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Co (II) doped La-Ce ferrite nanoparticles (NPs) (La0.9Ce0.1Fe1-xCoxO3) have been prepared via 

hydrothermal route using ionic liquid surfactant (1-hexadecyl-3-methyl imidazolium chloride, 

[C16mim][Cl]) as structure directing agent. The synthesized NPs have been characterized by 

XRD, Raman and IR spectroscopic techniques for structural elucidation. XRD studies revealed 

the formation of mixed Orthorhombic and Rhombohedral phase with Co doping. The idea about 

distortion of crystal structure of prepared NPs has been gained by shift of XRD peaks along with 

change in interplanar distance by the incorporation of dopant. UV-Vis studies have indicated the 

modification in optical properties of La-Ce ferrites upon doping with Co. Scanning (SEM) and 

Transmission electron microscopy (TEM) have shed light on the size and morphology of 

prepared NPs. The doped NPs have been established to be ferromagnetic in nature as revealed by 

magnetic studies.  
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1.  Introduction  

The phenomenon of doping has upsurge interest in material science and in general, it leads to 

materials with superior physico-chemical properties as compared to that of undoped 

nanomaterials. The unique characteristics of transition metal ions such as variable oxidation 

states, partially filled d-orbitals and their magnetically active nature makes them suitable 

dopants in various inorganic oxides [1]. The quality and quantity of the dopant significantly 

affects the physico-chemical properties of doped nanomaterials. LaFeO3 nanoparticles (NPs) 

with perovskite structure have been extensively investigated as a powerful candidate for its 

application in diverse technical avenues such as in sensors, as magnetic materials, as catalyst, 

in solid oxide fuel cell and as electrode materials etc [2-16]. Due to their flexible 

crystallographic structure, it is easy to incorporate various dopants to modulate their physico-

chemical properties [17]. In this regard, reports are available in literature, where metal ions 

of different groups like alkali, alkaline earth and transition metals has been incorporated in 

LaFeO3 to modulate its physico-chemical properties [18-27]. Most of the reports mentioned 

above generally discuss about their improvement in their catalytic and sensing behavior, 

however studies regarding the modulation or improvement in their magnetic behavior with 

doping are rarely available in literature [28-33]. On the other hand, numerous synthetic 

routes have been exploited to synthesize nanocrystalline LaFeO3, which includes solid state 

reaction of metal oxide, co-precipitation route, precursor method, sol-gel and hydrothermal 

method [34-38]. Hydrothermal synthesis is one of the techniques employed for the synthesis 

of nanomaterials where the nucleation, growth and aging of the NPs can be controlled [38]. 

There are, some reports existing in literature, where synthesis of pure or doped LaFeO3 

materials by hydrothermal route has been carried out. For example Ponpandian et.al  have 

synthesized photocatalytic active LaFeO3 nanostructures of different morphology by facile 

hydrothermal process [39] and in other report dendritic LaFeO3 nanostructures for selective 

determination of Dopamine has also been synthesized via surfactant (CTAB) assisted 

hydrothermal route [40]. Similar work has been performed to obtain photocatalytically active 

microspheres composed of LaFeO3 NPs by hydrothermal method [41]. Regarding doped 

LaFeO3, Feng et.al. reported the hydrothermal synthesis of LaFe1-xCrxO3 to study their 

composition dependent magnetic properties [42]. Dai et.al. have evaluated the catalytic 

activity for toluene combustion by porous LaFeO3 synthesized via glucose assisted 
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hydrothermal route [43] Now days, a new class of surfactant called as ionic liquid surfactants 

(ILSs) are gaining immense scientific attraction due to their better surface activity and unique 

physico-chemical properties over conventional surfactants [44, 45]. In this regard, our 

research group is also engaged in synthesis and characterization of a variety of ILSs [46-48]. 

