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Abstract

In this work structural, magnetic and antimicrobial studies of gadolinium (Gd) doped cobalt
ferrite nanopowder samples were synthesised through facile auto-combustion route using citric
acid as combustion agent. The pristine nanopowders were sintered at 600 °C. X-ray diffraction
(XRD), infrared spectroscopy (IR) measurements indicated the formation of a single spinel
phase. The lattice constant gradually increased from 8.3801 Å to 8.3915 Å with increasing Gd
concentration. The average crystallite size varied from 54 nm to 42.7 nm. The correlation
between the cation distribution from XRD and the magnetic properties is discussed. The
substitution of Gd ions significantly reduced the magnetisation from 60.6 to 36.6 emu g−1 and
increased the coercivity. Antimicrobial activities of pure and Gd substituted cobalt ferrite are
carried out against Gram-positive (Bacillus subtilis) and Gram-negative (Escherichia coli,

Pseudomonas aeruginosa) and also against fungi strain (Aspergillus niger) pathogens,
suggesting that Gd substitution significantly improves the activity of cobalt ferrite nanopowders.

Keywords: cobalt ferrite, auto-combustion, gadolinium, VSM, antibacterial
Classification numbers: 2.00, 4.00, 4.02, 5.01, 5.02

1. Introduction

The advancement of the current industry depends on the
miniaturisation of devices that are coupled at low cost and
simultaneously perform multiple functions. Significant
research has been conducted on cobalt nanoferrite for several
decades because of their technological applications, such as
high-density magnetic storage devices, targeted drug delivery
systems, magnetic resonance imaging enhancement, gas

sensors, magneto-caloric refrigerators, medical diagnosis, and
microwave devices.

Cobalt ferrite possesses reasonably high electrical resis-
tivity, coercivity, moderate saturation magnetisation, large
magnetostriction (λs ∼ 110 × 10−6

) and a stable ferromag-
netic phase even at higher temperatures, making it suitable for
sensor and actuator applications [1–7]. However, several
intrinsic and extrinsic parameters such as cation distribution,
crystallite size, chemical composition, uniform grain size,
porosity, and method of preparation play key role in tailoring
the electrical, magnetic, and optical properties of these cobalt
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ferrites. Cobalt ferrites are hard magnetic materials that
crystallise into the AB2O4 cubic spinel phase with the Fd-3m
space group. The unit cell comprises two sub-lattices, i.e.
Tetrahedral (A) and Octahedral (B) sub-lattices. The magnetic
moments of the cations present in A sub-lattice are aligned in
a direction perpendicular to the magnetic moments of the
cations residing at the B sub-lattice. In general cobalt ferrite
possesses an inverse spinel structure, where trivalent ferric
ions occupy the B sites and the rest of the cobalt and ferric
ions occupy the A sites. This arrangement of ions allows us to
tailor the cobalt nanoferrites for a specific device application
because there is a greater advantage to incorporate different
magnetic and non-magnetic ions with different valence states
in the spinel ferrite. The fractional substitution of Gd3+ ions
dilutes the magnetic nature of the system and modifies the
electrical properties as they are not favourable for participa-
tion in the conduction process by the application of external
fields. Zhao reported that Gd doping reduced the particle size
and modified the magnetic properties of cobalt ferrite [8]. The
decrease in the size of the particles impacts the cation dis-
tribution, further leading to the distortion of the inverse spinel
structure. Various attempts have been made to modify the
cation distribution by substituting Mn3+ [9], In3+ [10], Mo6+

