
Structural, magnetic, optical, and photocatalytic

properties of Ca–Ni doped BiFeO3 nanoparticles

Babita Tripathi1, Sunil Chauhan1,* , Manoj Kumar2, Mohit Sahni1, Pankaj Gupta3,
Prakash Chand Sati4, Satyendra Singh5, Daksh Agarwal6, and R. C. Singh1

1Department of Physics, Centre of Excellence in Solar Cell and Renewable Energy, SBSR, Sharda University, Greater Noida,

U. P. 201310, India
2Department of Physics and Materials Science, JIIT Noida, Noida, U. P. 201309, India
3Department of Chemistry and Biochemistry, SBSR, Sharda University, Greater Noida, U. P. 201310, India
4Department of Physics, Rajiv Gandhi Government Post Graduate College, Mandsaur, Madhya Pradesh 458001, India
5Special Centre for Nanoscience, Jawaharlal Nehru University, New Delhi 110067, India
6Department of Materials Science and Engineering, University of Pennsylvania, Philadelphia, PA 19104, USA

Received: 15 February 2022

Accepted: 7 June 2022

Published online:

29 June 2022

� The Author(s), under

exclusive licence to Springer

Science+Business Media, LLC,

part of Springer Nature 2022

ABSTRACT

In this article, we have studied the structural, magnetic, optical, and photocat-

alytic properties of Bi1-xCaxFe1-xNixO3 multiferroics synthesized by sol–gel

method. X-ray diffraction predicted the superposition of two structural phases

(rhombohedral-R3c ? orthorhombic-Pnma) for (x = 0.05, 0.10) samples. Corre-

spondingly, drastic variations in the Raman modes were detected at low and

high wavenumbers with increasing the Ca–Ni content. The larger change in the

magnetic parameters at room temperature was identified for Bi0.90Ca0.10Fe0.90-

Ni0.10O3 nanoparticles caused by the formation of a new orthorhombic phase.

The XPS spectroscopy study supported the magnetic enhancement in x = 0.10

samples due to increasing concentration of Fe2?, Ni2? ions, and oxygen

vacancies. The shift of ESR pattern with doping agrees with the magnetization

values. The energy band gap values were altered by increasing the Ca–Ni

content in BiFeO3 samples, from 2.22 to 2.05 eV. The photocatalytic activity of

Ca–Ni doped BiFeO3 photocatalyst showed higher degradation rate (- 0.035/

min) of Methylene blue (MB) in comparison to pure BiFeO3.

1 Introduction

Multiferroicity is the nature of existence of more than

two ferroic orders out of the following viz., ferro-

electric, ferromagnetic, and ferro elastic in a single

phase of material. Such types of materials are called

multiferroic materials [1–3]. Recently, multiferroics

are giving rise to the possibilities for electric-field

control of magnetization in such a way that these

materials do have the potential applications for

spintronics, data storage, and high-frequency
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magnetic devices [4, 5]. The grand challenges in

multiferroics are to design it with enhanced mag-

netic, ferroelectric, and optical properties. Bismuth

ferrite (BiFeO3) (BFO) is a novel single phase multi-

ferroic compound, having ferroelectric transition

temperature TC * 1103 K and antiferromagnetic

transition temperature TN * 643 K [6, 7]. BFO is

characterized by strong coupling feature between its

ferroelectric and antiferromagnetic ordering. The

multiferroic materials are an integral need for mul-

tiple device applications to serve in the premises of

spintronics, LEDs, and magnetic recording systems

[8, 9]. Currently, BiFeO3 has also become popular as a

source of best photocatalyst under UV–visible range

and piezo-catalyst due to its lower band gap which is

near about 2.1 eV, its stability and electrically polar-

ized nature [10–12]. Besides all these characteristics,

industrial applications of BiFeO3 are still very less

due to its large charge (e- and h?) recombination rate

within lattices of particles [11–13]. To find out the

best result, several strategies have been reported by

previous articles like single or co-doping of rare earth

elements, formation of composite heterostructure,

and by using different synthesis methods [14–16].

Single or co-doping of rare earth elements with

BiFeO3 is widely treated as a best way to boost the

magnetic, optical, and photocatalytic performance

[17, 18]. The dopant-elements work as the charge

trapping sites within the lattice of BiFeO3, it improves

the movement of charges from one carrier to another

carrier and reduces their recombination rate [19–21].

