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ABSTRACT

The heterojunction composites (Ba0.85Ca0.15)(Zr0.1Ti0.9)TiO3(BCZT)/Bi2O3 with

different weight ratios (75:25, 50:50 and 25:75) were successfully synthesized by

solid-state route. As-synthesized composite powders were characterized by

XRD, FESEM, EDX, UV–visible and photoluminescence spectroscopy. Photo-

catalytic activity evaluation was carried out by the degradation of rhodamine B

(RhB) under UV and visible light exposure. The results show that the hetero-

junction composites BCZT/Bi2O3 display better photocatalytic activity than

pure BCZT or Bi2O3. Among all the heterojunction composites, BCZT/Bi2O3

(50:50) composite exhibits a lower recombination rate of electron–hole pair and

shows the highest photocatalytic activity. The rate constant of BCZT/Bi2O3

(50:50) composite for RhB degradation is 15.4 and 2.1 times higher than those of

pure BCZT and Bi2O3 under visible light irradiation, respectively. Finally, a

possible mechanism for enhanced charge separation and photodegradation is

proposed.

Introduction

Contamination of the water bodies is one of the major

global problems, thus affecting the equilibrium of

ecosystem which is caused by dumping all the waste

from textile industries, chemical industries and other

harmful organic pollutants due to rapid industrial-

ization. There are many ways to treat these wastes

such as filtration, ion exchange, biological treatment

and adsorption on activated charcoal, but they have

disadvantages such as high cost, low efficiency and

high sludge production. Photocatalytic oxidation

process has been extensively studied owing to its

advantages such as low cost, non-toxic, stability

under illumination and high reproducibility. Since

the past decades, many semiconductor systems such

as TiO2 [1], ZnO [2] and SnO2 [3] had been studied for

photocatalytic activity. But the problems with this

system are that they can utilize only 4% (UV) of the

solar spectrum and high recombination rate of elec-

trons and holes. There are many strategies to tackle

this problem such as introduction of defect levels into

the band gap by doping, metallization and hetero-

junction formation. Among all these strategies,
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heterojunction coupling of two or more semicon-

ductors has been the most effective strategy to

enhance the lifetime of electrons and holes, owing to

its advantages including non-toxicity, non-selectivity,

cost-effectiveness and total removal of pollutants [4].

Ferroelectric oxides such as PZT [3, 5, 6], BaTiO3

[7–10], KNbO3 [11] and SrTiO3 [12] are also studied

for photocatalytic applications. But the problem with

these systems is that they have high band gap

([ 3 eV), thus utilizing only UV portion of solar

spectrum. The advantage of these systems is the

presence of inbuilt electric filed which helps in sep-

aration of electrons and holes, thus enhancing their

life span [13–15]. In order to enhance the photoab-

sorption in visible region of solar spectrum, hetero-

junction has been made with Bi2O3 [16–19], Cu2O

[20], Ag2O [21] and Fe2O3 [22] due to their matching

band potentials with ferroelectric systems. Among

different narrowband gap oxides (Bi2O3, Cu2O, Ag2O

and Fe2O3) semiconductors, Bi2O3 is preferred due to

having a band gap of 2.2 eV, strong oxidation ability

of the valence band (VB) and excellent visible-light-

absorbing capacity. Despite the advantages of Bi2O3,

it is seldom used as a photocatalyst due to the

reduction capability of conduction band (CB)

(0.63 eV) which is more positive than the potential of

O2/�O�
2 (- 0.33 eV). Therefore, the e� on the CB of

Bi2O3 cannot reduce the adsorbed O2 into �O�
2 , which

results in short life span of charge carriers [23].

During the past few years, many reports are available

on the preparation of oxide ferroelectrics–narrow-

band gap oxide heterostructure due to polarization-

dependent surface properties of heterogeneous pho-

tocatalyst. Among them, PZT/TiO2 [6], Bi2O3/BaTiO3

[17, 19], Fe2O3/BaTiO3 [22] and Bi2O3/KNbO3 [18]

have been promising. The breakthrough made by Liu

and Ren et al. in BaTiO3 ceramics with Ca and Zr co-

doping [0.5Ba(Zr0.2Ti0.8)O3–0.5(Ba0.7Ca0.3)TiO3] has

offered a significant impact on the development of

lead-free piezoceramics. The high saturation polar-

ization (17lC/cm2) and large piezoelectric properties

(d33[ 500pC/N) of BCZT make it a potential mate-

rial for ferroelectric and piezoelectric applications

[24–26]. However, BCZT is a wide band gap material.

