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ABSTRACT

Controlled synthesis pure-phase Bi0.98Tb0.02Fe1-xCoxO3 (BTFCO, x = 0.01, 0.03,

0.05 and 0.07) nanoparticles with rhombohedral structure using a facile sol–gel

method opens the doors to robust their magnetic and photocatalytic properties

significantly. The microstructure analysis revealed improvement in the surface

morphology with a decrease of average particle size from 64 to 38 nm. No mixed

valance state of iron detected for any sample, which is confirmed by Mössbauer

spectra. The saturation magnetization and remnant magnetization were

increased dramatically from 0.802 and 0.118 emu/g for BFO to 2.261 and

0.737 emu/g, respectively by Tb, Co co-doping. The enhancement of the mag-

netic property is attributed to the breakdown of spin cycloidal structure, spin

canting, and uncompensated spin on the surface of nanoparticles. Furthermore,

the as-synthesized samples are highly effective for rhodamin B (RhB) degra-

dation under visible light irradiation, and the possible photocatalytic mecha-

nism discussed in detail. Bi0.98Tb0.02Fe0.93Co0.07O3 nanoparticles exhibit the best

photocatalytic activity owing to their larger specific surface area, lower band

gap, and reduced average particle size. Besides, 1.2% efficiency retention for the

degradation of RhB dye using BTFCO7 after the 20th cycle suggests a potential

candidate to address the current scenario in the environmental remediation

technology.
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1 Introduction

Multiferroics have attracted mounting interest in the

past few years due to their unique magnetoelectric

coupling [1]. It encourages researchers to explore

promising multifunctional device applications

including spintronics, information storage, sensing,

actuator, and photocatalysis [2, 3]. Among all of the

multiferroics, magnetoelectric bismuth ferrite

(BiFeO3, referred to as BFO) is the most promising

candidate for multifunctional device applications

because of its lofty Curie (TC * 1103 K) and Neel

temperature (TN * 643 K) [4]. BFO is the only single-

phase multiferroic material that reveals both ferro-

electricity and antiferromagnetism at room tempera-

ture [5]. Generally, BFO exhibits a rhombohedrally

distorted perovskite ABO3 structure, in which A-site

and B-site lead to electric and magnetic ordering,

respectively [6, 7]. The antiferromagnetic nature of

BFO is due to the presence of cycloidal spin structure

with zero net magnetic moment. The magnetic

property of BFO can be enhanced using transition-

metal ions as a dopant to Fe3? site. Doping of tran-

sition-metal ions distorts in the lattice structure,

modifies cycloidal spin structures and facilitates the

improvement of the magnetic behaviour of BFO.

Besides, BFO considered as a potential candidate for

the development of wastewater treatment due to its

low cost, small band gap (2.1–2.7 eV), lead-free nat-

ure, efficient charge-carrier separation, high chemical

stability, and saturation polarization (* 90 lC/cm2)

[8, 9]. The relatively narrow band gap of BFO

increases the light absorption efficiency in the visible

region of the electromagnetic spectrum, enhancing

the degradation efficiency of organic pollutants

under visible light irradiation [10, 11]. Moreover, the

ferroelectric properties of BFO can further help to

improve the surface reactivity as well as the charge-

separation efficiency of the photogenerated charges

[12]. Various synthesis techniques and doping with

suitable ions in A-site/B-site or both A- and B-sites

adopted as versatile tools for the enhancement of the

photocatalytic activity and magnetic properties of

BFO [6, 13]. In this regard, doping with foreign

atoms, either trivalent rare-earth ions (such as Ho, La,

Eu, Sm, Gd, Dy, Tb etc.) [7, 14–17] or divalent alkali

earth ions (i.e., Ca, Ba, and Sr) [18–22], in the Bi-site

and transition-metal (such as Mn, Cr, Co, Ni, Ti etc.)

[23–27] in the Fe-site can improve the magnetic

property as well as photocatalytic performance of

BFO. Moreover, it has been reported that the co-

doping of rare-earth/alkaline-earth and transition-

metal ions to both A- and B-sites can significantly

improve the multiferroic properties of BFO [28–32].

In particular, Mao et al. reported a higher magneti-

zation value of 0.535 emu/g and enhanced ferro-

electric property for rare-earth and Cobalt-doped

BFO (Bi0.95Ln0.05Fe0.95Co0.05O3 where Ln = La, Pr)

nanoparticles [29]. In another study, the enhanced

magnetic and ferroelectric properties along with the

reduced leakage current were inspected on a La, Co

co-doped BFO thin film by Yang et al. [30]. The

improved ferroelectric property with reduced leak-

age current by a Tb, Cr co-doping BFO thin film was

investigated by Dong et al. [31]. On the other hand,

co-doping has also a large impact on photoreactivity

[33]. Dopants act like shallow traps for electrons and

holes, which decreases the recombination rate and

increase the photo-generated charge-carrier lifetime,

resulting in the improved photocatalytic behavior of

co-doped BFO [33]. Recently, Irfan et al. have

observed an improved photocatalytic activity for the

detoxification of Congo red (CR) dye using the as-

synthesized La3? and Se4? co-doped BFO [33]. Thus,

the synthesis of co-doped nanoparticles is proven to

tailor the multiferroic properties as well as the pho-

tocatalytic activity of BFO under visible light irradi-

ation. Therefore, it is highly desirable to synthesize

co-doped BFO nanoparticles with more suit-

able dopants to achieve higher multiferroic proper-

ties as well as enhanced photocatalytic performances.

