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Abstract
CoFe2O4 nanostructures were prepared by a facile co-precipitation route using polyvinyl alcohol (PVA) and sodium 
dodecyl sulphate (SDS) as capping agents. The effects of PVA and SDS concentration on the structural, optical behaviour 
and photocatalytic response of the prepared  CoFe2O4 nanostructures were studied. XRD studies showed cubic spinel 
structure of  CoFe2O4 nanostructures. The crystallite size of  CoFe2O4 nanostructures was found to vary from 13 to 19.2 nm 
with change in PVA and SDS concentration, while the optical band gap varied from 2.2 to 2.31 eV.  CoFe2O4 nanostructures 
prepared using optimal SDS concentration exhibited enhanced photocatalytic performance and efficiently degraded 
methylene blue in only 20 min of solar illumination. In situ scavenger studies confirmed the photoexcited electrons 
to be the major active species responsible for the strong photocatalytic performance of  CoFe2O4 nanostructures. The 
observed strong photocatalytic response of nanostructured  CoFe2O4 photocatalysts and their simpler magnetic separa-
tion capability make them promising for photocatalytic water purification applications.
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1 Introduction

Dyestuff and pigments present in wastewater discharged 
from textile, paper printing, pharmaceutical, leather, food, 
cosmetics and plastic industries have adverse impacts on 
the aquatic life as well as on human health because of 
their toxicity [1, 2]. Synthetic dyes are one of the major 
toxic pollutants in wastewater, and hence, their removal 
from the waste effluents has gained importance [3]. Vari-
ous methods such as filtration, adsorption, photocatalysis, 
chemical oxidation and biological treatments have been 
widely employed for the treatment of wastewater [4–6]. 
In the past decade, semiconductor photocatalysis driven 
by solar and visible light has emerged as one of the most 
promising and efficient methods for removing organic pol-
lutants from wastewater because of its low cost and low 
energy consumption [7–9]. Semiconductor photocatalysts 

such as ZnO and  TiO2 are widely used in photocatalytic 
degradation of organic contaminants for the remediation 
of hazardous waste and pollutants in water [10–18]. These 
metal oxides offer wide band gap, non-toxicity, low cost, 
chemical stability and environment friendly characteristics 
and hence find promising applications in sensors, photo-
voltaics and photocatalysis [18]. Bismuth-based semicon-
ductors have also been reported as efficient photocata-
lysts to decompose pollutants into non-toxic molecules 
for environmental application [19]. However, there are cer-
tain limitations associated with these metal oxides when 
it comes to photocatalytic purification of water: (1) inef-
ficient utilization of visible light coming from their wide 
band gap and (2) difficulty for recovery after use [20–22].

Magnetic nanomaterials with narrow band gap 
and facile magnetic separation possibility are promis-
ing photocatalysts which overcome these limitations 
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[22–24]. Recently, magnetic nanoparticles have gained 
research interests as photocatalysts or support materi-
als in view of ease of magnetic recyclability and their 
good catalytic response [24]. Magnetic nanomaterials 
having the general formula  MFe2O4 (M = Fe, Co, Ni, Cu 
and Zn) have attracted considerable attention and are 
emerging as a convenient and highly efficient alterna-
tive to handle these issues [25]. These materials with 
narrow band gap and ferromagnetism can utilize light 
in the visible region and can be easily recovered and 
recycled by external magnetic field [25, 26]. Magnetic 
nanomaterials are also promising for applications in 
microwave devices, magnetic storage devices, ferroflu-
ids, magnetic labelling of biological systems and envi-
ronmental remediation [27–31]. Based on the above 
requirements, cubic spinel cobalt ferrite  (CoFe2O4) 
nanoparticles have grabbed attention of researchers 
worldwide as they exhibit attractive properties like 
narrow band gap (~ 1.9 eV), outstanding photochemi-
cal stability, non-toxicity, strong magnetism and high 
electrical resistivity [32, 33].  CoFe2O4 nanoparticles have 
been prepared by different methods, viz. sol–gel pro-
cessing, hydrothermal method, co-precipitation, micro-
emulsion and solid-state method [34–37]. Among them, 
co-precipitation method has attracted great considera-
tion due to its simplicity and lower cost as compared to 
other chemical routes. Few reports have focused on the 
photocatalytic degradation of organic pollutants using 
 CoFe2O4 nanoparticles. Parhizkar et al. [38] synthesized 
 CoFe2O4 nanoparticles using sol–gel and ultrasonic 
irradiation and reported that  CoFe2O4 nanoparticles 
exhibit good photocatalytic performance in degrading 
reactive red 195. The adsorptive dye removal capabil-
ity of  CoFe2O4 nanoparticles for DR80, DG6 and AB92 
dyes was investigated by Yavari et al. [39]. Sun et al. [40] 
reported that nano-CoFe2O4 efficiently degrades CR, 
4-C, MO, RhB, MB and 4-N dyes and exhibits improved 
photocatalytic activity upon addition of  H2O2. Nano-
structured  CoFe2O4 has also attracted considerable 
attention as a promising adsorbent for the removal of 
RR195 dye from wastewater [41].

