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 Abstract: In this study, a simple and solvent-free grinding method was employed to 
produce nanostructured cobalt ferrites (CoFe2O4). Their morphology and textural 
properties were notably found to be impacted by the calcination. Notably, the prepared 
material calcinated at 250 °C exhibited high mesoporosity with a surface area of 
186 m2 g−1 and a pore size of approximately 3.2 nm, while the highly crystalline CoFe2O4 
with sparse pore structure would tend to be more favorable as increasing calcination 
temperatures. At 550 °C, the CoFe2O4 material specifically formed a well-defined shape, 
albeit with non-uniform particle sizes ranging from 40 to 80 nm. These distinct 
nanostructures were completely lost upon calcination at 900 °C, resulting in a bulk 
CoFe2O4 with a very high crystallinity. Furthermore, the study also investigated the 
influence of polyvinylpyrrolidone (PVP) on the structure and morphology of as-prepared 
CoFe2O4. It was observed that PVP could mitigate sintering, leading to the increase in the 
surface area of CoFe2O4 calcined at 550 °C due to the decrease in nanoparticle size. 
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■ INTRODUCTION 

Nanostructure spinel ferrites have attracted much 
interest in recent years due to their outstanding magnetic 
behavior, viable surface modification, and broad 
applications in many industrial fields, including 
environmental treatment, catalysis, and biomedical and 
electronic techniques [1-5]. Among spinel ferrites, cobalt 
ferrite (CoFe2O4) is a common magnetic oxide with an 
inverse spinel structure, which has a high intrinsic 
coercivity, moderate saturation magnetization, and great 
physical and chemical stability. These properties are 
essential to improve recording, hyperthermia, targeted 
drug delivery, and resonance imaging [6]. Importantly, it 
has been demonstrated that the magnetic characteristics 
of CoFe2O4 can be influenced by particle size, 
morphology, and structure, which can be adjusted via 
synthetic parameters. Therefore, various fabrication 
methods for CoFe2O4 have been investigated to obtain 

desired physical and chemical properties, including sol-
gel auto combustion, hydrothermal combustion, 
microemulsion, co-precipitation, microwave-assisted 
synthesis, polyol-involving route, and aerosol method 
[7-9]. Although most of these techniques can produce 
CoFe2O4 with well-defined sizes and shapes, they are 
often hampered by significant drawbacks such as high 
cost, complexity, extensive use of solvents and additives, 
and prolonged reaction times [10]. 

The solid-state approach has been widely applied 
to synthesize nanomaterials due to its ability to 
circumvent the use of hazardous organic solvents. This 
technique is valued for its simplicity, speed, scalability, 
cost-effectiveness, and environmental friendliness, 
leading to increased attention in the field of chemistry 
[11]. For instance, bismuth-doped halide perovskites 
were successfully synthesized with high crystallinity and 
excellent microstructure through solvent-free grinding 
of methylammonium iodide and metal precursors in 
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various ratios, offering a promising alternative to lead-
containing perovskite solar cells [12]. Furthermore, mixing 
metal precursor salts and sodium hydroxide as a hydrolysis 
reagent, followed by calcination at high temperatures, 
produced copper ferrite (CuFe2O4) with particle size of 
nanoparticles ranging from 75 to 116 nm [13]. Akbari 
Moayyer and Ataie [14] prepared CoFe2O4 nanoparticles 
using a ceramic manner involving a mixture of cobalt 
carbonate and iron oxide, resulting in CoFe2O4 with a 
mean crystallite of 49 nm and particle size of 300 nm after 
calcination at 1000 °C, exhibiting hard magnetic properties 
[14]. In this study, nanostructured CoFe2O4 were facilely 
synthesized via the grinding method without needing any 
solvent for the reaction. The structural and morphological 
characteristics of as-synthesized CoFe2O4 samples were 
thoroughly examined using X-ray diffraction, transmission 
electron microscopy, thermogravimetry analysis, and 
isothermal nitrogen sorption measurements. Moreover, 
the influence of using polyvinylpyrrolidone (PVP) on the 
particle size and distribution of the resulting CoFe2O4 was 
investigated. 