ILSs have been used as a soft template under hydrothermal condition for the controlling the 

size and morphology of the NPs [49-51]. Although there are many reports regarding the 

synthesis of LaFeO3 via hydrothermal route using different structure directing agents, 

however, there is no report regarding the synthesis of doped LaFeO3 NPs by hydrothermal 

route using imidazolium based ILSs as structure directing templates. Even though the other 

methods like sol-gel, combustion, co-precipitation etc. as reported in literature are equally 

effective and economical routes for the synthesis of pure and doped NPs, but these methods 

generally gives spherical NPs with insignificant anisotropy [19, 52-58]. Therefore, we have 

tried ILS assisted hydrothermal route for preparation of Co doped La-Ce ferrite NPs in 

expectation of synthesizing anisotropic NPs with improved physicochemical properties 

exploiting the surfactant like nature of used ILS. Here in, we have synthesized and 

characterized the Co (II) doped La0.9Ce0.1Fe1-xCoxO3 (x=0, 0.1, 0.3, 0.5) NPs via 

hydrothermal route using ILS (1-hexadecyl-3-methyl imidazolium chloride, [C16mim][Cl]). 

To best of our knowledge, this is the first report, where the presence of small content of Ce3+ 

ion along with effect of Co doping at Fe-site of LaFeO3 NPs is synthesized by hydrothermal 

route using ILS as structure directing template. In this work, the impact of Co doping on the 

structural, morphological, optical and magnetic properties of prepared NPs have been 

investigated in detail.  

2. Experimental  

2.1 Methodology  

For hydrothermal synthesis, stoichiometric quantities of La(NO3)3
.6H2O, Cerium (III) 

acetate, Fe(NO3)3
.9H2O and Co(NO3)2

.6H2O were dissolved in 0.05 M aqueous solution of 

ionic liquid, 1-hexadecyl-3-methyl imidazolium chloride [C16mim][Cl], which was 

synthesized and characterized using well established protocol [59]. The obtained mixture was 

sonicated for 30 min to get a clear solution followed by addition of NaOH required for the 

complete precipitation of metal ions. The resulting suspension was again sonicated for 15 
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min for proper mixing and then transferred to teflon-lined stainless steel vessel and 

autoclaved at 180⁰C for 24 hrs in an oven. The autoclave was then cooled naturally and the 

obtained product was washed with distilled water and ethanol to remove the excess base and 

excess surfactant. The obtained product was dried in air and then grinded followed by 

calcination at 700 ⁰C for 4-5 hrs.  

 

2.2 Characterization  

X-ray diffractograms of the synthesized NPs (La0.9Ce0.1Fe1-xCoxO3) for phase analysis were 

recorded using a Rigaku Xpert Pro X-ray diffractometer provided with Cu Kα radiation 

(1.541Å) in the 2θ range of 20o-80o at a step size of 0.02o. The average particle size was 

calculated based on XRD patterns using Scherrer’s formula. Raman spectra were obtained 

for the prepared samples using Renishaw Raman spectrophotometer equipped with 488 and 

514 nm Ar-ion laser in the range of 100-2000 cm-1. UV-Vis spectra were recorded on UV-

spectrophotometer (UV-1800 SHIMADZU). Magnetic studies were carried out at room 

temperature in the applied magnetic field of -20 to +20 kOe using Microsense EV-90 

vibrating sample magnetometer. The surface morphology of the NPs was investigated by 

dispersing the sample in ethanol using Zeiss Ultra 55-Limited edition scanning electron 

microscope. Transmission electron microscope (TEM) images were recorded using JEM-

2100 transmission electron microscope at a working voltage of 200 kV. The NPs were 

dispersed into ethanol using ultrasonicator for sample preparation of TEM measurement. A 

drop of dispersion was placed on the carbon coated grid (300 Mesh) and excess solution was 

blotted off. The samples were dried at room temperature for 24 hours before the 

measurement. 

3. Result and Discussion 

3.1 XRD analysis 

Structural analysis of the prepared nanomaterials has been performed obtaining XRD 

patterns of synthesized nanomaterials and is shown in Fig. 1(a). XRD spectra of pure and Co 

doped La0.9Ce0.1Fe1-xCoxO3 NPs indicate the Pervoskite phase having orthorhombic structure, 

which is consistent with pure LaFeO3 (JCPDS no. 37-1493). From XRD studies, a change in 

interplanar (d) value with Co doping for main (121) peak has been observed, which suggests 
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a change in crystal lattice. Here a transition from Orthorhombic to Rhombohedral phase is 

assumed to occur as also reported by several researchers [23, 60]. Therefore, newly formed 

phase of doped samples is assumed to be a mixture of Rhombohedral and Orthorhombic 

phases. The main diffraction peak (121) in XRD patterns of Co doped samples (x =0.3, 0.5) 

shows a slight doublet, which is a characteristic signal for Rhombohedral structure [23] as 

shown in Fig. 1(b), thus confirming the assumption. The average crystallite size of obtained 