Herein, we report the synthesis of  CoFe2O4 nano-
structures by a facile and cost-effective wet chemical 
co-precipitation technique. Effects of PVA and SDS 
concentration of the structural properties, optical 
behaviour and photocatalytic response of the prepared 
 CoFe2O4 nanostructures were investigated.  CoFe2O4 
nanostructures were applied as photocatalysts for solar 
decomposition of organic dye in water. The photocata-
lytic performance of the prepared  CoFe2O4 nanostruc-
tures has been demonstrated to be highly influenced 
by the concentration of PVA and SDS used.

2  Experimental details

2.1  Materials and methods

Ferric nitrate nonahydrate (Fe(NO3)3·9H2O, SRL, India), 
cobalt chloride hexahydrate  (CoCl2·6H2O, SRL, India) and 
sodium hydroxide (NaOH, SDFCL, India) were used as the 
precursors, while polyvinyl alcohol (PVA, CDH India) and 
sodium dodecyl sulphate (SDS) were used as capping 
agents for the synthesis.

2.2  Synthesis of  CoFe2O4 nanostructures

CoFe2O4 nanostructures were synthesized by co-precipi-
tation method using PVA and SDS as capping agents. In a 
typical synthesis, Fe(NO3)3·9H2O (50 mM) and  CoCl2·6H2O 
(25 mM) were mixed in deionized water under magnetic 
stirring. Both these solutions were then mixed together 
with continuous stirring, and different amounts (0.02 g, 
0.1 g and 0.2 g) of PVA and SDS were then added to the 
solutions and heated at 80 °C. Aqueous NaOH (6 M) solu-
tion was prepared and dropwise added to the solutions 
under stirring till the pH ~ 12 was reached. The black/
brown precipitates so obtained were continuously 
stirred for 2 h at 80 °C. It was then kept in oven at 80 °C 
for 24 h without stirring and then allowed to cool down 
and left undisturbed for 2 h at room temperature. The 
final products were obtained by magnetic separation 
and repeated washing with deionized water and ethanol 
to remove excess ions and capping agent from the solu-
tion and dried at 60 °C overnight. The powder obtained 
was then calcinated at 400 °C for 1 h. The samples pre-
pared with 0.02  g, 0.1  g and 0.2  g PVA are hereafter 
named as CP1, CP2 and CP3, respectively, whereas the 
samples prepared using 0.02 g, 0.1 g and 0.2 g of SDS are 
denoted as CS1, CS2 and CS3, respectively.

2.3  Photocatalytic measurements

The photocatalytic efficiency of the synthesized  CoFe2O4 
nanostructures was examined towards the photocata-
lytic degradation of methylene blue (MB) under natural 
sunlight irradiation. In a typical photocatalytic experi-
ment, 5 mg of as-prepared  CoFe2O4 nanomaterial was 
added to 5 mL of distilled water and then sonicated for 
30 min for complete dispersion. 10 μM of MB dye was 
added to the above aqueous solution and then kept in 
dark for 30 min to achieve adsorption-desorption equi-
librium. The dye solutions containing the photocatalysts 
were then exposed to sunlight for different intervals, 
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and the photocatalysts were removed from the solu-
tions. The concentration of the dye left in the solution 
was monitored by measuring the absorbance using 
UV–Vis spectrophotometer.