[11], Zn2+ [12], La3+ [13], Dy3+ [14], Gd3+ [15], Ni2+ [16],
Zn2+ [17], Cu+1

[18], Sn4+ [19], Sm3+
[20], Nd3+ [21], Ce4+

[22], which alters the structure, resistivity, magnetisation and
coercive field of cobalt ferrite. As mentioned earlier, the
method of preparation controls the particle size and redis-
tributes the cations between A and B sub-lattices. To develop
a good stoichiometric single-phase spinel ferrite at lower
temperatures, a number of wet chemical routes such as auto-
combustion, co-precipitation, sol-gel, hydrothermal methods
have been introduced, resulting in homogeneous and ferrite
powders in nano-regime [23–26]. Among the above-men-
tioned preparations, the sol-gel auto combustion method was
employed in the present work to synthesise Gd3+ doped
cobalt ferrite using citric acid as a chelating agent. In this
study, rare-Earth element was selected as a dopant to eluci-
date the impact of larger ion substitution on the structural,
electrical and magnetic properties of host cobalt spinel lattice.
Since, Gd3+ is substituted at the expense of Fe3+ ions and
prefers to occupy the octahedral B site, indefinitely influen-
cing the cations, distance, bond lengths, bond angles, position
of anions (O2−

) and the interaction/coupling between 4 f−3d
(Gd3+ − Fe3+ ions) of the host cobalt ferrite lattice. These are
the factors which dictate electrical and magnetic properties of
cobalt ferrite.

Furthermore, the antimicrobial activities of cobalt ferrite
have been investigated because of their importance in con-
trolling human pathogens from nosocomial infections
[27–30]. The alkalinity and active oxygen species of CoO
provide strong antibacterial activity. For an instance,
Escherichia coli is commonly found in contaminated water
and food which causes several infections that pose a severe
threat to public health. Therefore, it is essential to develop
effective nanomaterials that exhibit potent antibacterial effects
and inhibit bacterial growth. Moreover, antibacterial studies
on Gd doped cobalt ferrite are scarce. Thus, in the present

work an attempt has been made to study the influence of Gd
substitution in cobalt ferrite and its viability for antimicrobial
activities on selected microbes such as Bacillus subtilis,

Escherichia coli, Pseudomonas aeruginosa, and Aspergillus

niger.

2. Experimental details

2.1. Synthesis of Gd doped cobalt ferrite and media culture

Stoichiometric amounts of cobalt nitrate hexahydrate
(Co(NO3)2.6H2O, Merck), iron nitrate nonahydrate
(Fe(NO3)2.9H2O, Merck), and gadolinium nitrate hexahydrate
(Gd(NO3)2.6H2O, SRL) were used without any further pur-
ification to synthesise CoGdxFe2−xO4 (0.0 � x � 0.05)
nanoferrite particles. The individual metal nitrates were
weighed according to the stoichiometric formula and stirred
continuously for one hour by adding a minimum amount of
deionised water until a clear solution was obtained. Citric acid
(C6H8O7, Merck) was added to the above metal nitrate mix-
ture in the ratio of 1:1 by maintaining 60 °C temperature and
NH4OH solution was used in the homogenous solution to
control the pH at 7. Furthermore, the nitrate mixture was
slowly converted in to a thick brown viscous gel. With time
the gel was self-ignited and a grey-coloured ash was obtained.
The final powders were ground in a mortar and pestle and
heated at 600 °C for 3 h in a muffle furnace.

The antimicrobial activity of the synthesised nano-
powders was carried out by agar diffusion well method.
Mueller Hinton agar and Sabouraud’s dextrose agar medium
were prepared by dissolving the synthetic powder in distilled
water. The pH of the medium was adjusted to 7 with 1 N
NaOH and made up to 1 L with distilled water using a
measuring cylinder. The conical flask was sealed properly
with a cotton plug. The medium and Petri dishes
(100 mm × 15 mm) were autoclaved at 121 °C, 15 lbs for
20 min. The autoclaved medium was allowed to cool to 45 °C
and transferred to Petri dishes (20 ml plate−1

) under disin-
fected conditions of laminar airflow. The standardised cul-
tures of test bacteria were first evenly spread onto the surface
of Mueller Hinton agar plates using sterile cotton swabs and
fungi was spread on Sabouraud’s dextrose agar plates using
sterile cotton swabs. Four wells (6 mm diameter) were made
in each plate with sterile cork-borer. 50 μl of each of the
compound and positive control was added in wells. Genta-
micin (200 μg ml−1