Usually, the needful substitution of dopants, in lim-

ited concentration, can influence the modification of

structural, magnetic, optical, and photocatalytic nat-

ure of BiFeO3. The semiconductor BiFeO3 nanoparti-

cles, when excited by light under different UV–

visible wavelengths, the lower band gap actively

participates in photocatalytic activities [22–24]. The

activated ions and super radicals present in photo-

catalyst helps in decontamination of organic, inor-

ganic, bacterial, and microbial pollutants from

contaminated water [25, 26]. As a result of this, huge

work has been carried out in the field of Bi-based

photocatalytic materials for the application of purifi-

cation of water in recent decades [27–29]. Presently,

this work focuses on the observed effects of co-dop-

ing of Ca–Ni on the structural, magnetic, optical, and

photocatalytic properties of BiFeO3 nanoparticles

synthesized via the sol–gel technique that have been

explored in detail here. Rietveld refinement of the

XRD pattern result indicates that, with increasing Ca–

Ni amount in BiFeO3 from x = 5–10%, the R3c phases

decrease while Pnma phase increases correspond-

ingly. The TEM images show that the particle size of

the considered samples is in the nano-range, which is

observed to decrease as Ca and Ni content rises in

BiFeO3. The Raman modes conform to the result of

XRD and show structural variation from R3c phase to

Pnma phase. The M-H loop and ESR results suggest

the presence of strong ferromagnetic nature in Ca-Ni

doped BiFeO3 in comparison to pristine BFO. XPS

study supported the magnetization enhancement in

x = 0.10 samples due to increasing concentration of

Fe2?, Ni2? ions, and oxygen vacancies. The optical

properties are analysed by using UV–visible absorp-

tion spectra which confirm the alteration of band gap

of Bi1-xCaxFe1-xNixO3 nanoparticles from 2.2 to

2.05 eV with Ca–Ni content. The change in band gap

improves the photocatalytic activity, also the appre-

ciable MB dye degradation 98.36% in 160 min irra-

diation under UV-light is observed using

Bi1-xCaxFe1-xNixO3 (x = 0.10) photocatalyst.

2 Experimental details

2.1 Photocatalyst synthesis

In the synthesis of Bi1-xCaxFe1-xNixO3 nanoparticles,

the chemical reagents Bi(NO3)3.5H2O (C 98%),

Fe(NO3)3.9H2O (C 98%), Ca(NO3)2 (C 98%),

Ni(NO3)2.6H2O (C 99.9%); Tartaric Acid (C 99.0%)

and Nitric acid were used. All the chemical

(Sigma) reagents used were of analytic grade and do

not require additional purification treatment.

Bi1-xCaxFe1-xNixO3 (x = 0.0, 0.05, 0.10) multiferroic

nanoparticles (NPs) were synthesized by sol–gel

method using chelating reagent tartaric acid [18].

The schematic flow-chart of the synthesis of

Bi1-xCaxFe1-xNixO3 nanoparticles is shown in the

Fig. 1. The calculated amount of Bi(NO3)3.5H2O

mixed in deionized water and the transparent solu-

tion was obtained by adding the 15 ml of dilute nitric

acid. After this the calculated amount of

Fe(NO3)3.9H2O were added. For the complete com-

bustion of the nitrates stoichiometric amount of tar-

taric acid was added to the transparent solution. The

transparent light yellow coloured solution was stir-

red upon hot plate at 60 �C for 24 h. This transparent

mixture solution was kept on 60–80 �C with
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continuous stirring till fluffy gel was obtained. The

dried samples were calcined at 600 �C for 2 h in an air

ambience. After the calcination, sample was ground

with the help of mortal pastel to get the powder form of

material for further characterization. The similar pro-

cess was used in all Bi1-xCaxFe1-xNixO3 (x = 0.05, 0.10)

samples, only the calculated amount of dopants, cal-

cium nitrate and nickel nitrate were added in the pre-

cursor solution. All other synthesis conditions were

kept unchanged.

2.2 Characterizations

The prepared samples were characterized struc-

turally by using Shimadzu 600 XRD. TECNAI 200 kV

TEM Fei along with Electron Optics was used in

order to analyse the morphology of the samples. The

backscattering configuration was used while per-

forming Raman spectroscopy with LabRAM HR

spectrometer. The magnetic resonance spectra were

gathered by adopting JES FA200 CW ESR Spec-

trometer, using X-band gun diode. The measure-

ments for magnetism of the samples were identified

with the assistance of Lakeshore VSM 7410. The

optical and photocatalytic properties of the synthe-

sized samples were analysed by using LABMAN-

900S UV–visible spectrometer. To find out the pho-

tocatalytic degradation of MB dye, a 250 W Hg bulb

was kept in water circulating jar placed in quartz

container (500 ml) at constant temperature (below

10 �C) with continuous stirring. For observation of

dye diminishment with time under UV–Visible light,

equal amount of samples were collected and after

centrifugal process, all samples were passed through

UV–visible absorbance spectra to find out their MB

dye degradation efficiency comparative data.

3 Result and discussion

3.1 X-ray diffraction, SEM and TEM
analysis

The X-ray diffraction peaks of the sol–gel synthesized

BiFeO3 (BFO), Bi0.95Ca0.05Fe0.95Ni0.05O3, Bi0.90Ca0.10-

Fe0.90Ni0.10O3, and Bi0.85Ca0.15Fe0.85Ni0.15O3 samples

are displayed in Fig. 2. All peaks in pure BFO

diffraction pattern can be labelled with the R3c space

group as per the distorted rhombohedral structure

(JCPDS file no. 71–2494) [18]. The diffraction pattern

shifted towards higher angles leading to the unit cell

contraction in BFO when the Ca-Ni were partially

Fig. 1 The schematic diagram

of synthesis of multiferroic

Bi1-xCaxFe1-xNixO3

nanoparticles
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doped on Bi and Fe site correspondingly. The intense,

sharp nature diffraction peaks are indicating the

samples’ high crystalline properties. The nonap-

pearance of any other peak indicated the phase pur-

ity of the synthesized x = 0.00, 0.05, & 0.10 samples

within the XRD limitations. However, XRD pattern of

Bi0.85Ca0.15Fe0.85Ni0.15O3 shows the large impurity

phase corresponding to ferrite.

