealed (600 °C-1000 °C) samples at room temperature.
In ambient conditions, cubic spinel structures exhibit five
Raman active modes (A1g+Eg+3T2g) [18]. Fig. 3(b, c)
shows the Raman modes observed around A1g (217 cm1)
and 4Eg (241 cm1, 289 cm1, 406 cm1 & 604 cm1),
which belong to the secondary phase of α-Fe2O3 of AP

and 600 °C annealed samples [21]. The Raman modes
observed at 498 cm1 [T2g(3)] and 652 cm1 [A1g] corre-
spond to the cubic spinel phase [16]. The absence of other
ferrite modes at lower frequency regions might be due to
the overlapping with the α-Fe2O3 modes. On the other
hand, Raman modes were split for 800 C and 1000 °C

Fig. 2. (Color online) XRD patterns of as-prepared and air

annealed CuFe2O4 samples.

Table 1. The structural and magnetic parameters. Where t is the crystallite size, ‘a, c’ are the lattice parameters, D is the particle

diameter. M20kOe, MR, and Hc are the magnetization obtained at 20 kOe, remanent magnetization, and coercivity. 

Samples AP 600 °C 800 °C 1000 °C

t (nm) 23.7 36.1 46.4 60.7

Phase
c-CuFe2O4 + -Fe2O3 +

CuO (minute)

c-CuFe2O4 + -Fe2O3 +

CuO (minute)

t-CuFe2O4 + 

-Fe2O3 (minute)
t-CuFe2O4

a (Å) 8.3211 8.3483 8.2264 8.2094

c (Å) - - 8.6972 8.7133

c/a - - 1.054 1.062

D (nm) 38.7 66.1 420 4.2 (m)

M20kOe (emu/g) 12.4 5.7 21.2 24.5

MR (emu/g) 3.2 2.5 11.8 12.5

MR/M20kOe 0.26 0.44 0.56 0.47

Hc (Oe) 247.4 1018 1221.4 484.7
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annealed samples due to the presence of the tetragonal
phase. Fig. 3(d, e) presents the Raman modes observed at
A1g (664 cm1 & 703 cm1), 3Tg (582 cm1, 493 cm1 &
548 cm1, 122 cm1 & 196 cm1) and Eg (277 cm1 & 361
cm1) for 800 °C and 1000 °C samples, which is con-
sistent to the tetragonal inverse spinel ferrites phase. The
cubic to tetragonal structural phase transition is due to the
Jahn-Teller distortion [16, 22]. Fig. 3(f) displays the
Lorentzian fit to the Raman spectra for 1000 °C annealed
sample to attain the natural band positions, as shown in
Table 1. Therefore, the Raman spectroscopy study further
confirms the structural phase transition from cubic to
tetragonal phase with increased annealing temperature,
which justifies the XRD results.

Figure 4 illustrates the FESEM images and histograms
of the AP and air annealed CuFe2O4 samples. The particle
size distribution obtained from FESEM images, as shown
in size histograms. The morphology of the AP NPs exhibits
a nearly sphere-shaped with the average particle is 38.7
nm, as displayed in Fig. 4(a-c). In the 600 °C annealed
sample, the average particle size is slightly increased to
66.1 nm, as revealed in Fig. 4(d-f). The particle size is
increased to 420 nm for 800 °C annealed sample as
shown in Fig. 4(g-i) due to aggregation of NPs. Further,
growing the annealing temperature, the NPs accumulated
and grown-up into bulk, which exhibits the polyhedral
structure with an average size of 4.2 m, as displayed in
Fig. 4(j-l). The FESEM analysis divulges a remarkable
effect on the morphologies of the NPs with the increase in
annealing temperature. Further, Energy dispersive X-ray
pattern and elemental mapping for the AP sample confirm