Herein, for the first time, we tried with a new

combination of elements Tb and Co co-doping at A-

and B-sites of BFO [Bi0.98Tb0.02Fe1-xCoxO3 (BTFCO,

x = 0.01, 0.03, 0.05 and 0.07)] nanoparticles using the

sol–gel technique. The effect of co-doping on the

structural, optical, electrical, and magnetic properties

along with the photocatalytic removal of organic

pollutants compared to pure BFO explored. Tb was

chosen here as a suitable dopant to the Bi-site because

of its comparable electronegativity and smaller ionic

radius 0.923 Å (Tb3?) as compared to 1.17 Å (Bi3?).

So, a large structural distortion as expected from Tb

substitution and the spiral spin structure of BFO can

be destroyed by the doping of the Tb3? ion due to its

large magnetic moment, which will enhance the

overall property. On the other hand, cobalt doping to

the Fe3? site will further enhance the magnetic

property of BFO. Doping with Tb and Co may reduce
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the particle size, which have a greater influence on

the magnetic and photocatalytic properties. The

reduction of particle size can improve the magnetic

property by suppressing the spin cycloidal structure.

On the other hand, the diminished particle size may

improve the nanoparticles surface area leading to the

enhancement of the photocatalytic and magnetic

properties. Hence, the motivation of the present

investigation is to co-dope the Tb and Co on the Bi

and Fe sites of pure BFO as well as to study the

doping effect on the magnetic and photocatalytic

properties.

2 Results and discussion

2.1 Structural analysis

Figure 1a demonstrates the powder X-ray diffraction

(XRD) patterns of pure BFO and Bi0.98Tb0.02Fe1-x-

CoxO3 (x = 0.01, 0.03, 0.05, and 0.07) powders. The

intense Bragg features suggest the crystalline nature

of the samples, and the obtained pattern well mat-

ched with the rhombohedral structure and the R3c

space group (JCPDS card No. 00-071-2494). [4] All of

the samples show pure phase, i.e., no additional

impurity phases were detected in any X-ray diffrac-

tion (XRD) peaks by co-doping of Tb and Co to

BiFeO3. Further, the enlarged characteristic peak in

the 2h range of 31–33� shown in Fig. 1b. It is note-

worthy that with increasing Co concentration, there is

a prominent shift of peaks toward higher 2h,

proposing modification of lattice parameters due to

doping of a smaller-ionic-radii dopant Tb3? (0.923 Å)

and Co2? (0.580 Å) to Bi3?(1.17 Å) and Fe3? (0.645 Å)

sites respectively. The shifting may be attributed to

the compressive structural lattice distortion by dop-

ing of foreign elements into BiFeO3 [34]. Further, the

unit cell parameters (a, c, and V) calculated using

X’Pert HighScore and UnitCell software programs

found to decrease with an increase in doping con-

centration (Table 1). The reduction of lattice param-

eters may be ascribed to the dumping of the axial

bonds for the octahedral BiFeO3 by Tb and Co co-

doping. This change in lattice parameter values fur-

ther evidenced the structural distortion. Similar

observations of the lattice parameters were reported

by Anju et al. in Ba, Co co-doped BiFeO3 [35].

Moreover, the broadening of the characteristic peaks

[(104) and (110)] (Fig. 1b) indicates an increase in the

Fig. 1 XRD pattern of pure

and Tb, Co co-doped BiFeO3

nanoparticle in 2h ranges of

a 20–80�, b 31–33� with
Gaussian Peak fit
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lattice strain and a decrease in the crystallite size [36].

The crystallite size and the lattice strain were calcu-

lated by single-line profile analysis (SLPA) consider-

ing two highest-intensity peaks (104 and 110), given

in Table 1. The crystallite size found to decrease from

50.63 to 35.10 nm, and the lattice strain increased

from 0.31 to 0.54 for BFO and BTFCO7, respectively

(Table 1), which is the evidence of broadening the

characteristic peaks [34]. The raise in lattice strain

may be due to the mismatch of ionic size for the host

and dopant ions. Moreover, further increasing the

doping concentration of Co to 9%, some impurity

peaks were observed, including pure BFO peaks

(XRD not shown). Therefore, we chose BTFCO7 (7%

doping of Co) as the best sample and did not increase

the Co concentration. A Similar observation of the

impurity phase in Ba0.1Co0.06BFO ceramic was also

reported by Xi et al. [37].