■ EXPERIMENTAL SECTION 

Materials 

All chemicals and starting materials were purchased 
from Sigma-Aldrich and used as received without any 
purification. Cobalt(II) nitrate hexahydrate 
(Co(NO3)2·6H2O, purity 98%), iron(III) nitrate 
nonahydrate (Fe(NO3)3·9H2O, purity 98%), sodium 
hydroxide (NaOH, purity 97%), sodium chloride (NaCl, 
purity 96%), and cross-linked PVP (M = 3500 g mol−1) 
were used as precursors. 

Instrumentation 

Thermogravimetric analysis (TGA) was conducted 
on the TA Instruments SDT Q600 Thermal Gravimetric 
Analyzer. Approximately 10 mg of sample was loaded 
into an alumina pan for each measurement, which was 
then heated from 30–800 °C at a rate of 5 °C min−1 in the 
air atmosphere. Nitrogen adsorption isotherm 
measurements were performed at 77 K on a 
Micromeritics Tristar device after the sample was treated 
at 120 °C under reduced pressures for 10 h. The specific 

surface area was calculated in a relative pressure range of 
p/p0 = 0.05–0.30 using the Brunauer–Emmett–Teller 
(BET) model. X-ray diffraction (XRD) measurements 
were performed on a D8 Advance Bruker Diffractometer 
using CuKα radiation in a 2θ range of 10–80° (0.0105° 
step−1 and 0.63° min−1). TEM was recorded on an 
EM1010–Jeol electron microscope. 

Procedure 

Synthesis of CoFe2O4 
CoFe2O4 was prepared via a grinding method 

based on the reported study of Zeynizadeh et al. [13] on 
the synthesis of CuFe2O4 magnetically nanoparticles, 
with modifications. Initially, 1.455 g (0.005 mol) of 
Co(NO3)2·6H2O, 4.040 g (0.010 mol) of Fe(NO3)3·9H2O, 
and 1.167 g (0.020 mol) of NaCl was grounded in a 
porcelain mortar for 10 min. Subsequently, the mixture 
was added with 1.600 g (0.04 mol) of NaOH and was 
ground for a further 50 min before being washed with 
water several times until neutralization was achieved. 
After centrifugation, the collected solid was dried at 
80 °C overnight and subsequently treated in the air at 
different temperatures, including 250, 350, 450, 550, and 
900 °C for 4 h with a rate of 2 °C min−1, resulting in a 
black powder denoted as CoFe2O4-T, where T represents 
the corresponding calcination temperature applied. 

Synthesis of CoFe2O4 in the presence of PVP 
CoFe2O4-PVP was synthesized by following the 

procedure described above in the presence of PVP. In a 
porcelain mortar, a mixture of 2.0 g of PVP, 1.455 g 
(0.005 mol) of Co(NO3)2·6H2O, 4.040 g (0.010 mol) of 
Fe(NO3)3·9H2O, and 1.169 g (0.020 mol) of NaCl was 
grounded in 10 min. An amount of 1.600 g (0.040 mol) 
of NaOH was then added to the mixture and ground for 
50 min. Subsequently, it was rinsed with distilled water 
and dried at 80 °C for 12 h. The resulting powder was 
calcined at 550 °C for 4 h (2 °C min−1) to generate the 
final product denoted as CoFe2O4-PVP-550. 