), vancomycin (1 μg ml−1
) and flucona-

zole (25 μg ml−1
) were used as reference antibiotics. All of

the plates were then covered with lids and incubated at 37 °C
for 24 h. After incubation, plates were observed for zone of
bacterial growth inhibition. The size of inhibition zones was
measured and antimicrobial activity of the compounds was
expressed in terms of the average diameter of inhibition zone
in millimetres. The compounds that were unable to exhibit
inhibition zone (inhibition zone diameter less than 6 mm)

were considered non-active.
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2.2. Characterisation

Phase formation, crystalline nature were identified for all the
powders with x-ray diffractometer (PAN Analytical X’pert
Pro, Cu-Kα radiation 1.5406 Å) in the range 10° − 80°.
Microstructure analysis has been carried out on powder
samples using JEOL JEM-1400 transmission electron
microscope (TEM). Magnetic behaviour of as-prepared and
sintered samples was carried out on VSM (Lakeshore VSM
7410). Room temperature and temperature dependence AC
electrical resistivity measurements were done on pellets using
four-probe method. Bacterial cultures of Bacillus subtilis,

Escherichia coli (E. coli), Pseudomonas aeruginosa

(P. aeruginosa) and Aspergillus niger were obtained and
tested from the Pathology Laboratory of Translational
Research Institute of Molecular Sciences (TRIMS), Visa-
khapatnam, Andhra Pradesh, India.

3. Results and discussion

3.1. Lattice constant and crystallite size

Pristine and Gd doped cobalt ferrite nanopowder XRD pat-
terns were shown in figure 1. All the diffraction peaks were
indexed with Fd-3m space group and confirm the formation
of single phase (JCPDS No. 98-011-1281) cobalt spinel fer-
rite without any secondary phase. The sharp and broad dif-
fraction peaks suggest well crystalline development in all
heat-treated samples. The experimental lattice parameter
(aexp) was calculated from the following standard formula,

( ) ( )/= + +a d h k l , 1hklexp
2 2 2 1 2

where d is interplanar spacing obtained from Bragg’s law for
each plane (h k l).

The calculated lattice parameters are listed in table 1 and
increased with Gd concentration from 8.3801 Å (x = 0) to
8.3915 Å (x = 0.05) and in accordance with the reported
values [22, 31]. The increase in lattice constant is due to the
difference in the ionic radius of Gd3+ (0.938 Å) and Fe3+

(0.645 Å) ions. Another observable and important parameter
to understand the influence of dopant is ‘crystallite size’. The
average crystallite size (D311) was estimated from Debye-
Scherer equation and decreases with increasing Gd3+ con-
centration from 54 to 42 nm. In general, lattice parameters and
crystallite size followed a similar trend due to the enlargement
or compression of the unit cell depending on the ionic radii of
cations. An increase in the size of the crystallite is is expected

Figure 1. XRD patterns of Gd doped cobalt ferrite nanopowders: (a) 0.0 (b) 0.01 (c) 0.02 (d) 0.03 (e) 0.04 and (f) 0.05.

Table 1. Density (db and dx), lattice parameter (aexp and at) and
crystallite size (D311) of Gd substituted cobalt nanoferrites.

Composition (x) Density Lattice constant

Crystallite
size D311

(nm)

db
(gm cc)

dx
gm cc) aexp (Å) at (Å)

0.00 3.32 5.25 8.3801 8.4122 54.44
0.01 3.41 5.27 8.3812 8.4161 48.45
0.02 3.43 5.28 8.3864 8.4200 45.76
0.03 3.42 5.30 8.3890 8.4239 44.37
0.04 3.41 5.32 8.3905 8.4278 48.2
0.05 3.51 5.34 8.3915 8.4317 42.78
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because of larger ionic radius of Gd. However, an inverse
trend was observed in the present case, where surface energy
[32, 33], deficiency of outermost bonding of the surface
atoms [34], intra-crystalline pressure created due to higher
heating temperatures are a few important factors which affect
the crystallite size [35]. Similar decrease in crystallite size
with Gd was reported in the literature and ascribed to the
relative metal oxide (M−O) distance as well as the higher
bond energy between the Gd−O ions compared to the Fe−O
ions [22, 31, 36]. In most cases of rare-Earth ion substitution,
formation of secondary phase is common which was due to
higher energy required to accommodate larger ions in the
spinel unit cell. In the present, no secondary phases were
observed due to lower Gd3+ doping concentration.