In addition, the Goldsmith tolerance factor was

calculated using the relation T = RAþRO
ffiffi

2
p

ðRBþROÞ
by taking

the ionic radii reported by Shannon [38]. T factor was

measured as smaller than one (0.88 to 0.89), sug-

gesting the lattice distortion due to compressive

strain acting on the Fe–O or Bi–O bond of BiFeO3.

This is further supported by the change in the c/a

ratio observed with Tb, Co co-doping.

2.2 Morphology

Figure 2 shows the field emission scanning electron

microscopy (FESEM) micrographs of pure and Tb, Co

co-doped BFO nanoparticles. Both pristine and Tb,

Co co-doped samples reveal quasi-spherical mor-

phology with densely packed and homogeneously

distributed particles. The average particle size was

64, 56, 51, 45, and 38 nm for BFO, BTFCO1, BTFCO3,

BTFCO5, and BTFCO7, respectively. The inset digital

photographs (right-hand-side bottom corner, Fig. 2)

show a gradual color change in the synthesized

nanoparticles with increasing Co-doping content. It

noted that the average particle size found to decrease

with an increase in dopant concentration. The

diminution of particle size ascribed to the slower

growth rate because of co-doping [39]. The conse-

quences well correlated with the crystallite size ana-

lyzed using Scherer formula, as shown in Table 1.

2.3 Microstructure

The microstructure analysis further elucidated using

transmission electron microscopy (TEM). Figure 3

shows the TEM, selected area electron diffraction

(SAED), and high-resolution TEM (HRTEM) micro-

graphs of BFO and BTFCO7 nanoparticles. The

micrographs (Fig. 3a and d) display spherical parti-

cles with average particle sizes of 61 nm (BFO) and

37 nm (BTFCO7). The reduction of particle size

(nearly 1.65 times) after co-doping correlated with the

FESEM and XRD results. The SAED images demon-

strated ring pattern well-defined spots for BFO and

the BTFCO7. It suggests a better crystalline nature of

the samples after doping [16]. Again, the inter plan-

ner lattice spacing calculated to be 2.86 Å (BFO) and

2.9 Å (BTFCO7) corresponding the (110) plane, which

is the most intense brag peak in the rhombohedral-

phase BFO (JCPDS 86-1518) [40].

2.4 Dielectric properties

The effect of co-doping on the dielectric properties as

a function of frequency studied at room temperature.

Figure 4 displays a decrease in the dielectric permit-

tivity (e) and dielectric loss tangent (tand) with

increasing frequency from 0.1 kHz to 1 MHz, which

can be explained by dielectric relaxation [41]. At a

low frequency, the dipoles are capable of following

the applied electric field. However, at a higher fre-

quency, the dielectric permittivity is weakly depen-

dent on frequency. Therefore, the dielectric

permittivity of pure and doped BFO depends on the

ferroelectric domain rather than an electric dipole

[42]. Moreover, the dielectric permittivity increased

gradually from 56 (BFO) to 95 (BTFCO7) at 10 kHz

Table 1 Structural parameters

of pristine and Tb, Co co-

doped BiFeO3 nanoparticles

Samples Crystallite size (nm) Strain a (Å) c (Å) V (Å)3 Tolerance factor c/a ratio

BFO 50.630 0.310 5.576 13.861 373.342 0.881 2.485

BTFCO1 49.530 0.341 5.557 13.826 369.740 0.888 2.487

BTFCO3 43.560 0.360 5.534 13.772 365.189 0.889 2.488

BTFCO5 37.401 0.480 5.530 13.765 364.587 0.889 2.489

BTFCO7 35.102 0.542 5.518 13.732 362.141 0.890 2.488
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with an increase in Co concentration, which may be

ascribed to the structural distortion via doping with

smaller-ionic-radii dopants like Tb and Co. However,

the dielectric loss (Fig. 4b) found to decrease due to

the formation of oxygen vacancies by doping Co2? to

the Fe3? site [43]. A higher dielectric loss with doping

of Co to the Fe site of BiFeO3 was also inspected by

Varshney et al. [42].

2.5 Leakage current study

The leakage current density (J) was recorded as a

function of electric field (E) to study the conduction

mechanism of all of the products. Figure 5a shows an

increasing trend of current density with an increase

in the applied electric field. Besides, the value of J

found to decrease for BTFCO1 nearly 1st order,

which might be due to the suppression of oxygen

vacancy. However, with further increase in the Co

concentration, it increased sharply up to 2 orders

compared to pure BFO, which can be well correlated

with the increased tand value due to the formation of

oxygen vacancies resulting from charge imbalance by

doping of Co2? to the Fe3? site [44]. A Similar trend

observed in Ba, Co co-doped BFO ceramics, as

reported by Xi et al. [37].

In get more information about the conduction

mechanism, log J vs. log E plotted and the slopes

were resolute by a linear fit shown in Fig. 5b. Based

on the slope values, the conduction mechanism gen-

erally considered to be Ohmic for slope * 1, space

charge-limited conduction (SCLC) for slope * 2, and

Poole–Frenkel or Schottky for slope value[ 2

[45, 46]. In this report, the slopes were measured to be

0.835, 0.85, 0.99, 1.00, and 0.97 for BFO, BTFCO1,

BTFCO3, BTFCO5, and BTFCO7, respectively, sug-

gesting Ohmic conduction for all of the samples.