The fabrication of heterojunction with narrow band

gap oxide semiconductor with matching band

potentials can facilitate the high visible light activity

and interfacial charge transfers and enhance the life

span of photoinduced charge carriers. Till now, to the

best of our knowledge there is no literature available

on photocatalysis of BCZT and there are also no

reports available on formation of heterojunction with

BCZT. The present paper aims to improve the pho-

tocatalytic activity of BCZT by making heterojunction

with Bi2O3. So, in the present work heterojunction has

been made between BCZT and Bi2O3 which has a

band gap of 2.2 eV and matching band potentials. In

the present work, the objective is to make the

heterojunction between BCZT and Bi2O3 by varying

weight ratios and to study the effect of composite on

UV–visible absorption spectrum and photocatalysis.

Finally, a mechanism behind the photocatalytic

degradation of RhB has also been proposed.

Experimental procedure

Synthesis of BCZT

BCZT was synthesized by conventional solid-state

reaction route. Barium carbonate (Sigma-Aldrich,

99%), calcium carbonate (Sigma-Aldrich, 99%), zir-

conium dioxide (Sigma-Aldrich, 99.9%) and titanium

dioxide (Sigma-Aldrich, 99.0%) were used as pre-

cursor materials. A stoichiometric amount of pow-

ders was mixed by a planetary mill (Fritsch

Pulverizer) for 10 h with zirconia ball using isopropyl

alcohol as the media. The mixture was dried at

100 �C overnight in an oven. The mixture was placed

in an alumina crucible, which was subsequently

inserted into the furnace and calcined at 1300 �C/4 h,

in air.

Fabrication of BCZT/Bi2O3 composite

BCZT/Bi2O3 composite was prepared by solid-state

method. Nano-Bi2O3 (Sigma-Aldrich, 99%) and the

prepared BCZT were weighed according to BCZT:

Bi2O3 = 100:0%, 75:25%, 50:50%, 25:75% and 0:100%

(mass ratio). After that the powders were wet milled

in pot mill using isopropanol for 6 h. The mixture

was dried under IR lamp and calcined at 500 �C for

1 h. The reason for calcination is to provide sufficient

bonding between the two oxides, which could pro-

vide a special condition for charge transfer from one

particle to another via interfaces.
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Characterizations

XRD patterns of the composites were recorded by

Rigaku Ultima-IV with CuKa (1.54178Ao). The par-

ticle morphology was characterized by using FESEM

[Nova NanoSEM 450] and TEM (Tecnai G230ST-FEI).

Photoluminescence analysis was obtained by using a

WITec alpha 300R, using an excitation wavelength of

355 nm. The light absorption spectrums were mea-

sured using a UV–visible spectrophotometer (Perk-

inElmer, USA) equipped with an integration sphere.

The photocatalytic reaction was carried out in a stir-

red photoreactor with a capacity of 400 mL with a

medium-pressure mercury vapor lamp 250 W and

high-pressure mercury vapor lamp 450 W (Lelesil)

placed inside the photoreactor as the main UV and

visible irradiation sources. The inner immersion well

was fixed with a water inlet and outlet for cold water

circulation during the photochemical process. For

photocatalytic experiments, initially 100 mg of the

sample was added to 100 ml of rhodamine B (RhB)

solution (10 mg/L) and ultrasonicated for 5 min.

Initial pH of the RhB solution was * 5. Later, the

mixture was stirred in the dark condition for 30 min

to reach the adsorption/desorption state of equilib-

rium. Periodically (15 min), a 10-ml sample was

injected out of the reaction vessel and the extent of

degradation was measured by using Eq. (1).

Degradation ð%Þ ¼ 1 � C

C0

� �
� 100 ð1Þ

where C0 is the concentration at time ‘t0’ and C is the

concentration at time ‘t’.

Experiments were also carried out under different

pH conditions (1, 3, 9 and 11). pH of the RhB solution

was varied by adding HCl or 1 M NaOH solutions.