3.2. Interionic bond lengths and bond angles

The incorporation of lower ionic radii cations and their
redistribution due to heat treatment or method of preparation
influence interionic distances, which further impacts magnetic
and electrical properties. The substitution of any dopant or
effect of temperature in the structure can be easily elucidated

from the position of O atoms, which can be determined from
‘u’ parameter (oxygen positional parameter). The positions of
the O atoms in the spinel unit cell are changed due to the
different sizes of cations entering tetrahedral and octahedral
lattices. However, the symmetry of the system will not dis-
turb, but adjust by displacing O atoms with the addition of
new cations. The ideal values of ‘u’ parameter are 0.375 and
0.25 depending on center of symmetry. As mentioned earlier,
the magnetic properties of ferrites are strongly influenced by
the direction of alignment of magnetic ions in the spinel lat-
tice. Therefore, the alignment or angles (θ1, θ2, θ3, θ4, θ5)
between effective magnetic interactions (A–O–A, A–O–B,
B–O–B) gives us useful information to understand that the
impact of Al ion on the magnetic properties is at molecular
level.

These bond angles, lengths are calculated theoretically
using experimental XRD data and are shown in table 2 [37].
The distances between metal cations (M − M) are designated
as b, c, d, e, f and between cations and anions (M–O) are
assigned as p, q, r, s. There is a considerable variation in the
angles and distances are observed between M − M and M −

O, which are in agreement with increase in unit cell volume

Figure 2. TEM micrographs of (a) 0.0 and (b) 0.03 of Gd doped cobalt ferrite nanopowders.

Table 2. Oxygen positional parameter, interionic distances (b, c, d, e, f, p, q, r and s) and bond angles [θ(1)–θ(5)].

x/Interionic parameters 0 0.01 0.02 0.03 0.04 0.05

u(43 m) 0.3825 0.3826 0.3827 0.3828 0.3830 0.3831
b 2.9628 2.9632 2.9650 2.9659 2.9664 2.9668
c 3.4742 3.4746 3.4768 3.4778 3.4785 3.4789
d 3.6286 3.6291 3.6314 3.6325 3.6331 3.6336
e 5.4430 5.4437 5.4471 5.4488 5.4497 5.4504
f 5.1317 5.1324 5.1356 5.1371 5.1381 5.1387
p 2.0322 2.0315 2.0317 2.0314 2.0307 2.0300
q 1.9230 1.9250 1.9279 1.9302 1.9323 1.9343
r 3.6823 3.6861 3.6917 3.6962 3.7001 3.7039
s 3.6649 3.6659 3.6688 3.6705 3.6717 3.6727
θ(1) 122.92 122.89 122.85 122.81 122.77 122.74
θ(2) 142.96 142.80 142.64 142.49 142.33 142.17
θ(3) 93.64 93.70 93.76 93.82 93.88 93.94
θ(4) 126.14 126.15 126.17 126.18 126.19 126.21
θ(5) 73.24 73.14 73.05 72.95 72.85 72.75
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[38]. TEM image of un-doped cobalt ferrite was shown in
figure 2. The particle size and average crystallite size are
found to be consistent with each other.

3.3. Magnetic measurements

CoGdxFe2−xO4 (x = 0.0, 0.05 in steps of 0.01) magnetic
hysteresis loops are depicted in figure 3. It is clear that pristine
and Gd substituted samples exhibit ferromagnetic behaviour.
It was also observed that magnetic curves are very narrow in
size as a result of soft magnetic behaviour of the material.
Saturation magnetisation (MS), coercivity (HC), remnant
magnetisation (Mr), and canting angles are measured and
listed in table 3.