Fig. 2 FESEM micrographs

of a pure BFO and

Bi0.98Tb0.02Fe1-xCoxO3 with

b x = 0.01, c x = 0.03,

d x = 0.05, and e, f x = 0.07.

The right corner bottom insets

of a–e show the digital

photographs of as-synthesized

powder samples
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Fig. 3 TEM micrographs of a pure BFO, and d BTFCO7; SAED pattern of b Pure BFO, and e BTFCO7; and HRTEM micrographs of

c pure BFO, and f BTFCO7

Fig. 4 Room temperature a e,
and b tan d as a function of

frequency for BFO and co-

doped BFO nanoparticles

Fig. 5 a J vs. E at room

temperature, and b log J vs.

log E of pure and Tb, Co co-

doped BiFeO3 nanoparticles
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2.6 Magnetic properties

As shown in Fig. 6, the magnetic hysteresis loop was

recorded at room temperature to study the influence

of Tb and Co co-doping on the magnetic behavior of

BiFeO3 nanoparticles. All of the samples revealed a

sizable hysteresis loop with a finite value of the

coercive field (Hc), remanent magnetization (Mr), and

saturation magnetization (Ms). The Ms value

increased from 0.8 (BFO) to 2.26 emu/g (BTFCO7) at

an applied field of 10 kOe, and the Mr value increased

6.25 times compared to pure BFO by Tb, Co co-dop-

ing, as shown in Fig. 6b. The development of mag-

netic behavior primarily attributed to the breakdown

of the spiral spin structure due to the reduction of the

particle size below 62 nm. [47] 48]. Also, the struc-

tural distortion by doping of Tb and Co, as discussed

in XRD, may be a reason for the enhanced magnetic

property. The structural distortion can influence the

Dzyaloshinksii–Moriya (DM) interaction, which

leads to the spin canting and suppresses the cycloidal

spin structure arrangement, resulting improved

magnetic properties [49]. Furthermore, the doping of

Co2? to the Fe3? site can create oxygen vacancy due

to charge imbalance and can enhance the magnetic

behavior of the doped nanoparticles [50]. The sur-

face-to-volume ratio increased as the volume

decreased (discussed in the XRD result), and the

surface area increased (discussed later in BET sec-

tion) with an increase in the Co concentration via

doping. Therefore, extra uncompensated spins on the

surface of the nanoparticles can play a crucial role in

improving the magnetic property [51]. Also substi-

tution of magnetic active transition-metal ion Co

might enhance the magnetic behavior of the as-syn-

thesized samples [52]. The Maximum values of

Ms = 0.535 emu/g and Mr = 0.025 emu/g observed

by La, Co co-doping as reported by Mao et al. [29].

Moreover, a drastic improvement in the coercive

magnetic field from 122.84 to 909.14 Oe was observed

by the doping of Tb and Co simultaneously (inset in

Fig. 6b). The detailed particle size, dielectric constant,

dielectric loss, leakage current, and magnetic

parameters of pure and Tb, Co co-doped BFO sam-

ples presented in Table 2. The enhanced coercive field

of the doped nanoparticles was ascribed to the

improved magneto-crystalline anisotropy and mag-

neto-elastic anisotropy by an increase in the Co con-

centration [43]. Recently, Anju et al. have reported an

enhanced Ms and Mr values of 0.425, and 0.22 emu/g

for Bi0.8Ba0.2Fe0.95Co0.05O3 nanoparticles, respectively

[35]. Godra et al. found an optimum amount of

magnetization (Ms = 1.7) by co-doping of Ba and Co

to the BFO system [50]. In the present work, a con-

siderable improvement in the magnetic property by

Tb, Co co-doping in BiFeO3 nanoparticles was evi-

denced compared to several previous reports

(Table S1, Supporting Information (SI)) based on

various co-doped BFO samples. The enhanced mag-

netic property of the as-synthesized BiFeO3

nanoparticles by Tb, Co co-doping, makes it suit-

able for application in multiple types of magnetic

sensor devices.

2.7 Mossbauer analysis

Room-temperature Mössbauer spectra captured to

identify the oxidation state of iron by doping. Fig-

ure 7 exhibits the mössbauer spectra of BiFeO3 and

Tb, Co co-doped BiFeO3 nanoparticles operated at a

constant acceleration mode in transmission geometry

with 25 mCi of the Co [56] source in the Rh matrix.

All of the samples well fitted with two sextets (red

Fig. 6 a Room-temperature

M–H hysteresis loop of pure

and Tb, Co co-doped BiFeO3

nanoparticles. b Variation of

magnetic parameters (Ms, Mr

and Hc) with doping

concentration of cobalt
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and green colors) and one doublet (blue color). The

observed hyperfine parameters from the fitting are

tabulated in Table 3. A doublet shown in the samples

may be a super paramagnetic doublet due to smaller

particle size.