NPs has been calculated by Scherrer’s formula and is given in Table 1. As can be seen from 

Table 1, the Co doping exerts a remarkable effect on crystallite size, which decrease from 23 

to 15 nm upon incorporation of Co2+ ion. The decrease in crystallite size with Co substitution 

can be attributed to the lower valence state of Co2+ than Fe3+, which can lead to the charge 

imbalance. This charge imbalance is compensated by formation of oxygen vacancies or 

change in the valency of metal ions (Fe3+/Fe4+ or Co2+/Co3+) leading to hindered growth of 

NPs [61, 62]. Further, in addition to broadening, a significant shift of XRD peaks towards 

higher 2θ value has been observed. This can be explained on the basis that replacement of 

smaller Fe3+ ions by larger Co2+ ions, results in transformation of orthorhombic to 

rhombohedral structure or the distortion of the octahedral coordination [63]. There is small 

peak of La2O3 phase appeared in the XRD spectra of undoped La-Ce ferrite, which 

progressively disappear with Co doping. This suggests that presence of Co2+ may stabilize 

the perovskite phase due to the formation of other Rhombohedral phase of LaCoO3 in 

addition to LaFeO3.
 It has been observed that nature and quantity of dopant can modulate the 

structural parameters of synthesized nanomaterials.  
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Fig.1. (a) XRD patterns of Co doped La0.9Ce0.1Fe1-xCoxO3 and (b) enlarged view of (121) 

diffraction peak. 

3.2 FTIR & Raman spectroscopic studies 

The FTIR spectra of prepared NPs are displayed in Fig.2 (a) and (b). The spectra depicted the 

strong and broad vibrational bands at ~ 572 and ~ 430 cm-1, which are attributed to the 

antisymmetric stretching of Fe-O (ν1) and O-Fe-O deformation vibration (ν2), respectively, of 

FeO6 in octahedral unit of Perovskite ABO3 [64]. The exact position of vibrational band could 

not be obtained attributable to broadening of bands, which can be due to both the Fe-O and Co-O 

stretching vibration in the range of 550-650 cm-1 [63]. The region of 1200-1800 cm-1 can be 

ascribed to the carbonates and bending vibration of bound water molecules, which were present 

on the surface due to adsorption of CO2 and H2O [65]. The absorption of CO2 indicates the basic 

nature of surface of synthesized samples. As can be seen from Fig.2, with Co2+ substitution, a 

slight shift of peak (550-650 cm-1) towards higher wavenumber has been observed with 

decreased broadening thus indicating the structural distortion upon introduction of Co2+ ion by 

affecting the Fe-O bond strength [63]. The decreased broadening at x=0.5  shows that Co-O 

stretching frequency gets prominent at higher doping as compared to Fe-O or O-Fe-O.   
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Fig.2. FTIR spectra of Co doped La-Ce ferrite nanoparticles. 

On the other hand, Raman spectroscopy is a powerful technique, which provide chemical 

fingerprint of specific compound or material. Most of the metal oxides show metal-oxygen 

vibration frequencies in the range of 200-1000 cm-1, where Raman spectroscopy may clearly be 

the choice over FTIR spectroscopy. The effect of substitution of Co in La-Ce ferrites is expected 

to induce some structural defects, which can be easily analyzed by Raman studies. Fig.3 (a) and 

(b) shows the Raman spectra of Co doped La-Ce ferrites NPs by using a laser of wavelength 514 

and 488 nm, respectively. The undoped La-Ce ferrite shows bands at 148, 222, 287, 422, 540 and 

643 cm-1 which are in agreement with the literature [66, 67]. At low content of Co2+ (x=0.1), 

number of Raman bands has been found to be decreased due to merging of peaks and  a broad 

band in the region of 400-800 cm-1 with increase in intensity around 630 cm-1 as compared to 

undoped La-Ce NPs has been observed. This supports the substitution of Co2+ ion in lattice of 