2.4  Characterization

XRD data were recorded using Cu  Kα (λ = 0.15406 nm) 
radiation with the help of PANalytical X’pert PRO diffrac-
tometer. Morphology and particle size of the prepared 
samples were examined using ZEISS EVO-18 scanning 
electron microscope (SEM) operating at 20 kV. Raman 
analyses were done using the AIRIX STR 500 with laser 
(532 nm) as the excitation source. UV–Vis spectra of the 
prepared  CoFe2O4 nanostructures were obtained using 
Shimadzu UV-3600 plus spectrophotometer.

3  Results and discussion

3.1  Morphology and structure

SEM images showing the morphology and microstructure 
of the prepared  CoFe2O4 samples are shown in Fig. 1. Fig-
ure 1a–c displays the SEM micrographs of the samples CP1, 
CP2 and CP3, while Fig. 1d–f shows the SEM micrographs 
of the samples CS1, CS2 and CS3, respectively. Average size 
of the prepared  CoFe2O4 nanostructures in these samples 
was found to be 484, 441 and 370 nm for the samples CP1, 
CP2 and CP3, respectively, whereas the size of nanostruc-
tures in case of the samples CS1, CS2 and CS3 was found to 
be 448, 352 and 316 nm, respectively. SEM images showed 
that these nanostructures are made up of smaller nano-
particles which are highly aggregated and such structural 
characteristics are beneficial in removing toxic pollutants 
like dyes from aqueous solution. The obvious aggregation 
of the pristine  CoFe2O4 samples may be attributed to the 

Fig. 1  SEM images of the 
 CoFe2O4 nanostructures with 
a–c PVA and d–f SDS as a 
surfactant
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magnetic response and surface effects. It was observed 
that the average size of  CoFe2O4 nanostructures signifi-
cantly decreased on increasing the concentration of cap-
ping agent.

The structure of the prepared samples was analysed 
from XRD patterns. Figure 2a, b depicts the XRD patterns 
of samples prepared using varying concentrations of PVA 
and SDS. The XRD patterns exhibit peaks at 30.1°, 35.6°, 
43.1°, 57° and 62.6° marked as (220), (311), (400), (511) and 
(440) planes of  CoFe2O4 with cubic spinel structure (JCPDS 
22-1086). The XRD patterns show no extra peaks from any 
impurity which confirms the phase purity of samples. The 
lattice parameter  ac was calculated using the most promi-
nent peak (311) and came out to be 8.381, 8.404, 8.385, 
8.342, 8.342 and 8.342 Å for the samples CP1, CP2, CP3, 
CS1, CS2 and CS3, respectively. The observed broadening 
of XRD peaks is due to lattice strain and the contribution 
of crystallite size [42, 43]. The crystallite size (D) of samples 
CP1, CP2, CP3, CS1, CS2 and CS3 were calculated using 
Debye–Scherrer equation and were found to be 17.9, 19, 
13, 19.2, 18.3 and 13 nm, respectively:

where k is the constant 0.94 in case of particles with spher-
ical shape, λ (Cu  Kα) = 1.5406 Å, β is the FWHM in radian 
and the diffraction angle is denoted by θ. The crystallite 
size was found to gradually decrease with increasing SDS 
concentration and was observed to vary in the range 19.2 
to 13 nm. The calculated average crystallite size and lattice 
constants of the prepared  CoFe2O4 samples are shown in 
Table 1. 

Figure 3a, b displays the Raman spectra of the prepared 
nanostructured  CoFe2O4 samples CP1, CP2, CP3, CS1, CS2 
and CS3. Raman results for the prepared samples exhibit 

(1)D =
k�

� cos �

four peaks at 303 cm−1 (Eg), 467 cm−1 (T2g(2)), 625 cm−1 
(A1g(2)) and 679 cm−1 (A1g(1)) which correspond to the 
Raman active modes of  CoFe2O4 [44, 45]. Band at 679 cm−1 
is the fundamental A1g(1) mode and is attributed to O 
atom symmetric stretching with reference to tetrahedral 
void metal ion [45, 46]. The 625 cm−1 peak is ascribed to 
A1g(2) sub-band mode from  Co2+ distribution at octahe-
dral and tetrahedral sites [45]. Peaks at 303 and 467 cm−1 
are the T2g(2) and Eg modes, respectively, and are from the 
antisymmetric and symmetric bending of O in M–O bond 
(Fe–O and Co–O) around the octahedral void (Oh) [44]. A 
summary of the Raman modes observed for all the pre-
pared samples is presented in Table 2. 