Generally, the oxidation state of iron is confirmed

by the isomer shift values [53]. The isomer shift val-

ues of all of the pure and doped samples were found

to be in the range of 0.318–0.377 for both sextets A

and B. Further, the isomer shift values for the doublet

were measured to be in the range of 0.028–0.409. All

isomer shifts for Sextet A, Sextet B, and Doublet were

confirmed the 3? oxidation state of iron [47].

Diminutive values of isomer shift data point toward

the fact that the local environment of iron did not get

changed by Tb and Co co-doping. Furthermore, a

negative value of quadruple splitting (DEQ) was

observed for sextet B corroborated to the G-type

antiferromagnetic nature of BFO. However, the DEQ

value for sextet A observed to be significantly supe-

rior to sextet B, which confirmed the ferromagnetic

nature of the co-doped BiFeO3 nanoparticles.

2.8 N2 adsorption–desorption isotherms

The specific surface area was calculated to measure

the exact surface area of the samples using the Bru-

nauer–Emmett–Teller (BET) method. In general, a

photocatalyst with a larger surface area induces a

higher photoactivity. Hence, the N2 adsorption–des-

orption isotherm measurement along with Barrett–

Joyner–Halenda (BJH) pore size distribution was

employed to study the effect of co-doping on the

surface area and total pore volume of BFO nanopar-

ticles. Figure 8 shows that the N2 adsorption–des-

orption isotherms are type IV isotherms, where the

starting region is nearly related to type II isotherm

according to the Brunauer classification, suggesting

mesoporous material [54, 55]. A Similar isotherm

trend was observed by Irfan et al. in Gd3? and Sn4?

co-doped BFO nanoparticles [55]. The specific surface

area (total pore volume) was estimated to be 33.3 m2/

g (0.094 cm3/g), 43.6 m2/g (0.141 cm3/g), 49.8 m2/g

(0.149 cm3/g), and 56 m2/g (0.166 cm3/g) for pure

BFO, BTFCO3, BTFCO5, and BTFCO7, respectively. It

observed that BTFCO7 has a larger specific surface

area and higher pore volume than other samples,

which attributed to the smaller particle size. Hence,

the results suggested that the surface area enhanced

with an increase in the Co content at BTFO, which

might accelerate the photocatalysis process for the

degradation of the RhB dye with superior perfor-

mance using co-doped BFO nanoparticles.

Table 2 Variation of particle size, dielectric constant, dielectric loss, leakage current and magnetic parameters of pure and Tb, Co co-

doped BFO nanoparticles

Samples Particle size

(nm)

Dielectric

constant

(at 104 Hz)

Dielectric loss (at

104 Hz)

Leakage current (A/

cm2)

Mr (emu/

g)

Ms (emu/

g)

Hc (emu/

g)

BFO 64 55 0.028 1.99 9 10–7 0.118 0.802 122.841

BTFCO1 56 68 0.056 2.62 9 10–8 0.341 1.120 826.493

BTFCO3 51 74 0.133 4.53 9 10–6 0.517 1.550 860.692

BTFCO5 45 85 0.257 1.87 9 10–5 0.531 2.083 872.094

BTFCO7 38 96 0.259 9.8 9 10–5 0.737 2.261 909.143

Fig. 7 Room-temperature Mössbauer spectra pure and Tb, Co co-

doped BiFeO3 nanoparticles
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2.9 Optical analysis

Figure 9 shows the UV–Visible absorption spectra of

BiFeO3 (BFO) and Tb, Co co-doped BFO nanoparti-

cles. All of the samples exhibit absorbance peaks

(Fig. 9a) in the wavelength range of 400–550 nm. This

indicates that the band gap is in the visible region of

the electromagnetic band. A shifting of absorbance

spectra toward higher wavelength (red shift) was

observed for Tb, Co co-doped BFO nanoparticles. The

red shift of absorbance peaks may be due to the

higher lattice strain and smaller particle size, as

reported in the XRD and TEM data [56]. Moreover,

the band gap of pure and co-doped BFO nanoparti-

cles was measured from the point of inflection at the

first derivative of absorption spectra and found to be

decreased from 2.33 to 1.87 eV for BFO to Tb, Co co-

doped BTFO (Fig. 9b) [57]. Especially this reduced

band gap value is much lesser than in the previously

reported BFO-based materials [3, 58, 59]. The smallest

band gap of 1.87 eV observed for 7% Co-doped BTFO

(BTFCO7) indicated a semiconducting behavior of

the sample. Further, the band gap of pure BFO and

co-doped BFO nanoparticles was measured using the

Tauc equation [(ahm)2 versus photon energy (hm)] for

comparison [60]. From the Tauc plot (Fig. S1), the

band gap was measured to be 2.02, 1.97, 1.7, 1.69, and

1.64 eV for BFO, BTFCO1, BTFCO3, BTFCO5, and

BTFCO7, respectively. This semiconducting behavior

may be accredited to the formation of oxygen

vacancy, as confirmed by the dielectric and leakage

current analysis. Therefore, the smaller band gap of

the Bi0.9Tb0.02Fe0.93Co0.07O3 photocatalyst makes it a

potential candidate for degradation of organic dye

under visible light irradiation.