LaFeO3. The increase in intensity of Raman band with slight doping (x=0.1) can be the result of 

substitutional disorder, which may cause bond length fluctuation [68]. This suggests that Co2+ is 

affecting the oxygen tilt and hence, stretching and bending modes of vibration. At higher doping 

of Co (x=0.3, 0.5), we could not observe any Raman bands with 514 nm Ar ion laser, but with 

488 nm laser, a less intense and broadened band around 630 cm-1 has appeared. This behavior 

can be due to the fluorescent effect at excitation wavelength of 488 nm or can be attributed to the 

doping effects, which cause structural disorder. The Raman band in the vicinity of 630 cm-1 due 
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to two phonon or impurity-related scattering are frequently observed in the perovskite-type 

structure [69]. Structural modifications in the crystal lattice by Co substitution as revealed by 

XRD studies can also be judged by Raman studies. As can be seen from the spectra, the doped 

samples show somewhat different behavior than that of undoped La-Ce ferrite NPs. Thus from 

the XRD, FTIR and Raman studies, it has been observed that Co doping in La-Ce ferrites leads 

to structural distortion either by change in the valence state or creating oxygen deficiency. The 

change in physico-chemical properties induced by Co doping in La-Ce ferrite are also reflected 

in various studies as discussed in later sections.    

 

 

Fig.3. Raman spectra of Co doped La-Ce ferrites nanoparticles (a) excitation wavelength 514 nm 

(b) 488 nm (c) 785 nm. 

To have better insights and proper comparison of Raman spectra, the Raman spectra of Co doped 

La-Ce ferrites NPs has been obtained at excitation wavelength of 785 nm and shown in Fig.3c. 
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The samples show different behavior than that observed at excitation wavelength of 488 and 514 

nm. Here, the intensity of Raman bands also increases with Co doping along with prominent 

broadening with a slight shift of bands towards lower frequency, which could be due to the 

decrease in average particle size with Co doping. This increased line width of the bands in 

spectra with doping can be attributed to the substitutional disorder or due to phonon scattering 

from randomly distributed cations in the lattice. The distortion of bond angles may also destroy 

the long range order but nearest neighbor interaction are affected that leads to a shift in 

vibratonal frequency [68]. 

 

3.3 UV-Vis Studies 

UV-Vis studies have been carried out on Co-doped La-Ce ferrites NPs to explore the electronic 

properties and absorbance behavior of synthesized samples. Fig.4 shows that all the NPs shows 

absorbance in UV-Vis region in the range of 250-580 nm with prominent band centered on 325 

and 470 nm. The electronic transition from valence band to conduction band (O2p→Fe3d) is 

mainly responsible for strong absorption band in perovskite type oxide [69, 70]. With Co doping, 

a red shift mainly in visible region (from 426 to 475 nm) in absorption spectra has been 

observed, which indicates that doping leads to the change in optical properties of synthesized 

NPs. The slight red shift in absorption spectra can be correlated with decrease in band gap with 

doping.  Thus decrease in band gap with Co doping in La-Ce Ferrites can be exploited for 

photocatalytic and sensing applications by harvesting more photons of light to excite the 

electrons from the valence band to the conduction band.   
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Fig.4. UV-Vis spectra (normalized) of Co Doped La-Ce ferrites nanoparticles. 

3.4 Morphological studies 

Fig.5 shows the SEM images of the synthesized pure and Co doped La-Ce ferrite NPs. The 

morphology of the obtained sample (x=0) appeared to be the mixture of aggregated rod-like and 

spherical structures. The SEM images of Co doped samples don’t indicate the clear morphology 

because of some aggregation due to their enhanced magnetic nature than that of undoped NPs as 

established from magnetic studies discussed in later section (Section 3.5). However, TEM 

images provide clear view of shape and size of Co doped NPs as shown in Fig.7. The shape of 

undoped La-Ce ferrite NPs (x=0) appear to be an interconnecting rod like assembly of spherical 