It is well established from the previous works that Co2+

and Gd3+ ions are preferred to occupy B and A sub-lattices.
But, ferric ions (Fe3+) ions are present in both sub-lattices in
different ratios, depending on the number of other ions pre-
sent in the same sub-lattice. As the Gd3+ ions have no
magnetic moment and are replaced with magnetic iron ions,
the MS was decreased with increasing doping concentration
(figure 4). In the present work, MS decreases from 60.6 to
36.6 emu g−1 for x = 0.0 to 0.05, respectively. Further, Gd3+

ions have larger ionic radii than ferric ions and their presence
in the octahedral B site reduces the net magnetic moment.
This is the primary reason for the observed decrease in
magnetisation with increasing Gd3+ concentration. The effect
of Gd3+ ions on MS, Mr and HC is presented in table 3. The
observed variation in magnetisation and site occupancy of
Gd3+ at octahedral B site is used further for the estimation of
cation distribution in the spinel unit cell. The lower doping
concentration of Gd does not alter the cation distribution and
Co2+, Gd3+ and Fe3+ ions reside at B site. Since a non-
magnetic Gd3+ (0 μB) ion replacing magnetic Fe3+ (5 μB)

ion results in decrease of net magnetic moment of the unit
cell. The empirical magnetic moment (μexp) in Bohr

magneton (μB) is calculated through the relation

( )m =
´
´ m

=
´M M

N

M M

5585
, 2

wt S

A B

wt S

exp

where Mwt is the molar mass, and NA is Avogadro’s number.
The magnetic moment (μB) of the samples is listed in table 3.
It is clear that no Bohr magnetons decreased with increasing
Gd3+ concentration. This is due to the occupancy of Gd3+

ions and reduction of magnetic Fe3+ ions at octahedral B site.
This trend in decreasing net magnetic moment is consistent
with proposed theoretical cation distribution as discussed in
section 3.4. The canting angle calculated from experimentally
obtained MS and μB is listed in table 3. It is clear that the
increased canting angle with Gd substitution is responsible for
the observed decrease in saturation magnetisation. It is well
known that magnetic moments in tetrahedral and octahedral
sites are aligned in mutually opposite directions. Therefore,
the net magnetic moment of the unit cells is simply the dif-
ference between the magnetic moments of two sub-lattices.
Since non-magnetic Gd3+ ions replace Fe3+ ions at the
octahedral site, the magnetic moment is decreased, and as a
result, the net magnetic moment of the unit cell is reduced.

3.4. Theoretical distribution of cations and lattice constant

Occupancy of Co2+, Gd3+ and Fe3+ ions has been proposed
from x-ray intensity calculations, and corresponding relations
were taken from our previously reported works [39, 40]. No
ions in a particular plane (h k l) resembles in the XRD
intensity line. Therefore, one can find the change in x-ray
intensity lines due to the adjustments/modifications/occu-
pancy of cations Co2+, Gd3+ and Fe3+ ions in the spinel unit
cell. Therefore, ratios of the three most sensitive planes for
any minor change in cation distribution, i.e., I(220)/(400) and
I(400)/(422) are considered in this work. The relative ratio of the
three (220) (400) and (422) planes was calculated in different
possibilities until the experimental and theoretical intensity
ratios are found in agreement. In the present work, the pro-
posed cation distribution is given below:

( ) [ ]

( )=

+ +
-
+

x to

Fe CoGd Fe O

where 0.0 0.05 in steps of 0.01, 3

x x B
3

A
3

1
3

4,

A and B are tetrahedral and octahedral sub-lattices. Thus,
Gd3+ ions completely occupy octahedral B sites, which also
supports magnetisation data. The validity of proposed cation

Figure 3. Magnetic hysteresis loops of Gd doped cobalt ferrite
nanopowders.

Table 3. Magnetisation, coercivity, Bohr magnetons and canting
angle of Gd substituted cobalt nanoferrite.