Furthermore, the band structure of pure and doped

samples was studied by way of electronegativity. The

positions of conduction band (CB) and valence band

(VB) of the synthesized nanoparticles were calculated

using the empirical formula given below [61]

ECB ¼ v� Ee � 0:5Eg ð1Þ

EVB ¼ ECB þ Eg ð2Þ

where EVB stands for the valance band edge potential

and ECB represents the conduction band edge

potential. Ee demonstrates the energy of free elec-

trons vs. hydrogen scale (* 4.5 eV) and Eg signifies

the optical band gap of synthesized nanoparticles

measured from UV–Visible absorption spectra. The

electronegativity (v) of semiconductor was calculated

using the following Eq. [61]

v ¼ vBið Þa� vFeð Þb� vOð Þc
h i1=ðaþbþcÞ

ð3Þ

Herein, a, b and c depicts the number of atoms

existing in the compound. The obtained v value for

Table 3 Hyperfine parameters of as-synthesized pure and Tb, Co co-doped BiFeO3 nanoparticles

Sample Fe sites Isomer

shift

(d) mm/s

± 0.01

Quadrupole

splitting (DEQ) mm/s

± 0.01

Hyp. Mag

field

(Hhf) Tesla

± 0.06

Relative

Area, RA (%)

Line

width

(U) mm/s

± 0.05

Goodness

of fit

(v2)

BFO Sextet A (Fe3?) 0.340 0.330 49.760 33.701 0.337 1.146

Sextet B (Fe3?) 0.375 - 0.010 49.100 64.801 0.465

Doublet (Fe3?) 0.409 0.247 – 1.501 0.501

BTFCO1 Sextet A (Fe3?) 0.347 0.250 49.701 46.403 0.375 1.001

Sextet B (Fe3?) 0.372 - 0.051 48.910 52.302 0.467

Doublet (Fe3?) 0.188 0.438 – 1.302 0.501

BTFCO3 Sextet A (Fe3?) 0.342 0.237 49.681 29.501 0.318 1.023

Sextet B (Fe3?) 0.374 - 0.040 48.690 69.401 0.547

Doublet (Fe3?) 0.132 0.424 – 1.101 0.501

BTFCO5 Sextet A (Fe3?) 0.377 0.314 49.242 38.903 0.366 0.980

Sextet B (Fe3?) 0.359 - 0.139 48.901 59.702 0.412

Doublet (Fe3?) 0.287 0.284 – 1.402 0.350

BTFCO7 Sextet A (Fe3?) 0.318 0.214 49.770 31.701 0.340 1.091

Sextet B (Fe3?) 0.383 - 0.070 48.591 67.401 0.390

Doublet (Fe3?) 0.028 0.571 – 0.902 0.350

7964 J Mater Sci: Mater Electron (2021) 32:7956–7972



BFO was determined to be 5.88 eV. Figure 10 repre-

sents the measured band edge (VB, CB) position of

pure and Tb, Co co-doped BFO nanoparticles. The

valence band edge (EVB) position was found to be

2.55, 2.49, 2.50, 2.35, and 2.32 eV for BFO, BTFCO1,

BTFCO3, BTFCO5, and BTFCO7, respectively and the

conduction band edge (ECB) was estimated to be

0.22 eV (BFO), 0.26 eV (BTFCO1), 0.32 eV (BTFCO3),

0.40 eV (BTFCO5), and 0.45 eV (BTFCO7) respec-

tively verses normal hydrogen electrode (NHE).

2.9.1 Photocatalytic degradation

Photocatalysis technology has widely proven to

address the environmental issue for the degradation

of organic pollutants [62–64]. The photocatalytic

activities of the as-synthesized pure BFO, BTFCO1,

BTFCO3, BTFCO5, and BTFCO7 nanoparticles along

with standard P-25 (TiO2 nanoparticles * 21 nm

diameter) evaluated for the removal of rhodamine B

(RhB) dye under an incident 500 W halogen lamp

(visible light) irradiation. TiO2 is considered as a

benchmark photocatalyst under UV light, due to its

high photocatalytic activity, excellent physical and

chemical stability, low cost, noncorrosive nature,

nontoxicity, and high availability in the market.