Phase formation and crystal structure of the pure

and Ca–Ni substituted BiFeO3 nanoparticles were

further analized by Rietveld refinement of their XRD

patterns adopting FULLPROF software as shown in

Fig. 3a–c. The Rietveld analysis showed pure BFO

exhibited rhombohedral structure with R3c space,

while co-doped samples showed co-existence of

rhombohedral and orthorhombic structure with R3c

and Pnma space group, respectively. Although, with

increasing Ca–Ni amount in pure BiFeO3 from

x = 5–10%, the presence of R3c decreases while Pnma

phase fraction progressively increases as shown in

Table 1. Moreover, increasing Ca–Ni concentration

leads to the evolution of peaks related to the Pnma

phase. Such severe changes in XRD pattern indicates

that the Ca–Ni co-doped at Bi-site and Fe- site of BFO

correspondingly, suppress and merges the sharp

diffraction peak (110) and (104) related to R3c phase

in the doped samples in order to get single diffraction

peak related to Pnma phase. This is confirmed from

Rietveld analysis. It also indicates that co-dopant

change the crystalline nature of solid solution to

nanocrystalline via gradual enhancement in the

broadening of diffraction peaks with increasing

doping. From Rietveld analysis, the lattice parameter

values, fraction values of phases, atomic position

coordinate values, and R-factors of both phases were

also obtained and are summarized in Table 1. The

observed and calculated XRD patterns showed com-

patible results. The values of scale-factor, unit cell

parameters (a, b, c), elemental positions (x, y, z), half-

width values (U, V, W), thermal and background

parameters were changed, whereas the elemental

occupancy remained same during whole refinement

processes. The peak fitting and background correc-

tion have been performed by adopting Pseudo-Voigt

function with linear interpolation method corre-

spondingly [30–32]. The estimated structural refine-

ment results were summarized in Table 1. The

average crystallite size of the synthesized nanocrys-

talline Bi1-xCaxFe1-xNixO3 samples was found with

the assistance of Scherrer’s formula.

D ¼ Kk
bhklCosðHhklÞ

where symbol D represents crystalline size, symbols

K and k denotes the shape-factor (0.9) and wave-

length of Cu ka XRD radiation (1.54 Å), respectively.

Fig. 2 a XRD patterns of

Bi1-xCaxFe1-xNixO3,

x = 0.00, 0.05, 0.10, and 0.15

nanoparticles with enlarged

view around (104) and (110)

peaks in (b)
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The bhkl refers to Full Width at Half Maxima (FWHM)

parameters used during Rietveld refinement of XRD

patterns. In accord to Rietveld method, the different

parameters to the FWHM from diffraction patterns can

be identified using the equation,

FWHM2 ¼ U þD2
ST

� �
tan2h
� �

þ V tanhð Þ þW þ IG

cos2h

Here U, V, W represent the shape parameters of the

peaks. IG for isotropic size effect and DST represents

strain—coefficient. The crystallite size and their lat-

tice parameters for the Bi1-xNaxFe1-xCoxO3 samples

are presented in Table 1. The decrease in the crys-

talline size was observed with higher Ca–Ni doping

in pure BiFeO3 nanocrystals. This could be achieved

Fig. 3 Rietveld refinement XRD patterns of Bi1-xCaxFe1-xNixO3, a x = 0.00, b x = 0.05 and c x = 0.10. TEM images of

Bi1-xCaxFe1-xNixO3 nanoparticles, d x = 0.00 and e x = 0.10

Table 1 Rietveld refined structural parameters of Bi1-xCaxFe1-xNixO3 nanoparticles with x = 0.0, 0.05, and 0.10

Sample name Crystal structure Lattice parameters Atomic coordinates R-factors (%)

Rhombohedral (R3c) a = 5.5751 Å Bi (0, 0, 0.0190) Rp = 2.49, Rwp = 3.17, v2 = 1.6

x = 0.0 c = 13.8590 Å Fe (0, 0, 0.29745) RBragg = 1.17, Rf = 1.75

Crystallite size 82 nm V = 373.061 Å3 O (0.2307, 0.3581, 0.0833)

x = 0.05 Rhombohedral (R3c) a = 5.5767 Å Bi/Ca (0, 0, 0.2037) Rp = 3.00, Rwp = 3.76, v2 = 1.50

(69.39%) c = 13.8168 Å Fe/Ni (0, 0, -0.0172)

V = 372.1306 Å3 O (0.2087, 0.3313, 0.0833) RBragg1 = 2.17, Rf1 = 1.54

Orthorhombic (Pnma) a = 5.6556 Å Bi/Ca (0.0122, 0.25, 0.9811) RBragg2 = 3.97, Rf2 = 3.49

(30.61%) b = 7.8023 Å Fe/Ni (0, 0, 0.5)

c = 5.5983 Å O1 ( 0.3164, 0.25, 0.1910)

V = 247.0341 Å3 O2 (0.1652, 0.5299, 0.2474)

x = 0.10 Rhombohedral (R3c) a = 5.5730 Å Bi/Ca (0, 0, 0.2105) Rp = 2.84, Rwp = 3.58, v2 = 1.49

(62.83%) c = 13.700 Å Fe/Ni (0, 0, -0.0106)

Crystallite size 47 nm V = 368.4930 Å3 O ( 0.2281, 0.3193, 0.0833) RBragg1 = 2.00, Rf1 = 1.82

Orthorhombic (Pnma) a = 5.6052 Å Bi/Ca ( 0.01376, 0.25, 0.99555) RBragg2 = 3.55, Rf2 = 3.69

(37.17%) b = 7.9455 Å Fe/Ni (0, 0, 0.5)

Crystallite size 32 nm c = 5.5257 Å O1 ( 0.3217, 0.25, 0.1967)

V = 246.0945Å3 O2 ( 0.2051, 0.5627, 0.2617)
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because of the ion size disparity between the host and

the doped ions leads to lattice strain. This lattice

strain also introduced local structural distortion

causing acceleration in the nucleation rate, leading to

a reduction in crystallite size. The TEM and HRTEM

micrographs of Ca–Ni doped BiFeO3 nanoparticles

are represented in Fig. 3e, f and Fig. S2. It shows a

spherical particle with a nanosized of about

50–90 nm range for pure BFO sample and 10–30 nm

range for 10% (Ca–Ni) doped sample. The TEM result

shows that the size of nanoparticles is in the nano-

range and reduced as Ca–Ni content rises in BFO.