3.2  Optical properties

Figure 4 displays UV–Vis spectra of the samples CP1, CP2, 
CP3, CS1, CS2 and CS3. Interestingly, sample CP2 showed 
higher absorbance in the visible region compared to other 
samples CP1 and CP3. Similarly, among the samples pre-
pared using SDS as surfactant sample CS1 has good visible 
light absorption performance compared to samples CS2 
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Fig. 2  Powder XRD patterns of  CoFe2O4 samples prepared using a PVA and b SDS as capping agents

Table 1  Lattice parameters and crystallite size of the prepared 
 CoFe2O4 nanostructures obtained from XRD patterns and Scherrer 
method

Samples 2θ (°) Lattice parameters (Å) Average 
crystallite size 
(nm)

CP1 35.5 a = b = c = 8.381 17.9
CP2 35.4 a = b = c = 8.404 19.0
CP3 35.5 a = b = c = 8.385 13.0
CS1 35.7 a = b = c = 8.342 19.2
CS2 35.7 a = b = c = 8.342 18.3
CS3 35.7 a = b = c = 8.342 13.0
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and CS3. The Fe 3d conduction band and O 2p valence 
band define the band structure of spinel  CoFe2O4 [47]. The 
band gap energy of spinel  CoFe2O4 was determined using 
the Tauc relation shown in Fig. 5 [48, 49]. The estimated 
band gap values were found to be 2.77, 2.76, 2.74, 2.70, 
2.68 and 2.71 eV for the prepared samples CP1, CP2, CP3, 
CS1, CS2 and CS3, respectively.

3.3  Photocatalytic studies

For photocatalytic applications, light utilization, particle 
size and surface area of the photocatalyst material are very 
important and determine the photocatalytic performance. 
In order to evaluate the photocatalytic performance of the 
samples, studies on decomposition of 10 µM MB in an aque-
ous solution of dispersed  CoFe2O4 (1 mg/mL) under sunlight 
illumination were undertaken. Figure 6a–c displays the opti-
cal absorption spectra displaying the degradation of MB by 
using the synthesized nanostructured  CoFe2O4 samples CP1, 
CP2 and CP3 as photocatalysts. The irradiation time periods 
were 15, 30, 45 and 60 min. Upon exposure with sunlight, 
MB dye decomposed almost completely in the presence of 
photocatalyst CP2 in 60 min. Figure 6d shows the change 
in concentration as a function of time of irradiation with or 
without sunlight in the presence and absence of photocata-
lysts. Due to better light utilization, sample CP2 degraded 
MB with faster rate as compared to CP1 and CP3. The pho-
tocatalytic MB degradation capability of  CoFe2O4 nanostruc-
tures was evaluated using the following formula:

(2)Degradation efficiency =

(

A0 − A

A0

)

× 100(%)
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Fig. 3  Raman spectra of the  CoFe2O4 nanostructures synthesized using a PVA and b SDS as capping agents

Table 2  Raman modes 
of synthesized  CoFe2O4 
nanostructures along with 
references

Peak identity Present study Reported

Peak position  (cm−1) Peak position 
 (cm−1)

References

CP1 CP2 CP3 CS1 CS2 CS3

Eg 303 303 303 307 303 313 303 Ref. [42]
T2g(2) 467 470 469 475 475 474 470 Ref. [42]
A1g(2) – 629 627 628 615 624 625 Ref. [43]
A1g(1) 680 691 683 667 668 681 685 Ref. [43]
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Fig. 4  UV–Vis spectra of the synthesized nanostructured  CoFe2O4 
samples
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where A0 is the initial concentration of MB without any 
exposure to sunlight and A is the concentration of MB after 
exposure to sunlight for certain time. Figure 6e–f shows 
the photodegradation efficiency of MB by CP1, CP2 and 
CP3 and their respective rate constants. It was found that 
sample CP2 degraded 89.8% of MB dye in 60 min of sun-
light illumination. The rate constants for photocatalytic 
decolourization of MB with CP1, CP2 and CP3 are found 
to be 0.013, 0.017 and 0.014  min−1, respectively. CP2 
removed MB from the aqueous solution at a much faster 