NPs as can be seen from Fig. 7. The change in morphological properties of prepared 

nanomaterials could be due to effect of concentration of precursor or template. To get insight 

into this phenomenon, different concentration of ILS (0, 10, 50 and 200mM) has been employed 

at a constant concentration of precursor (3mmol).  The TEM images of thus obtained NPs are 

provided in Fig.8.  It has been found that in the absence of ILS the obtained La-Ce ferrite NPs 

show spherical morphology with aggregation, however, at low concentration of ILS (10mM), 

mainly spherical NPs clubbed with each other via sheet like architectures has been obtained.  At 

higher content of ILS i.e. at 50 and 200 mM, a network of elongated rod like NPs along with 

some spherical NPs has been obtained. This shows that with the increase in concentration of ILS, 

a change in morphology from spherical to rod like along with varying extent of aggregation of 

NPs takes place and the morphology of prepared NPs is dominantly controlled by the presence of 

template. No significant change in XRD pattern has been obtained, but a slight increase in 

average crystallite size of NPs with increase in the concentration of ILS has been observed as can 

be seen from Table S1 (supplementary information). Thus we have concluded that the presence 

of ILS in the reaction medium creates some anisotropy in the NPs, where aggregated spherical 

NPs are observed in the absence of ILS. Co doping (at a fixed concentration of ILS at 50 mM) in 

La-Ce ferrite NPs does not significantly influence the morphology of prepared NPS, however, it 

exerts affect on physico-chemical properties of prepared NPs. The NPs obtained at lower content 

of Co2+ ion (x=0.1) shows some dendrites/rods like morphology, which can be a result of 

templating effect of ILS. The particles are interacting with each other due to their weak magnetic 
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nature. For higher content of Co-doped samples (x=0.5), there is an increase in the aggregation 

of the nanomaterials as observed from TEM analysis.  

Morphology and size of NPs is generally controlled by various internal and external 

factors. The use of surfactants has been commonly employed for controlling the morphology and 

size of the NPs. Among them IL based surfactants having imidazolium moiety has unique 

directional ability due to extended hydrogen bond network. In this work, we have used the 

[C16mim][Cl] as surfactant along with Co doping to synthesize and investigate their effect on 

morphology and physico-chemical properties of obtained NPs. Scheme.1 illustrates the forming 

mechanism of pure and doped NPs. The strong tendency of [C16mim][Cl] to self-aggregate into 

ordered structures, which have a large steric hindrance thus can provide space for oriented 

arrangement of growing NPs in 2D direction [71]. The self-assembled structure of ILS such as 

micelles present in solution templating the forming NPs are expected to come closer due to 

magnetic interaction between NPs in an elongated fashion. The growth of NPs here takes place 

in such 2D structures, where aggregation of NPs mediated by ILS takes place resulting in a rod 

like morphology having some spherical structure. The shape of micelles formed by ILS may get 

affected by the addition of Co2+ ion as a dopant similar to that of additive in ionic surfactant 

solution [72], which could influence the growth of NPs thus can affects the morphology of 

obtained NPs. The self-assembled NPs forms an interconnected network on calcination, which 

can be due to magnetic interaction among the doped NPs as observed in SEM and TEM images. 

The presence of Co2+ in the sample may hinder the growth of NPs as observed from the decrease 

in average crystallite size from XRD studies and thus complete rod like network has not been 

observed as obtained for undoped NPs. The doping of Co2+ in La-Ce ferrites NPs at fixed 

concentration of ILS (50 mM) leads to aggregation of rod and spherical NPs due to the magnetic 

interaction among the NPs, thus cluster like network has been observed in TEM images of doped 

samples. The particle size and morphology of the obtained samples synthesized by our method 

has been compared with the other methods in literature and displayed in Table 2. EDX analysis 

of the pure and doped NPs as shown in Fig.6 confirms the presence of La, Fe, Ce, Co and O 

elements in appropriate amounts. The HRTEM images shown in Fig.7 provide further 

information about the change in interplanar distance with Co doping in La-Ce ferrites NPs. The 

lattice fringes spacing of the undoped NPs is 0.28 nm, which is well indexed with the (121) plane 

of orthorhombic structure. With Co doping a slight decrease from 0.28 nm to 0.267 nm in the “d” 
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spacing of the lattice fringes has been observed, which can be correlated with the XRD studies 

thus suggesting some structural distortion with doping.  

 

 

 

 

 

                          

        

                           Fig.5. SEM images of Co doped La0.9Ce0.1Fe1-xCoxO3 nanoparticles. 