The reduction in nanoparticles size due to Ca–Ni

doping in BiFeO3 occurs due to presence of lattice

induction through ionic radius mismatches. The lat-

tice strains increase the nucleation rate and help in

limiting the growth of nanoparticles.

Figure 4a–c represent the SEM micrographs

revealing the morphology of the Bi1-xCaxFe1-xNixO3

samples. According to these micrographs, the syn-

thesized samples have dense morphology, their grain

shapes are spherical, and their sizes are in between

20 and 125 nm. SEM images also demonstrate the

decrease in grain size and increased agglomeration

with increasing the Ca-Ni content. Grain growth in

Bi1-xCaxFe1-xNixO3 (x = 0.05 and 0.10) nanocrys-

talline samples is inversely proportional to the rate of

nucleation. When rate of nucleation is accelerated by

lattice strain in the system, the particle growth

decreases.

The Bi, Ca, Fe, Ni, and O elemental mapping of the

synthesized samples have been also completed using

the EDS in SEM attachment. The elemental mapping

of the Bi1-xCaxFe1-xNixO3 (x = 0.00, 0.05, and 0.10)

samples represented in the supplementary informa-

tion Fig. S1. The chemical composition of pristine

BiFeO3 nanoparticles shows evident signals for Bi, Fe,

and O consenting with the nominal ratio, 1: 1: 3,

approximately. Moreover, weak signals of Ca and Ni

in x = 0.05 and x = 0.10 compositions have been

found in EDS spectra. The measured quantitative

atomic percent values are 20.20% Bi, 19.00% Fe, and

60.80% O for BiFeO3 sample; 21.8% Bi, 0.8% Ca,

19.20% Fe, 0.2% Ni, and 58.00% O for x = 0.05 sample

and 23.2% Bi, 3.2% Ca, 18.24% Fe, 2.8% Ni, and

52.56% O for x = 0.25 sample. This indicates that Ca–

Ni ions have conveniently been incorporated into the

host lattice. Elemental mapping of the x = 0.05 and

0.10 samples showed, Ca and Ni are uniformly dis-

tributed in the mapping micrograph. No other phase

of the Ca and Ni is observed in the mapping

micrographs.

3.2 Raman spectroscopy

The Raman scattering spectra of Bi1-xCaxFe1-xNixO3

nanoparticles is displayed in Fig. 5a. The peak fitted

Raman spectra of BiFeO3 samples is shown in Fig. 5b

and for Bi0.95Ca0.05Fe0.95Ni0.05O3, and Bi0.90Ca0.10-

Fe0.90Ni0.10O3 samples are displayed in Fig. 6a, b,

respectively. BFO having rhombohedral R3c sym-

metry possess 13 optical-phonon active modes

(4A1 ? 9E) in accord to well-known group theory

[33]. As exhibited in Fig. 5a, all the key active modes

that emerged in the pure BFO shows well agreement

with the mode of the rhombohedral distorted (R3c)

perovskite structure. The observed low frequency

modes have been consigned to Bi–O vibration,

whereas observed high-frequency Raman modes are

linked to the stretching and bending of Fe–O [34]. The

measured spectrum was fitted by performing

decomposition of the curve into discrete Raman

active component with a Lorentz type curve and

associated peak positions are summarized in Table 2.

Fig. 4 SEM Micrographs of Bi1-xCaxFe1-xNixO3 nanoparticles. a x = 0.0, b x = 0.05, and c x = 0.10
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Although, doping of Ca–Ni has resulted into few

variations in Raman modes of BFO. The first is a clear

decrease in the intensity of E(TO2) mode, gradual

enhancement in intensity of A1 (TO1) mode, merging

of E(TO2) and A1(TO1) mode. In addition, modes

above 400 cm-1 that are responsible majorly for

variation in magnetic behaviour are boosted for

x = 0.10 samples. Such severe changes in Raman

mode’s behaviour strongly suggest structural trans-

formation from parent R3c phase to another Pnma

phase.

Moreover, a broad hump in Raman spectra were

observed in between 800 and 1500 cm-1, which

deconvoluted further into discrete Raman modes

identified as two phonons coupling in all samples.

The presences of these two phonon modes were

linked to the firm spin–lattice interaction between

adjoining magnetic sublattices of BFO. These modes

represent second over tons of E-modes present

between 450 and 700 cm-1 and directly related to the

magnetic properties of the BiFeO3 nanoparticles [35].