Magnetic parameter/
Composition 0.00 0.01 0.02 0.03 0.04 0.05

MS (emu.g−1
) 60.6 60.1 55.9 56.4 51.4 36.6

Mr (emu.g−1
) 0.21 0.36 0.46 0.38 0.58 0.33

HC (G) 2.99 5.62 7.13 5.86 5.14 6.15
μexp (μB) 2.55 2.54 2.37 2.4 2.2 1.57
Canting angle (°) 19.3 18.5 21.1 19.5 22.6 32
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distribution was understood by calculating theoretical lattice
parameter and compared with experimental lattice constant
(table 1).

[( ) ( )] ( )= + + +a r r r r
8

3 3
3 , 4t A B0 0

where r0 is the radius of the oxygen ion (1.38 Å), rA and

rB are the average ionic radii of tetrahedral (A-site)
and octahedral (B-site) sites, respectively. The theor-
etical (ath) and experimental (aexp) lattice constants (Å)

are in accordance with each other and with the reported
values in the literature. This supports the distribution of
Co2+, Gd3+ and Fe3+ ions proposed from x-ray inten-
sity data.

Figure 4. Antimicrobial activities of the synthesised Gd doped cobalt ferrite nanopowders tested on selected microbes such as E. coli,
Bacillus subtilis, P. aeruginosa where positive control is vancomycin (30 μg) and Aspergillus niger where positive control is fluconazole
(25 μg) for x = 0.0 (a, b, c and d), x = 0.03 (e, f, g and h) and x = 0.05 (i, j, k and l), respectively.
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3.5. Antimicrobial properties

In recent years, studies have focused on developing magnetic
nano-inorganic metal oxides (MNMO) to reduce bacterial and
viral contamination [41–45]. MNMO has a great potential to
control the microorganism (both bacteria and viruses) con-
tamination without risking human life. Antimicrobial activ-
ities of the Gd3+ doped cobalt ferrite compounds were
investigated and first evaluated by the agar-well diffusion
method. Mueller Hinton agar medium was used for routine
susceptibility testing of bacteria due to its acceptable repro-
ducibility and satisfactory growth of most pathogens. The
synthesised nanopowders of the composition x = 0.0, 0.03
and 0.05 were tested on the selected microbes such as
Bacillus subtilis, E. coli, P. aeruginosa, Aspergillus niger and
gentamicin (200 μg ml−1

), vancomycin (1 μg ml−1
) and flu-

conazole (25 μg ml−1
) were used as reference antibiotics.

The presence of the zone of inhibition shown in figure 4
clearly indicates that the Gd3+ substituted cobalt nanoferrite
particles have the ability to inhibit microbe growth, which is
listed in table 4 [46, 47]. The obtained results indicated that
active oxygen species generated from transition metal oxides
of pure and substituted ferrites have more potential to pene-
trate the cell wall and decrease the cell wall division. Fur-
thermore, the antibacterial result shows better inhibition for
substituted samples than pure samples. With an increase in
concentration of doping, antibacterial activity is also
increased. If the concentration of substituted metals in
CoFe2O4 increases in the culture medium, interaction
between oxygen and dehydrogenise increases too, which
enhances antimicrobial activity. The reported experimental
results in the present work are consistent with earlier studies
[26, 48]. These results show that Gd3+ doped cobalt ferrite
nanoparticles can find application as antibiotics against these
microbes.

4. Conclusions

In this study, Gd doped cobalt ferrite nanopowders were
successfully prepared using the sol-gel auto combustion
route. All the samples were analysed for their structural,
magnetic, and antibacterial properties. The sol-gel method
produces a single-phase ferrite without the formation of any
secondary phase. Lattice parameters, bond length, and bond
angles clearly suggest the occupancy of Gd3+ ions and their
impact on magnetic properties. Co2+, Gd3+, and Fe3+ ion
occupancy in tetrahedral (A) and octahedral (B) sites pro-
posed from relative x-ray intensity calculations confirms that

Gd3+ ions prefer to occupy octahedral sites. Saturation
magnetisation, coercivity, and anisotropy decrease with
increasing Gd3+ substitution. A reasonable progress and good
potency against all of the microorganisms that were used in
this study were observed with the substitution of Gd in cobalt
ferrite.
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