rate compared to other samples which indicates that CP2 
is more efficient photocatalyst. Figure 7a–c displays the 
optical absorption spectra showing decolourization of MB 
using the synthesized SDS-capped  CoFe2O4 nanostruc-
tures CS1, CS2 and CS3 as photocatalysts. The colour of 
MB slowly faded away when irradiated with sunlight for 
5, 10, 15 and 20 min. The decrease in concentration C/C0 
of MB with time in dark and under sunlight illumination is 
shown in Fig. 7d. Sample CS1 exhibits higher photocata-
lytic activity than CS2 and CS3 as it decolourizes MB more 

a d

b e

c f

Fig. 5  Tauc plots of the synthesized nanostructured  CoFe2O4 samples
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efficiently in only 20 min. Figure 7e–f shows the MB deg-
radation efficiency of  CoFe2O4 nanostructures prepared 
using SDS and their respective rate constants. After 20 min 
of solar illumination, 92.7%, 90.3% and 89.3% of MB were 
degraded by the samples CS1, CS2 and CS3, respectively. 
The rate constants for photocatalytic decomposition of MB 
by CS1, CS2 and CS3 photocatalysts are 0.048, 0.043 and 
0.044 min−1, respectively. Due to better light utilization, 
CS1 removed MB from the aqueous solution at a much 
faster rate as compared to other samples and hence is a 
more efficient photocatalyst. Also, the higher surface area 

of structures with aggregated nanoparticles facilitates 
better adsorption and hence improved photocatalytic 
response. Thus, it can be concluded that the prepared 
magnetic  CoFe2O4 nanostructures could be valuable in 
separation- and purification-related applications. Figure 8 
displays the optical photographs of suspended  CoFe2O4 
nanostructures in water and their magnetic separation by 
an external magnet following the solar photodegradation 
of MB dye.  CoFe2O4 nanostructures possess a high mag-
netic response to an external magnetic field and were eas-
ily and efficiently separated from the suspension.  
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Fig. 7  UV–Vis absorption spectra displaying degradation of MB when exposed to sunlight for 5, 10, 15 and 20 min using the synthesized 
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Fig. 8  Optical photographs showing a dispersed  CoFe2O4 nanostructures,  CoFe2O4 nanostructures dispersed in MB solution in water after b 
10 min, c 20 min of solar illumination and their magnetic separation using external magnet
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When dye-adsorbed  CoFe2O4 nanostructures are irra-
diated with sunlight, electrons  (e−) are excited from the 
VB to the CB of  CoFe2O4. The electrons react with the  O2 
molecules in the solution and form superoxide (•O2

−), 
and the VB holes react with the hydroxyl groups to form 
hydroxyl radicals (•OH). The highly reactive superoxide 
and hydroxyl radicals convert the dye into colourless and 
non-toxic materials like  CO2 and  H2O as final products. 
The schematic mechanism of photocatalytic process is 
displayed in Fig. 9, and the photocatalytic degradation of 
organic dye by  CoFe2O4 nanostructures is described by the 
following equations: 

The identification of the active oxygen species respon-
sible for photocatalytic degradation of dye is of great 
importance as it helps in understanding the photocata-
lytic mechanism of  CoFe2O4 nanostructures. In order to 
confirm the role of main active oxidant generated during 
photocatalytic reaction on the surface of  CoFe2O4 photo-
catalysts, the MB degradation tests were conducted in the 
presence of potassium iodide (KI), isopropanol (IPA), formic 
acid (FA), copper nitrate (CN), tertiary butyl alcohol (TBA) 
and 1,4-benzoquinone (BQ) as scavengers. Scavenging 

(3)CoFe2O4 + hv → e
−(C .B.) + h

+(V .B.)