3.3 Magnetic measurements (VSM
and ESR)

The room temperature magnetic hysteresis loops (M–

H curve) of pure BiFeO3 (BFO), Bi0.95Ca0.05Fe0.95-

Ni0.05O3, and Bi0.90Ca0.10Fe0.90Ni0.10O3 samples are

exhibited in Fig. 7a, the magnified view is shown in

Fig. 7b. The M–H curve of pure BFO shows antifer-

romagnetic (AFM) behaviour with retentivity Mr-

= 0.005 emu/g and maximum magnetization

Fig. 5 a Raman spectra of Bi1-xCaxFe1-xNixO3 b Deconvoluted Raman modes of BiFeO3 nanoparticles in the wavenumber range from

50 to 700 cm-1, b the Raman spectra in the range from 800 to 1500 cm.-1

Fig. 6 Deconvoluted Raman modes of Bi1-xCaxFe1-xNixO3, a x = 0.05 and b x = 0.10

16862 J Mater Sci: Mater Electron (2022) 33:16856–16873



MS = 0.11 emu/g at 15 kOe. While the hysteresis

curve of x = 0.05 and 0.10 samples show ferromag-

netic behaviour with Mr = 0.0018 emu/g and

0.0078 emu/g and maximum magnetization

Ms = 0.37 emu/g and 2.94 emu/g at 15kOe, respec-

tively. Despite the antiferromagnetic nature of BFO,

Ca–Ni co-doped samples show ferromagnetic hys-

teresis loop with enhanced maximum magnetization

even at higher magnetic fields (15 kOe). Besides, on

comparing magnetization values of pure BFO with

co-doped samples, a sensible increase was observed

in Mr and MS of co-doped samples.

To further analyse the magnetic properties of syn-

thesized Ca–Ni substituted BiFeO3 samples, ESR

measurement technique has been executed at room

temperature, as exhibited in Fig. 7c. The ESR spectra

reveals the value of three important factors, asym-

metry parameters (Pasy = 1-hU/hL, where hU and hL

denote the absorption peak height), g-factor

[g ¼ hv=lBHres, where h (Plank constant) is

6.621 9 10–34 Joule-second, lB (Bohr

magneton) = 9.2740 9 10–24 JT-1, and Hres is Reso-

nance field values of different samples] and DBp-p

(single width). The magnetic properties of co-doped

samples were associated with all these three param-

eters [36]. The ESR spectra examination calculated g-

value (2.05, 2.29, and 2.2), line width (1098, 1160, and

970 Gauss), and asymmetry parameter (0.22, 0.3, and

0.17) with x = 0.0, 0.05, and 0.10 samples, respec-

tively. The degree spin canting values were estimated

with the formula D = (Dg/g) Jsuper (where symbol

D denotes the vector parameters, Dg for deviation

value with respect to 2, and Jsuper is a constant value

for super exchange coefficient values). The calculated

g-factor value was found exceeding 2, specifying the

weak ferromagnetic properties in all the samples. The

area of the absorption peak, related to the number of

excited spins. The area of the absorbance peak

increases with increasing the Ca–Ni content, confirm

the higher magnetization. The ESR spectra showing

the line broadening and shift in resonance peak is

attributed to the presence of non-homogenous local

magnetic field triggered by the co-existence of Fe–Ni

ions in the system.

3.4 X-ray photoelectron spectroscopy (XPS)

To perform analysis of magnetic behaviour, the XPS

of the Ca–Ni doped BFO were examined. The XPS

narrow scan spectrum of Bi 4f, Fe 2p, Ni 2p, and O1 s

are displayed in Fig. 8. The two major characteristic

peaks of bismuth centred at 164.1 eV and 158.8 eV, as

displayed in Fig. 8a, is attributed to Bi 4f5/2 and Bi

4f7/2 correspondingly, which are mainly recognized

as a signal from Bi–O bonds [36–40]. The visibility of

the two peaks confirms the Bi3? oxidation state in the

samples. Spin–orbit intense energy of the Bi 4f dou-

blet is 5.30 eV, which is analogous to the theoretical

Spin–orbit splitting energy value of 5.31 eV [37]. Two

fitted subpeaks positioned at 158.7 and 164 eV are

attributed to Bi (4f7/2)–O and Bi (4f5/2)–O bonds,

whereas other subpeaks positioned at 159.2 and

164.5 eV could be associated to Bi–O–Fe bonds in

oxygen octahedron or relaxed Bi phase, possibly

created due to cation defects and oxygen vacancies

[38, 39].

The 2p1/2 and 2p3/2 splitting of Fe 2p core level is

shown in Fig. 8b. Broadening of Fe 2p region can be

associated to unequal charging of the surface, due to

particle’s small size [36–40]. The coexistence of two

valence state (Fe2? and Fe3?) was affirmed from the

Table 2 Raman modes of Bi1-xCaxFe1-xNixO3 nanoparticles

with x = 0.0, 0.05, and 0.10

Raman modes (cm-1) x = 0.0 x = 0.05 x = 0.10

E(TO1) 71.14 74.4 –

E(LO1) 76.56 88.7 83.6

E(TO2) 139.17 131.2 128.4

A1(TO1) 172.35 158.9 172.1

A1(TO2) 218.42 199.7 227.3

E(TO3) 232.19 – –

E(TO4) 261.21 253.42 –

E(TO5) 278.14 – 277.1

A1(TO3) 302.41 – –

E(TO6) 346.56 324.9 332.7

E(TO7) 369.70 383.7 381.9

E(TO8) 436.31 423.4 436.7

E(LO8) 471.17 476.9 483.1

E(TO9) 524.03 – –

A1(TO4) 550.84 543.2 547.1

E(LO9) 608.17 608.5 617.2

– – 667.4

2E(LO8) 937.06 940 965.8

2E(TO9) 1036.5 140.4 1045.6

2A1(TO4) 1100.2 1094.8 1096.4

2A1(LO4) 1147.8 1145.5 1143.7

2E(LO9) 1265.1 1282.2 1286.1

– 1196.2 1198.3

– 1369.8 1373.9
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Gaussian deconvolution of the Fe spectra. With well-