■ RESULTS AND DISCUSSION 

In a typical experiment, a mixture of 
Co(NO3)2·6H2O, Fe(NO3)3·9H2O, and NaCl (as shown in 
Fig. 1(a)) was intensively ground for 10 min in a 
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porcelain mortar. Among various metal salts, nitrate salts 
are preferred to other metal salts in the synthesis of metal 
oxides due to their good solubility in water and low 
decomposition temperatures, leading to few residual 
contaminants in the final products [15-17]. Meanwhile, 
the NaCl salt was used as a capping agent to prevent 
particle agglomeration and control their growth [18]. 
Afterward, a stoichiometric amount of NaOH was added 
to the mixture, and grinding continued for another 
50 min. During this process, the color of the mixtures 
gradually changed from red-orange (Fig. 1(b)) to black 
(Fig. 1(c)), indicating the occurrence of basic hydrolysis 
of the cobalt and ferric salts, leading to the formation of 
the black CoFe2O4 phase (Eq. 1). 
2Fe(NO3)3+Co(NO3)2+8NaOH→CoFe2O4+4H2O+8NaNO3 (1) 

The sodium salts were then removed by simple 
washing with excess distilled water. The collected solid 
was dried at 80 °C to remove free water and 
subsequently calcined at an elevated temperature (250–
900 °C) to dehydrate surface metal hydroxides, resulting 
in the formation of crystalline CoFe2O4. 

TGA was performed to investigate the thermal 
behavior of the CoFe2O4 sample dried at 80 °C, focusing 
on weight (%) as a function of temperature (Fig. 2). Two 
main stages of weight loss were observed in the 
temperature range from 30 to 800 °C. The initial weight 
loss of 6% occurred at the temperature region below 
100 °C, attributed to the removal of physically adsorbed 
water in the CoFe2O4 sample. The subsequent weight 
loss stage,  observed from  100 to  approximately 250 °C,  

 
Fig 1. Photographs of the initial mixture of Fe(NO3)3·9H2O, Co(NO3)2·6H2O, and NaCl (a) before grinding, (b) after 
10 min of grinding the mixture, (c) after adding NaOH to the mixture and grinding for a further 50 min 

 
Fig 2. TGA curve for CoFe2O4 sample after drying at 80 °C 
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was due to the removal of coordinated water adsorbed at 
the surface of CoFe2O4 and the dehydration of the metal 
hydroxides. These findings aligned with previous studies 
on the preparation of CoFe2O4 using co-precipitation or 
solvothermal methods [19-20]. Further treatment of the 
sample at higher temperatures resulted in a negligible 
weight decrease, indicating the completion of hydration 
and the formation of the CoFe2O4 phase. Therefore, the 
calcination step for the preparation of nanostructured 
CoFe2O4 was performed at various temperatures above 
250 °C, allowing for changes in the structure and 
morphology of CoFe2O4 to be observed. 

Fig. 3 shows the XRD patterns of CoFe2O4 calcined 
from 250 to 900 °C. The peaks were observed at 2θ = 
18.5°, 30.1°, 35.2°, 37.1°, 43.0°, 53.4°, 56.9°, and 62.6°, 
corresponding to (111), (220), (311), (222), (400), (422), 
(511) and (440) crystallographic planes of the spinel 
structure of ferrites, indicating the formation of 
crystalline CoFe2O4 [19,21]. Upon annealing at 250 °C for 
4 h in air, the XRD result revealed broad and low-intensity 
characteristic peaks of CoFe2O4, suggesting a small 
particle size and low crystallinity. Notably, the diffraction 
peak intensity increased significantly with the calcination 
temperature due to the growth of the CoFe2O4 crystals, 
likely resulting from particle sintering at high 
temperatures. However, an extra peak at 2θ = 33.29°  
 

observed in the XRD patterns of samples calcined at 500 
and 900 °C was assigned to the (104) plane of the 
hematite (α-Fe2O3), possibly due to heterogeneous 
reaction conditions and higher reactivity of the Fe3+ 
species [22]. The presence of this hematite phase has also 
been reported in previous studies on CoFe2O4 [23-24]. 

Next, the morphology of CoFe2O4 calcined at 
different temperatures was examined in the TEM images 
(Fig. 4). As expected, increasing the calcination 
temperature caused significant changes in the morphology 
and size of CoFe2O4 particles. Small nanoparticles (20–
30 nm) were observed for the sample treated at 250 °C; 
however, the separation of these nanoparticles was 
unclear. Meanwhile, well-defined and larger nanoparticles 
ranging from 20 to 80 nm were formed when CoFe2O4 
was annealed at higher temperatures (350–550 °C). The 
irregular morphology of the nanoparticles was 
attributed to the solid-state reaction via grinding. These 
observations were indeed in good agreement with the 
XRD results described above. Notably, the particle 
agglomeration was complete at 900 °C, leading to the 
formation of the bulk CoFe2O4 phase. 