 

 

Fig.6. EDX spectra of Co doped La0.9Ce0.1Fe1-xCoxO3 nanoparticles. 

 

 

 

 

 

 

Page 12 of 22RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



13 

 

 

 

 

 

 

 

 

 

 

Fig.7. TEM (above) and HRTEM (below) images of Co doped La0.9Ce0.1Fe1-xCoxO3 

nanomaterials. 

 

 

 

 

 

 

Fig.8. TEM images of undoped La-Ce ferrite NPs obtained from different conc. of ILS 

(a) 0mM (b) 10 mM (c) 200 mM. 
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Table 1. Physico-chemical parameters of Co doped La0.9Ce0.1Fe1-xCoxO3 nanomaterials at room 

temperature synthesized by hydrothermal route. 

 

Table 2. Comparison of morphology of La-based ferrite NPs (pure or doped) prepared in present 

work with that reported in literature. 

 

 

  

 Sr.No. 

 

 

Sample 

 

 

Synthetic Route 

 

Template 

/surfactant  

 

Morphology 

obtained 

 

Particle

Size 

(nm) 

 

 

Ref. 

 

1. 

 

La-Ce 

ferrite 

 

Hydrothermal route 

 

ILS 

[C16mim][Cl] 

 

Interconnecting 

rods 

 

15-25 

 

This 

work 

 

2. 

 

LaFeO3 

 

Hydrothermal route 

 

ILS 

[C16mim][Cl] 

 

Spherical and rods 

 

18-28 

This 

work 

(SI) 

 

3. 

 

LaFeO3 

 

Glycine combustion  

 

------- 

 

Irregular spherical 

 

57-59 

 

[52] 

 

4. 

 

LaFeO3 

 

Gel -based auto combustion  

------- Agglomerated 

Spherical 

 

60-80 

 

[53] 

 

5. 

 

LaFeO3 

 

Reverse microemulsion 

 
Aerosol-OT, 

AOT 

 

Spherical 

 

24.65 

 

[56] 

 

6.  

 

La-Ce 

ferrite 

 

Sol-gel 

 

------- 

 

Spherical  

 

25-37 

 

[19] 

 

7. 

 

 

La-Ce 

ferrite 

 

Combustion and Co-

precipitation 

 

------- 

 

Spherical 

 

24-27 

 

[54] 

 

8. 

 

LaFeO3 

 

 

Sonochemical 

 

------- 

 

Agglomerated 

particles 

 

30 

 

[55] 

 

Co content (x) in 

La0.9Ce0.1Fe1-xCoxO3 

Average 

Crystallite size 

from XRD  

(nm) 

 

Particle size 

from TEM 

(nm) 

 

Saturation 

Magnetization 

(MS) (emu/g) 

 

Remnant  

Magnetization 

(MR) (emu/g) 

 

Coercivity (Hc) 

(Oe) 

0.0 23.1 15-25 0.123 0.0075 569.4 

0.1 18.2 25-35 2.233 0.1489 119.4 

0.3 15.8 ----- 3.297 0.7727 231.0 

0.5 15.2 30-40 2.403 0.3187 124.9 
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9.  

 

LaFeO3 

 

Non-aqueous  

 

Benzyl alcohol 

 

 

 

  

[57] 

 

10.  

 

 

LaFeO3 

 

Polymerized-complex 

 

------- 

 

Irregular Spherical  

 

44-74 

 

[58] 

 

 

   

Scheme.1. Probable mechanism for the formation of pure and Co doped La-Ce ferrites NPs. 

3.5 Magnetic studies 

Magnetic properties of the Co doped La-Ce Ferrites NPs at room temperature have been 

investigated using vibrating sample magnetometer. LaFeO3 are generally antiferromagnetic 