(4)e
− + O2 →

⋅O−

2

(5)h
+ + OH−

→
⋅OH

(6)h
+ + H2O → H+ +⋅ OH

(7)⋅OH + dye → CO2 + H2O

(8)⋅O−

2
+ dye → CO2 + H2O

of hydroxyl radicals (·OH), holes  (h+), electrons  (e−) and 
superoxide radicals (·O2

−) by these chemicals helps to pin 
down the major species taking part in the decolourization 
of organic pollutants. Figure 10 demonstrates the influ-
ence of various scavengers on the photocatalytic activ-
ity of CP2 and CS1 towards the degradation of MB. It was 
observed that the degradation efficiency of MB does not 
change much in the presence of IPA, TBA, KI and BQ, indi-
cating that •OH and •O2

− radicals are not the main ROS 
in determining the photocatalytic response of  CoFe2O4 
nanostructures. The photocatalytic degradation efficiency 
of  CoFe2O4 nanostructures in samples CP2 and CS1 were 
significantly suppressed in the presence of FA and CN 
which is clear from the fact that only 43.2% and 26.3% of 
MB was degraded by CP2 in 60 min and 20.5% and 11.4% 
of MB was degraded by CS1 in only 20 min. These results 
confirm that electrons are the primary active species in 
MB degradation by  CoFe2O4 nanostructures, whereas 
holes play minor role in the process. In the presence of 
copper nitrate (CN), the conduction electron decreases 
the reduction of oxygen which blocks the formation of 
reactive oxygen species (•O2

−, •OH). Reactive oxygen spe-
cies plays an essential role in the degradation of dyes, and 
since their formation is inhibited, thereby the degradation 
of dyes is markedly suppressed under visible light irradia-
tion [50, 51].

CoFe2O4 nanostructures were also tested for reusability 
by conducting three cyclic runs in photocatalytic degrada-
tion of MB dye under visible light irradiation. Figure 11a, b 
displays the photocatalytic degradation of MB with time in 
the presence of samples CS1 and CP2, respectively. After 
three cycles, the photocatalytic efficiency of CS1 and CP2 
were decreased by only 7.7% and 10.3%, respectively. 
Leaching of active sites on the surface of catalyst and 
loss of catalyst during separation could be responsible 
for this slight decrease in photocatalytic efficiency. Since 

Fig. 9  Schematic illustration of solar photodegradation of organic dye by nanostructured  CoFe2O4 photocatalyst
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the change is not that significant,  CoFe2O4 nanostructures 
can be reused as they have high stability of photocatalytic 
activity after several repetitive cycles. Structural stability 
was also checked by collecting XRD patterns of  CoFe2O4 
nanostructures after photocatalytic treatments. Figure 11c, 

d shows the XRD patterns of photocatalysts CS1 and CP2 
after three successive runs which confirm the stability of 
photocatalyst after repeated photocatalytic treatments.

Photocatalytic properties are dependent on the crys-
tallite size and utilization of incident photons by the 
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semiconductor photocatalytic material. Sahu et al. [52] have 
shown that CuO thin films prepared using thermal evapora-
tion exhibit efficient photocatalytic activity towards organic 
dye degradation in water due to improved utilization of 
light. In our study, the observed enhanced photocatalytic 
activity of  CoFe2O4 nanostructures is mainly because of two 
factors. Firstly, as can be seen from XRD, samples CP2 and 
CS1 have larger crystallite size than other samples and thus 
exhibit enhanced photocatalytic activity towards degrada-
tion of MB dye. Among samples CS1 and CP2, CS1 decolour-
izes MB more efficiently as compared to CP2 which is the 
result of its larger crystallite size. Secondly, the enhanced 
photocatalytic activity of  CoFe2O4 nanostructures in samples 
CS1 and CP2 is attributed to improved utilization of light.

4  Conclusions

In summary,  CoFe2O4 nanostructures with enhanced pho-
tocatalytic activity were prepared via facile wet chemical 
approach using PVA and SDS as capping agents. The effects 
of PVA and SDS concentration on the structural proper-
ties, optical response and photocatalytic performance of 
 CoFe2O4 nanostructures were investigated. The optical band 
gap of  CoFe2O4 nanostructures varied from 2.20 to 2.31 eV 
with change in PVA and SDS concentration, while the crystal-
lite size varied from 13 to 19.2 nm.  CoFe2O4 nanostructures 
prepared using optimal concentration of SDS exhibited 
excellent photocatalytic performance for degrading MB in 
only 20 min of solar radiation. Scavenger studies showed 
that electrons are mainly responsible for the enhanced pho-
tocatalytic performance of  CoFe2O4 nanostructures. This 
work demonstrates a simple wet chemical route to  CoFe2O4 
nanostructures with strong photocatalytic activity and their 
simpler magnetic separation capability make them very 
promising for photocatalytic water purification applications.
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