In general, the nitrogen physisorption isotherms of 
the samples showed a large quantity adsorbed at relative 
pressures of 0.40 to 0.99, which are typical for 
mesoporous and macroporous structures (Fig. 5(a)) [25]. 

 
Fig 3. XRD results of CoFe2O4 samples calcined at varied temperatures 
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Fig 4. TEM images of CoFe2O4 samples prepared at different calcination temperatures 

 
Fig 5. (a) Nitrogen sorption isotherms and (b) pore size distribution calculated by DFT method of CoFe2O4 samples, 
calcined at different temperatures 
 
As expected, the BET surface area of CoFe2O4-250 was the 
highest among the samples, with a value of 186 m2 g−1 
(Entry 1, Table 1), indicating the formation of capillaries 
in the structure. The average pore size for this sample was 
determined to be approx. 3.5 nm, falling within the 
mesoporous region, which contributed to most of the 
total pore volume and surface area. These mesopores 
could be attributed to the free spaces between the 
nanoparticle clusters, as observed in the TEM images (Fig. 
5(b)). Moreover, it is evident that the surface area rapidly 
decreases with the increase in the calcination temperature 
due to the enhanced isolation and agglomeration of the 
particles.  Indeed,  treatment of  CoFe2O4 at 350,  450, and  

Table 1. BET surface areas of the CoFe2O4 samples 
calcined at varied temperatures 

Entry Sample SBET (m2 g–1) 
1 CoFe2O4-250 186.0 
2 CoFe2O4-350 128.0 
3 CoFe2O4-450 60.0 
4 CoFe2O4-550 17.0 
5 CoFe2O4-900 0.6 

550 °C resulted in surface areas of 128, 60, and 17 m2 g-1, 
respectively, while a negligible surface area was obtained 
for the samples annealed at 900 °C due to the formation 
of bulk material (Entries 2-5, Table 1). In these cases, the 
obtained surface areas of CoFe2O4 could be related to the 
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overall particle surface. It should be noted that the surface 
areas of the as-prepared CoFe2O4 samples are generally 
higher than those reported in the previous studies in 
which the grinding method was also used [26]. 

PVP was employed as a surface capping agent in the 
synthesis of CoFe2O4 to prevent particle aggregation and 
control the particle size and shape through the 
interactions between PVP and metal ions. Co2+ and Fe3+ 
ions are believed to adhere to the polymer surface via 
electrostatic interactions between the metal cations and 
the amide group in the polymeric chain, resulting in a 
good dispersion of the metal hydroxide species in the 
cavities and network of PVP. Nanoparticles with high 
surface energy tend to sinter and grow larger during the 
calcination stage via the Ostwald ripening process [27]. 
Therefore, PVP played an important role in sterically 
hindering the agglomeration of the nanoparticles during 
this stage. As mentioned in the literature, steric hindrance 
likely arises from bulky substances and repulsive forces  
 

between the polymeric functional groups [8]. In the 
PVP-involved procedure, PVP was subsequently 
removed after the rinsing process due to its 
hydrophilicity. However, this washing might have been 
incomplete, allowing PVP to remain in the solid phase 
during calcination and beneficially preventing 
nanoparticle agglomeration at high temperatures. 