known energy difference of around 8 eV between

2p3/2 and 2p1/2 duplet, Fe2p region was fitted with

Fe2? and Fe3? oxidation states [40]. The peaks at

710.50; 725.16 eV for x = 0.05 and 710.56, 725.38 eV

for x = 0.10 can be attributed to Fe3? state of Fe2p3/2

and Fe2p1/2, whereas the peak at 709.10,723.40 eV for

x = 0.05 and 709.30, 723.28 eV for x = 0.10 is credited

to Fe2? in Fe2p1/2 and Fe2p3/2, respectively. In

addition to that, the two-satellite peak was observed

at position 718.18 eV, 731.85 eV for x = 0.05 and

718.07 eV, 731.33 eV for x = 0.10 samples, caused by

spin–orbit coupling. The fitting determined the ratio

of Fe2?: Fe3? as 0.35 and 0.48 (in Fe2p3/2), 0.74 and

0.84 (in Fe2p1/2) for x = 0.05, and 0.10 samples,

respectively, indicating towards increase in quantity

of Fe2? ions with increasing Ca–Ni co-doping. The

appearance of Fe2? ions contributed a vital part in the

boosting of double exchange interaction between

Fe2? and Fe3? ions through oxygen, that follow a

drastic change in BFO magnetic behaviour from

antiferromagnetic to ferromagnetic nature on Ca–Ni

co-substitution [41]. The surface peaks situated at

712.7 eV, were observed along with it for x = 0.05

and x = 0.10 samples that arose owing to reduction in

coordination number of Fe3? ions on the surface.

Figure 8c exhibits the XPS spectra of Ni for x = 0.05

and x = 0.10 samples. In the spectra, the well

separated Ni 2p1/2 and Ni 2p3/2 peaks were observed

that are further deconvoluted into four peaks with

help of peak fit software. The fitted peaks positioned

at 873 and 854.5 are associated to Ni2? ions for

x = 0.05 sample, whilst the peaks positioned at 855.9

and 861.7 are linked to the Fe3? ions and satellite

peaks. Similar peaks position for Ni2?, Ni3? ions, and

satellite peaks were observed for x = 0.10 sample, a

slight shift of peak position of the spectra towards

lower binding energy. This shift may be owing to

increasing distortion in the structure of BFO on

increasing co-doping concentration. Hence, XPS

analysis predicts about the co-existence of Ni2? and

Ni3? ions in co-doped samples with Ni2?/Ni3? ratio

of 1.31 and 2.21 for x = 0.05 and 0.10 samples, cor-

respondingly. It indicates about higher concentration

of Ni2? ions in x = 0.10 samples that are responsible

for magnetic enhancement.

Figure 8d exhibits the O1s asymmetric spectra of

x = 0.05 and 0.10 samples. The broad spectra is

clearly observable and therefore deconvoluted by

fitting three Gaussian peaks. The deconvoluted peaks

at a low binding (L.B.) energy 529.4 cm-1 (x = 0.05)

and 529.7 cm-1 (x = 0.10) attributes to lattice oxygen

at normal sites. Whereas other two deconvoluted

peaks at middle binding (M.B.) energy 531 cm-1

(x = 0.05) and 530.8 cm-1 (x = 0.10) and at high

binding (H.B.) energy 532.6 cm-1 (x = 0.05) and

Fig. 7 a M–H curves of

Bi1-xCaxFe1-xNixO3

nanoparticles. b Enlarge view

of M–H curves of

Bi1-xCaxFe1-xNixO3

nanoparticles. c ESR spectra

of Bi1-xCaxFe1-xNixO3,

x = 0.00, 0.05, and 0.10

nanoparticles
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532.2 cm-1 (x = 0.10) are accredited to surface or

defect corelated oxygen such as O-, O2- [42].

Although no significant change in the position of

deconvoluted peaks occurs with doping, the region

under the peak changed significantly as we increased

dopant concentration in BFO from x = 0.05 to 0.10.

The ratio of the region that comes under the curve of

the two peaks (the region of the peak with low

binding energy/region of the peak with medium

binding energy) can be important because this ratio is

precisely related with the concentration of oxygen

vacancies. A comparatively large area contribution of

the M.B. energy peak for x = 0.10 sturdily advise the

occurrence of oxygen vacancies in x = 0.10 in com-

parison to x = 0.05 sample.

3.5 UV–Visible spectroscopy

The optical properties of nanoparticles depend on

their electronic characteristics and bandgaps. These

optical properties of pristine BiFeO3, Bi0.95Ca0.05-

Fe0.95Ni0.05O3, and Bi0.90Ca0.10Fe0.90Ni0.10O3 samples

were analysed by UV–Visible absorption spectra

displayed in Fig. 9a. The energy bandgap (Eg) was

calculated by employing ‘Tauc’s relation’

a ¼
Aðhm� EgÞ1=2

hm

where A refers to a constant, hv refers to photon

energy, Eg represents band gap, and a denotes

absorption coefficient [41, 42]. The band gap is cal-

culated through the use of Tauc’s plot, i.e. (ahv)2 vs

hv plot of pristine BiFeO3, Bi0.95Ca0.05Fe0.95Ni0.05O3,

Fig. 8 Deconvoluted core level XPS spectra of a Bi 4f, b Fe 2p, c Ni 2p, and d O 1 s lines of Bi1-xCaxFe1-xNixO3, x = 0.05 and 0.10

nanoparticles
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and Bi0.90Ca0.10Fe0.90Ni0.10O3 samples as displayed in