Cu, Fe, and O elements as presented in Fig. 5.
Figure 6(a, b) displays magnetic field-dependent mag-

netization (M-H curves) at room temperature RT for AP

and air annealed CuFe2O4 samples. All samples exhibited
ferrimagnetic behavior. It is observed that the magneti-
zation of the 1000 °C annealed sample is found to be
enhanced compared to all other samples. The measured
values of magnetization (M) at 20 kOe, remanent mag-
netization (MR), and coercivity (Hc) of AP and air
annealed CuFe2O4 samples are presented in Table 1. The
M of AP sample is 12.4 emu/g, which is decreased to 5.7
emu/g for the 600 °C annealed sample; then it again
increased to 21.2 emu/g for the 800 °C annealed sample.
Finally, it reached a maximum value of 24.5 emu/g for
the 1000 °C annealed sample. The AP and 600 °C
samples revealed lower magnetization than the samples
annealed at 800 °C and 1000 °C, which can be ascribed to
the secondary phases, finite-size, and surface effects. The
randomly oriented surface spins (magnetic dead layer) on
the surface of the NPs disturb the magnetic structure
leading to a change in the magnitude of magnetization
with a change in particle size in nanocrystalline samples.
On the other hand, the improved magnetization at 1000 °C
annealed sample is due to the pure t-CuFe2O4 phase and
reduced surface defects. The magnetization increases with
an increase in crystallite size due to the change in cation
distribution with the increase of annealing temperature
[22, 23]. However, the obtained M values of AP and air
annealed samples were smaller than the bulk values (55
emu/g in c-CuFe2O4 and 49.7 emu/g in t-CuFe2O4) [25].
M value decreases due to the surface effects and change

Fig. 3. (Color online) Raman spectra of as-prepared and air annealed CuFe2O4 samples.
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in cationic distribution with reduced size in nanocrystals.
In ferrites, the net magnetization originates from an

antiparallel alignment of tetrahedral and octahedral sites.
The relative distribution of Fe3+ and Cu2+ spins between

Fig. 4. (Color online) FESEM images of as-prepared and air annealed CuFe2O4 samples.

Fig. 5. (Color online) EDX pattern and element mapping of as-prepared CuFe2O4 nanoparticles.
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tetrahedral and octahedral sites causes a change in
magnetic moment. In bulk CuFe2O4, the net magnetic
moment is observed due to 8 Cu2+ spins at octahedral sites
[25]. Therefore, the partial decrease of Cu2+ spins at
octahedral sites can reduce the magnetic moment in the
annealed samples compared to bulk samples.

The value of Hc is 247.4 Oe, for the AP sample, which
increased to a maximum value of 1221.4 Oe for the 800
°C annealed samples due to the size effects, microstructure,
and presence of mixed-phase (t-CuFe2O4 and secondary
phase). Further, Hc declines to below 484.7 Oe for 1000
°C annealed sample due to increased size and lessened
surface effects. Moreover, the grain boundary condition
changes noticeably with the increase of annealing temper-
ature, and so the number of domain walls decreases as the
annealing temperature increases. This behavior plays one
of the most vital roles with the variation in Hc with
annealing temperature. The squareness ratio (MR/M20kOe)
for AP and annealed samples is shown in Table 1. The
value of MR/M20kOe is 0.56 observed for the 800 °C
annealed sample. This value is in agreement with bulk
CuFe2O4 samples [24]. Therefore, the magnetic properties
correlated with microstructural data suggest that the
annealing temperature plays a significant role in cubic to
the tetragonal structural phase transition.

4. Conclusions

In conclusion, the CuFe2O4 NPs were successfully
synthesized by a simple sol-gel method. The influence of
annealing temperature (600 °C-1000 °C) on microstructure,
structural phase transition, and magnetic properties has
been examined. The XRD and Raman spectra confirmed
the cubic to tetragonal phase transition with an increase of
annealing temperature. FESEM analysis revealed that the

size of AP (38.7 nm), which reached to a bulk value (4.2
m) when annealed at 1000 °C. The AP and 600 °C
samples exhibited weak magnetic properties owed to the
secondary phase α-Fe2O3. On the other hand, the sample
annealed at 1000 °C displayed a single-phase tetragonal
inverse spinel phase with superior magnetic properties (M
= 24.5 emu/g, Hc = 484.7 Oe) attributed to the larger size,
Jahn–Teller distortion, and change cation site occupation. 
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