The presence of unwashed PVP can be confirmed 
by the TGA analysis, as shown in Fig. 6 and Table 2, 
compared with that of the PVP-free sample. Similar to 
the PVP-free samples, CoFe2O4 synthesized with PVP 
showed two typical drops of weight in the temperature 
ranges of 50–100 °C and 100–250 °C, attributed to the 
removal of free and adsorbed water molecules as well as 
dehydration of the surface hydroxide phases. However, 
a significant difference was observed between the samples 
with and without PVP, in which a major weight loss of 
27% assigned to decomposition and burning of the PVP 
polymer chains in the presence of oxygen emerged, 
 

 
Fig 6. The TGA curves of the CoFe2O4 samples were synthesized with PVP and without PVP after drying at 80 °C 

Table 2. Summary of TGA results of CoFe2O4-550 and CoFe2O4-PVP-550 samples 

Sample 
1st stage 2nd stage 3rd stage 4th stage 

Temp. range 
(°C) 

ΔW1 

(wt.%) 
Temp. range 

(°C) 
ΔW2 

(wt.%) 
Temp. range 

(°C) 
ΔW3 

(wt.%) 
Temp. range 

(°C) 
ΔW4 

(wt.%) 
PVP-free CoFe2O4 30–100 6 100–250 5 250–500 3 - - 
PVP CoFe2O4 30–100 6 100–250 5 250–270 27 270–400 2 
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indicating a considerable amount of PVP remained in 
CoFe2O4 after washing with water [28]. These remaining 
PVP species could evidently reduce the agglomeration of 
particles at high temperatures and improve the 
nanostructure of cobalt ferrite. Above 400 °C, no 
significant weight loss was observed, indicating the 
complete removal of PVP from the CoFe2O4 phase. 
Subsequent characterizations will focus on samples 
calcined at 550 °C under the PVP-free conditions and in 
the presence of PVP. 

PXRD patterns of CoFe2O4-PVP-550 confirmed the 
formation of the crystalline CoFe2O4 phase similar to that 
of CoFe2O4-550 (Fig. 7) [29]. However, the diffraction 
peaks of CoFe2O4-PVP were broader and less sharp 
compared to those of CoFe2O4-550, indicating a reduction 

in the crystallinity and particle size as a result of using 
PVP as a dispersive agent in the CoFe2O4 framework, 
hindering the particle growth during the calcination 
process [30]. Furthermore, the morphology of the 
CoFe2O4 sample calcined at 550 °C was compared via the 
TEM analysis shown in Fig. 8. The application of PVP in 
the preparation of CoFe2O4 allowed the formation of 
nanoparticles in smaller and more uniform sizes ranging 
from 15 to 30 nm compared to that of the sample 
prepared without PVP. Significantly, the BET surface 
area of CoFe2O4 increased from 17 to 40 m2 g−1 with the 
addition of PVP to the precursor mixture (Fig. 9). These 
characterization results indeed demonstrated that PVP 
could significantly improve the synthesis of CoFe2O4 
nanoparticles. 

 
Fig 7. XRD patterns of CoFe2O4-550 and CoFe2O4-PVP-550 samples 

 
Fig 8. TEM images of CoFe2O4-550 and CoFe2O4-PVP-550 samples 
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Fig 9. Nitrogen sorption isotherms and BET surface areas of CoFe2O4-550 and CoFe2O4-PVP-550 samples 

 
■ CONCLUSION 

In summary, nanostructured CoFe2O4 were 
fabricated from readily available reagents under grinding 
conditions. The characterization results demonstrated the 
effect of calcination temperature on the particle size and 
morphology of the samples. A mesoporous structure with 
a surface area of 186 m2 g−1 was obtained at a low 
calcination temperature (250 °C). The synthesized 
particle size was from 20 to 80 nm as the samples were 
annealed below 550 °C while bulk CoFe2O4 was formed 
due to the agglomeration of particles at 900 °C. In 
addition, the influence of using PVP in the ground 
precursor mixture on the crystallinity, morphology, and 
particle size of the resulting CoFe2O4 sample was 
investigated. The TEM analysis displayed that the 
nanoparticle size of CoFe2O4 could be controlled by the 
presence of PVP, which prevented interparticle 
interaction and thus reduced agglomeration. This study 
offers an efficient, simple, and environmentally friendly 
route for the fabrication of CoFe2O4 nanoparticles, with 
the potential for large-scale production. 
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