Fig. 9b–d. The band gap of pure BiFeO3 is 2.22 eV

although after substituting Ca–Ni for x = 0.05 and

x = 0.10 the band gap is diminished from 2.22 to

2.17 eV and 2.2 to 2.05 eV, respectively, displayed in

Fig. 9b–d. The substitution of Ca–Ni, results to

charge imbalance which indicates the existence of

oxygen vacancies in prepared samples. The variation

in angle of Fe–O–Fe towards 180� also affects their

electronic structure and creates impurity bands. This

impurity band enhances charge transfer between the

carrier by alteration of energy bandgap [43, 44]. The

substitution of Ca–Ni in pristine BFO shows lower

energy band gap values, which resulted in improved

optical properties of these samples.

3.6 Photocatalytic activity

Photocatalytic effect on MB dye degradation was

examined by using BiFeO3, Bi0.95Ca0.05Fe0.95Ni0.05O3,

and Bi0.90Ca0.10Fe0.90Ni0.10O3 nano-catalyst under

250Watt mercury vapour lamp. Figure 10a–c shows

change in absorbance peak of MB dye in presence of

UV–Visible light at different time-intervals. The

10PPM Concentration of MB dye and 0.02 gm mass of

photocatalyst was used in photocatalytic reaction.

Dye degradation efficiency of Ca–Ni substituted cat-

alysts was calculated by C/Co vs irradiation time

graph as given in Fig. 10d, where C and Co refer to

final and initial concentration of MB dye during

photocatalytic reaction [45, 46]. Graphical analysis

revealed that the Bi0.90Ca0.10Fe0.90Ni0.10O3 shows

maximum MB degradation, i.e. 98.36% as compare to

Fig. 9 a UV–visible spectra of Bi1-xCaxFe1-xNixO3, x = 0.00, 0.05, and 0.10 nanoparticles. b–d Tauc’s ((ahm).2 vs hm) plots of

Bi1-xCaxFe1-xNixO3 nanoparticles
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BiFeO3 (96.1%) and Bi0.95Ca0.05Fe0.95Ni0.05O3 (95.1%)

after equal time observation of 160 min. The rate

constant for degradation of the MB dye is determined

via usage of Langmuir–Hinshelwood (L–H Model)

[47, 48]. L–H model expression is represented by

equation given by

r ¼ �dC

dt
¼ KrKC

1 þ KC

where r refers to degradation rate, Kr refers to rate

constant, K refers to equilibrium constant, and

C refers to reaction constant. KC is considered as

negligible due to less value of C.

So,

r ¼ �dC

dt
¼ KrKC ¼ kC

where k (min-1) represents the first order rate con-

stant. At t = 0 and C = C0. After entering the values of

t and C0; ln(C/C0) = kt. The maximum k value is

achieved as - 0.035 min-1 for the Bi0.90Ca0.10Fe0.90-

Ni0.10O3 photocatalyst. Substitution of Ca–Ni in pure

BiFeO3 leads to the increment of oxygen vacancies.

Due to presence of more free carriers and reduced

charge recombination rate, the photocatalytic prop-

erties are enhanced in synthesized samples. The

interaction of light encouraged electrons and holes on

the surface of Ca–Ni substituted BiFeO3 photocata-

lysts. This absorption process of electron–holes on the

surface of photocatalyst leads to redox process where

O2 decreases and superoxide anion radical increases,

and oxidation process produces hydroxyl radical

(OH.) that participate in the decontamination process

of MB dye [47]. This process facilitates the

Fig. 10 UV–visible absorption spectra of MB with different irradiation time with Bi1-xCaxFe1-xNixO3, a x = 0.00, b x = 0.05 c x = 0.10

nano-photocatalyst. d C/C0 Vs time of MB degradation with Bi1-xCaxFe1-xNixO3 nano-photocatalyst
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transferring of the electrons and holes to the surface

of the photocatalyst. This photocatalytic reaction

results into the decontamination of the MB dye and

purification of water.

3.7 Mechanism of dye degradation

The photocatalytic dye degradation mechanism has

been shown in Fig. 11 with advance oxidation pro-

cess (AOP). When UV–Visible light was irradiated on

the surface of Bi1-xCaxFe1-xNixO3 nanomaterials, an

excited electron (e-) moves from VB to CB and pro-

duces photoinduced holes (h?) on the VB sites. Under

continuous charge-separation process, e- and h?

migrated on the surface of photocatalyst and perform

redox reaction with sorbed radicals. The photogen-

erated holes (h?) respond with H2O and produce

hydroxyl (OH-) radicals, whereas electrons (e-) react

with oxygen (O2) to form superoxide (O2
.2) anion

radicals. These superoxide radicals (O2
.2) combine

with holes to form OH. which is decomposed to OH-

radicals. Lastly, the OH. participates in oxidation

process with MB dye and after reaction CO2 and H2O

are obtained [49]. The complete photocatalytic

mechanism is expressed in the following equations.