Therefore, we compare the photocatalytic behavior of

as-synthesized BFO with standard TiO2 [65]. Before

irradiation, the RhB aqueous solutions (10-5 mol/L),

and the photocatalysts were magnetically stirred for

30 min in the dark to attain the adsorption–desorp-

tion equilibrium. Figure 11a reveals the UV–Vis

absorption spectra as a function of incident time for

RhB aqueous solution (kmax = 554 nm) in the pres-

ence of BTFCO7 photocatalyst under incident visible

light irradiation. The absorbance intensity found to

be decreasing (Fig. 11a) with increasing the incident

duration, suggesting the photocatalytic degradation

of the RhB dye molecule. Figure 11b shows the RhB

degradation performance of all samples, including

Standard TiO2 (P-25) by plotting relative

Fig. 8 N2 adsorption/desorption isotherms of a BFO, b BTFCO3,

c BTFCO5, and d BTFCO7

Fig. 9 a UV–Visible absorption spectra of pure BFO and Bi0.98Tb0.02Fe1-xCoxO3(x = 0.01, 0.03, 0.5 and 0.07) nanoparticles, b Plot of

band gap as a function of Co concentration
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concentration (C/C0) versus time in the dark and

under irradiation, where C0 and C are the initial RhB

concentration and RhB concentration after irradiation

time, respectively. The photocatalytic degradation

efficiency of the RhB dye for pure BFO and Tb, Co co-

doped BFO nanoparticles was estimated using

equation (C0 – C)/C0 9 100. A negligible decrease in

the RhB dye concentration (Fig. 11b) for all samples

was found under dark conditions. The photocatalytic

RhB degradation activity was measured to be in the

order of BTFCO7 (92%)[BTFCO5 (84%)[BTFCO3

(79%)[TiO2 (77.4%)[BTFCO1 (72%)[BFO

nanoparticles (70%). The higher photocatalytic per-

formance of BTFCO7 ascribed to its higher surface

area, lower band gap, and smaller particle size. The

RhB degradation efficiency found to be higher com-

pared to several BFO-based materials (Table S2, SI).

Further, the RhB dye degradation rate constant cal-

culated from the slope of the straight-line plot ln(C0/

C) as a function of irradiation time (Fig. 11c). The

reaction rate constant of the RhB dye concentration

was estimated to be 0.0145, 0.0151, 0.018, 0.021, 0.029,

and 0.0171 min-1for BFO, BTFCO1, BTFCO3,

BTFCO5, BTFCO7, and TiO2 (P-25) nanoparticles,

respectively. The pure BFO nanoparticles exhibit the

lowest photocatalytic activity compared to doped

samples, which attributed to their larger size, lower

surface area, and larger band gap. Moreover, both the

stability and reusability of the catalyst play a crucial

role in industrial application. In this regard, we use

our best sample BTFCO7 nanoparticles for several

cycles (20 cycles) to study the photocatalytic repro-

ducibility (Fig. 11d). The degradation efficiency of

the RhB dye found to be 90.46% (Fig. 11d) for the 20th

cycle using BTFCO7 nanoparticles. The negligible

decrease in efficiency (1.0%) after 20th cycle observed

for the removal of the RhB dye under visible light

using BTFCO7 nanoparticles, which confirms its sta-

bility for industrial applications. Moreover, the

comparison of nanoparticle based morphology for

the degradation of various dyes is shown in Table 4.

The present photocatalytic process mechanism of

the RhB dye explained as follows. On irradiating

visible light ([Eg) over the BTFCO7 catalyst, elec-

trons (e–) and holes (h?) produced in the valance

band (VB) and conduction band (CB), respectively

(Scheme 1). The free electrons in the CB of BTFCO7

nanoparticles (ECB = ? 0.45 V vs. NHE) are more

positive than O2/*O2
– (ECB = - 0.33 eV vs. NHE),

suggesting that the electrons cannot reduce the oxy-

gen molecule (O2) to superoxide radicals (*O2
–). Thus,

the gathered electrons in the CB of BTFCO7 can

transform the adsorbed oxygen molecule to H2O2

(ECB = ? 0.682 eV vs. NHE) [61]. Then, the pro-

duced hydrogen peroxide (H2O2) molecules react

with free electrons to form hydroxyl radicals (*OH).

Meanwhile, the holes in the VB cannot react with

absorbed OH- and water (H2O) to generate *OH

radicals, since the potentials of *OH/OH- (EVB-

= ? 2.38 eV vs. NHE) and *OH/H2O (EVB-

= ? 2.72 eV vs. NHE) are higher than VB potential

of BTFCO7(EVB = ? 2.32 eV vs. NHE) [61]. There-

fore, the formed hydroxyl radicals (*OH) would react

directly with RhB to produce the final degraded

products as H2O and CO2.

3 Conclusions

In summary, single-phase pure and Tb, Co co-doped

BiFeO3 nanoparticles were synthesized by a facile

sol–gel technique. The particle size of pure BFO was

reduced to 1.68 times by Tb, Co co-doping. Tb, Co co-

doped BFO nanoparticles observed a significant

Fig. 10 Schematic

representation of measured

band edge position (VB and

CB) for BFO, BTFCO1,

BTFCO3, BTFCO5, and

BTFCO7 nanoparticles
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Fig. 11 a Changes in UV–Vis

absorption spectrum of

aqueous RhB solution

(1 9 10–5 M) irradiated for

different durations with

BTFCO7. b Photocatalytic

degradation efficiency of as-

synthesized photocatalysts

along with P-25 for

comparison. c Photocatalytic

degradation kinetics of RhB

dye with all of the samples.