(canted) in nature. In LaFeO3, the superexchange interaction between two Fe3+ ions through the 

intervening oxide ions results in its antiferromagnetic nature, however due to slight canting of 

spins, a weak ferromagnetism has been observed [73]. The antiferromagnetic/weak 

ferromagnetic nature of LaFeO3 NPs limits their application in magnetic devices, therefore need 

of hour is to increase their magnetization. Their magnetic properties are usually influenced by 

the choice of synthetic route and type of doping [28-33]. The effect of Co doping on the 
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magnetic properties of synthesized nanomaterials are shown in Fig. 9(a) and (b). The presence of 

hysteresis loop indicates the existence of weak ferromagnetic character at room temperature. The 

various magnetic parameters such as coercivity (HC), remnant (MR) and saturation (MS) 

magnetization as a function of Co content are provided in Table 1. Co doping in La-Ce ferrite 

leads to the significant enhancement in various magnetic parameters up to a certain extent i.e 

upto x=0.3. The drastic change has been observed in MS with Co doping (3.297emu/g) as 

compared to undoped ferrites sample (0.123emu/g). The probable reasons for such behavior 

seem to be structural distortion caused by doping, which weakens the superexchange interactions 

by changing the canting angle [74]. The particle size reduction with doping can also affects the 

magnetic properties by increasing the uncompensated spins on the surface [75]. Addition of Co 

upto certain extent (x=0.3) enhances the magnetic parameters (MR and MS), which further goes 

on decreasing at higher doping. Suitable reasons for this observation is that with the addition of 

Co ion, the superexchange interactions among Fe3+-O-Fe3+ are replaced by some Fe3+-O-Co2+ at 

intermediate doping. Due to the different electronic arrangement of Co and Fe ions, complete 

cancellation of their spins is prevented and thus sample show enhanced magnetization than 

undoped sample at room temperature [76, 77]. But at higher doping (x=0.5), in addition of 

LaFeO3 phase, formation of some LaCoO3 phase takes place as revealed by XRD, which has 

Co2+-O-Co2+/ Co3+-O-Co3+ interactions that can coupled antiferromagnetically, leading to slight 

reduction in MR and MS.  

  

Fig.9 (a) Hysteresis loops of Co doped La-Ce ferrite nanoparticles at room temperature (b) 

Magnified view of Fig.9 (a) in lower applied field. 
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The variation in HC as a function of Co content in La-Ce ferrites is shown in Fig.10. The 

undoped NPs shows the highest HC, which first decreases and then increases upto certain extent 

of doping (x=0.3). The large HC observed in undoped La-Ce NPs can be attributed to the shape 

anisotropy as observed in TEM image, which has some interconnecting rod like appearance thus 

results in higher HC [78] whereas La-Ce ferrites NPs synthesized by our group via combustion 

and co-precipitation shows low Hc [54]. This shows some anisotropic effect induced by ILS on 

the synthesized NPs. The structural transition at higher doping of Co (x=0.5) can also not be 

ruled out as a reason behind decrease in various magnetic parameters as revealed from XRD 

studies. Thus enhanced magnetization of LaFeO3 type oxides by doping can be utilized for 

variety of applications, which can further be controlled under the application of magnetic field. 

 

Fig.10. Variation of Ms and HC with Co doping. 

Further, the motive to use the ILS is to provide some directional property to the synthesized NPs, 

which generally is not found with other methods like citrate gel and combustion method etc, 

where mostly small aggregated spherical NPs with minor or insignificant anisotropy as observed 

from literature survey [52-58]. However due to lack of literature regarding magnetic studies of 

Co doped La-Ce ferrites NPs exact comparison could not be done. 

Conclusion  

The impact of Co doping on physico-chemical properties of La-Ce ferrites NPs synthesized by 

hydrothermal route using ILS (1-hexadecyl-3-methyl imidazolium chloride, [C16mim][Cl]) have 

been investigated. The information obtained from XRD and IR studies indicates the structural 

transition with decrease in average crystallite size (15-23 nm) with Co doping due to charge 
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imbalance. The amount of Co doping has been found to induce structural distortion and thus 

control the physico-chemical properties of La-Ce ferrite NPs. The obtained ferrites show mixture 

of rods and spherical NPs thus giving an appearance of partial dendrite like structure. Magnetic 

parameters such as saturation magnetization were significantly enhanced (from 0.123 to 3.297 

emu/g) with Co doping (x=0.3) as compared to undoped ferrite NPs due to more uncompensated 

surface spins on the surface of NPs and due to different magnetic moment of dopant. In a 

nutshell, physico-chemical properties specifically magnetic properties of La-Ce ferrites NPs have 

been significantly improved with Co doping synthesized via ILS-assisted hydrothermal 

approach. 
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