Bi1�xCaxFe1�xNixO3 þ hm ! Bi1�xCaxFe1�xNixO3ðe�CB. . .h
þ
VBÞ

O2 þ Bi1�xCaxFe1�xNixO3ðe�CBÞ ! O:�
2 þ Bi1�xCaxFe1�xNixO3

O:�
2 þ H2O ! HO

:

2 þ OH�

HO:
2 þ H2O ! OH: þ H2O2

H2O2 ! 2OH:

OH: þ MB ! CO2 þ H2O

Bi1�xCaxFe1�xNixO3ðhþ
VBÞ þ MB ! degradation products

This improved photocatalytic activity due to

increases charge carrier transfer and decreases charge

recombination rate [50, 51]. The Bi0.90Ca0.10Fe0.90-

Ni0.10O3 photocatalyst was found as the best dye

degradation nanomaterial for degradation of MB

Dye. To illustrate the mechanism of photodegrada-

tion, the trapping experiment provided the precise

results to find the role and responsibility of active

species [52]. The scavenger radicals helped to find out

further explanation of mechanism of photocatalytic

MB dye diminishment from water in the presence of

UV–visible light.

To imitate the mechanism of photocatalytic reac-

tion for the degradation of MB dye, the experiment

was performed in the presence as well as absence of

active species scavengers’ reagents. There were two

Fig. 11 Mechanism of

photocatalytic degradation of

MB dye
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trapping reagents; ethylene diamine tetra-acetic acid

(EDTA) and Isopropanol (IPA) were used as O2
.- and

OH. trapping reagents, respectively. In 10 ppm MB

dye solution, a fixed amount of photocatalyst was

added with same amount of scavenger reagents

EDTA or IPA [50]. The whole photocatalytic reaction

was performed under UV irradiation at constant

temperature. The samples were collected after each

10 min intervals and their absorption spectra was

found with the help of UV–Visible Spectroscopy as

shown in Fig. 12. The absorption graph confirmed

that the photocatalytic activity BiFeO3 and

Bi0.90Ca0.10Fe0.90Ni0.10O3 catalysts decreased in the

existence of EDTA and IPA. The kinetics graphs as

shown in Fig. 13) also confirmed that the MB dye

degradation rate of BiFeO3 was reduced from 95.2 to

71.33% and 1.41% in the presence of EDTA and IPA,

respectively. Similarly, the MB diminishment effi-

ciency for Bi0.90Ca0.10Fe0.90Ni0.10O3 catalysts also

reduced from 98.38 to 48.68% and 29.2% with EDTA

and IPA trapping reagents. The results showed that

holes and superoxide oxygen radicals were mainly

responsible for MB dye degradation [52, 53].

Fig. 12 UV–Visible absorption of MB with different irradiation time in the presence of EDTA and IPA with a–b BiFeO3 and c–

d Bi0.90Ca0.10Fe0.90Ni0.10O3 nano-photocatalyst, respectively
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4 Conclusion

Bi1-xCaxFe1-xNixO3 (x = 0.0, 0.05, 0.10) multiferroic

nanoparticles were synthesized by a well-known

synthesis method named sol–gel using tartaric acid

chelating reagent. Rietveld analysis confirms pure

BFO exhibited rhombohedral structure with R3c

space, whilst co-doped samples show co-existence of

rhombohedral and orthorhombic phases with R3c

and Pnma space group, respectively. Raman spectra

shows reduction in intensity of E(TO2) mode, grad-

ual enhancement in intensity of A1(TO1) mode,

merging of E(TO2) and A1(TO1) mode. Additional

modes above 400 cm-1 involved in changes in mag-

netic behaviour and these modes are boosted for

x = 0.10 samples. Changes in Raman mode’s beha-

viour strongly suggest structural transformation from

R3c to another space group Pnma. The M–H curve of

pure BFO shows antiferromagnetic (AFM) behaviour

with retentivity Mr = 0.005 emu/g and net magneti-

zation MS = 0.11 emu/g at 15 kOe. Whilst the hys-

teresis curve of x = 0.05 and 0.10 samples show

ferromagnetic behaviour with Mr = 0.0018 emu/g

and 0.0078 emu/g and maximum magnetization Ms-

= 0.37 emu/g and 2.94 emu/g at 15kOe, respec-

tively. XPS result indicates the increase of Fe2? ions

with increasing Ca–Ni co-doping. The existence of

Fe2? ions contribute significantly in boosting of

double exchange interaction between Fe2? and Fe3?

ions through oxygen, followed by a drastic change in

BiFeO3 magnetic behaviour from antiferromagnetic

to ferromagnetic nature on Ca–Ni co-substitution.

ESR spectra parameters along with the XPS results

confirm the increase of ferromagnetic properties in

Ca-Ni substituted samples. UV–visible outcomes

specify the energy band gap values reduced after

Fig. 13 C/C0 Vs Time and - Log(C/Co) vs Time of MB degradation in the presence of EDTA and IPA. a, c for BiFeO3 and c, d for

Bi0.90Ca0.10Fe0.90Ni0.10O3 nano-photocatalyst
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substituting Ca-Ni in host BiFeO3 from 2.2 to 2.17 eV

for Bi0.95Ca0.05Fe0.95Ni0.05O3 and 2.2 eV to 2.05 eV for

Bi0.90Ca0.10Fe0.90Ni0.10O3 samples. The photocatalytic

result demonstrated that the Bi0.90Ca0.10Fe0.90Ni0.10O3

photocatalyst shows maximum MB dye degradation

98.36% in 160 min irradiation under UV-light. The

efficient photodegradation of Ca–Ni substituted

BiFeO3 is due to the more photo induced charge

separation and reduction of charge recombination

rate.
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