d Cyclic stability performance

of RhB dye degradation using

BTFCO7 nanoparticles for 20

cycles

Table 4 The photocatalytic performance of nanoparticles based morphology for the degradation of dyes

Catalyst name Synthesis method Light

source

Dye Degradation

efficiency

(%)

Reaction

rate constant

References

CuO Solid state thermal

decomposition

UV lamp

(254 nm)

MB 97 0.018 min-1 67

NiO Solid state thermal

decomposition

UV lamp

(254 nm)

MB 97 0.017 min-1 68

Au/TiO2 Deposition–

precipitation

UV lamp

(365 nm)

SO 97 0.006 min-1 69

TiO2 Hydrothermal 6 W lamp

(365 nm)

MB 97 0.018 min-1 70

N’((E)-benzylidene)-2-(4-

((E) hydrazonomethyl)phenoxyl)acetohydrazide

(H3)

Re-precipitation

method

– – 96.7 – 71

TiO2 Modified

hydrothermal

UV lamp

(254 nm)

MB 96 0.013 min-1 72

In2O3 Hydrothermal and

thermal

trearment

UV light

(365 nm)

RhB 88 – 73

BTFCO7 Sol–gel Halogen

lamp

(500 W)

RhB 92 0.017 min-1 This work
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improvement of the magnetic property with

increased saturation magnetization and coercive

magnetic field from 0.802 (BFO) to 2.261 emu/g

(BTFCO7) and 122.841 (BFO) to 909.143 Oe (BTFCO7),

respectively. Further, the remnant magnetization

enhanced 6.25 times of pure BFO by Tb, Co co-dop-

ing. The isomer shift value obtained from Mössbauer

spectra confirms the 3? oxidation state of iron.

Besides, 7% Co-doped BTFCO nanoparticle exhibited

a high surface area (56 m2/g) compared to pure BFO.

The optical band gap found to be decreasing in co-

doped samples. The smaller particle size, larger sur-

face area, and lower band gap make the Bi0.98Tb0.02-

Fe0.93Co0.07O3 nanoparticle as a better photocatalytic

candidate for degradation of the RhB dye. The

degradation efficiency found to be 92% for BTFCO7.

The minor reduction in efficiency (1.0%) after the 20th

cycle observed for the removal of the RhB dye under

visible light using BTFCO7 nanoparticles, which

confirmed its stability for industrial applications.

Moreover, the improved magnetic property and

photocatalytic activity of Tb, Co co-doped BFO

nanoparticles makes them a potential candidate for

multifunctional device applications.

4 Experimental segments

4.1 Materials synthesis

A facile sol–gel method is used to synthesize pure

BiFeO3 (BFO) and Bi0.98Tb0.02Fe1-xCoxO3 (BTFCO)

with x = 0.01, 0.03, 0.5 and 0.07 nanoparticles, and the

compositions are named as BFO, BTFCO1, BTFCO3,

BTFCO5, and BTFCO7, respectively (Scheme 2). The

high-purity reagents of Bi(NO3)3�6H2O, Tb(NO3)3-

5H2O, Fe(NO3)3�9H2O and Co(NO3)2�6H2O in a stoi-

chiometric ratio were dissolved in ethylene glycol

(C2H6O2) with constant stirring at 80 �C for 60 min,

then a gel was formed after drying the solution at

80 �C for 10 h in an oven. The prepared gel was

preheated at 400 �C for 60 min, grinded using a

mortar and pastel and finally, annealed at 550 �C for

60 min. The prepared powders were washed several

times using distilled water and isopropanol and

dried at 60 �C overnight.

4.2 Characterization

For structural analysis, the samples were character-

ized by a high-resolution powder X-ray diffractome-

ter using Cu Ka radiation (BRUKER D8 ADVANCE)

with scanning angle 20–80�. The morphology and

microstructural characterization of the powders were

obtained by a field emission scanning electron

microscope (SIGMA, Carl Zeiss) and high-resolution

transmission electron microscope (FEI Tecnai G2 30,

Hillsboro, U.S.A) respectively. For the electrical

measurements, the green pellets were prepared with

thickness (2 mm), diameter (10 mm) and PVA

(polyvinyl alcohol (5%)) as a binder and sintered for

60 min at 600 �C in a high temperature Lenton Fur-

nance. Then, both sides of sintered pellets were

coated using silver paste. The dielectric properties

were studied using a Dielectric/Impedance Alpha-A

Analyzer (Novocontrol Broadband). The I–V charac-

teristics were investigated using a Sourcemeter

(Keithley,Model No: 2450).Room temperature mag-

netic (M–H) loops were measured by a Vibrating

Sample magnetometer (USA; Model 7404).Mössbauer

spectrometerwas operated at constant acceleration

mode (triangular wave) with transmission geome-

try.The UV–Vis spectra of the powders were carried

out using UV Visible Spectrophotometer (JASCO,V-

670 PC). The specific surface area, total pore volume

and pore size distribution of the samples were ana-

lyzed using a BET surface area analyzer instrument at

77 K (Quantachrome USA).
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