Finally, to check the reusability, the photocatalyst

was separated by centrifugation after each cycle and

used for the next cycle without any pre-treatment.

Results and discussion

XRD analysis

Figure 1 shows the XRD patterns of BCZT, Bi2O3 and

BCZT/Bi2O3 composites with different weight ratios

synthesized by solid-state route. For pure BCZT, all

the diffraction peaks can be assigned to the tetragonal

phase (JCPDS File No. 89-1428) and pure Bi2O3 was

monoclinic (JCPDS File No. 71-2274). In the case of

BCZT/Bi2O3 composite, there were two sets of

diffraction peaks, which were correspondingly

ascribed to tetragonal BCZT and monoclinic Bi2O3.

No other characteristic peaks were detected, indicat-

ing that as-prepared composites consist of tetragonal

BCZT and monoclinic Bi2O3 and no appreciable

chemical reaction occurred between BCZT and Bi2O3

during the calcination process at 500 �C.

UV–visible spectroscopy

The UV–visible absorption spectra of prepared com-

posites by solid-state method are shown in Fig. 2. The

band gap of BCZT and Bi2O3 was found to be 3.1 eV

and 2.2 eV, respectively. The optical absorption of

BCZT/Bi2O3 composite prepared by solid-state route

starts at about 550 nm. With increasing Bi2O3 content,

absorbance intensity of composite increases under

visible light. It can be observed that BCZT/Bi2O3

heterostructures show broad absorption bands,

which shows that the composites have enhanced

visible light absorption when compared with pure

BCZT. In the present study, two absorption edges can

be clearly observed when the content of Bi2O3 reaches

75% and 50% for the samples prepared by this syn-

thesis technique. Xi et al. [17] reported that two

absorption edges can be found when the content of

Bi2O3 reaches 90%, and according to Fan et al. [19],

single absorption edge can be observed for 75:25 and

50:50 Bi2O3/BaTiO3 composite. So BCZT/Bi2O3

Figure 1 XRD patterns of the as-prepared samples with different

BCZT/Bi2O3 mass ratios prepared by solid-state route.
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composites can play a significant role in photocat-

alytic degradation of RhB under visible light

irradiation.

FESEM analysis of BCZT/Bi2O3 composites

Figure 3 shows the FESEM micrograph of BCZT,

Bi2O3 and calcined BCZT/Bi2O3 composite powders.

From the micrograph, it can be observed that BCZT

particles are agglomerated and submicron in size,

while the Bi2O3 consists of spherical and plate like

nature. BCZT/Bi2O3 composite contains both irreg-

ular and spherical kind of particles. The distribution

of Bi2O3 on the surface of BCZT was further con-

firmed by EDS. Figure 4 shows the EDS color map-

ping of the BCZT/Bi2O3 composite samples. From

the color mapping of the images, it can be found that

the concentration of Bi2O3 increases on the surface of

BCZT with an increase in BCZT/Bi2O3 molar ratio.

Photoluminescence spectroscopy of BCZT/
Bi2O3 composites

The room-temperature PL spectra of BCZT and

BCZT/Bi2O3 composites are shown in Fig. 5. The

samples are excited at 427 , nm and all the samples

show green emission (525 nm). The existence of vis-

ible light emission may be due to the inherent prop-

erties of perovskites structure [27]. The green

emission band observed at 525 nm is frequently

caused by the electron transition from the conduction

band to oxygen antisites or by donor–acceptor

recombination [28]. However, for BCZT/Bi2O3

composites, similar emission occurs with primary

peak around 525 nm. In general, a high intensity in

PL is attributed to the high recombination rate of

electrons and holes. Therefore, lower intensity of PL

reveals lower recombination probability of charge

carriers and PL analysis can be regarded as an effi-

cient approach to study the separation efficiency of

photo-generated carriers [27, 28]. Due to formation of

heterojunction, PL quenching is observed in BCZT/

Bi2O3 composites, showing that heterojunctions pos-

sess lower recombination probability of photo-gen-

erated carriers compared to that of pure BCZT.

Furthermore, lowest PL intensity observed for 50:50

composite among all the samples confirms the

enhancement of charge separation capability in

heterostructure catalyst between BCZT and Bi2O3.

Photocatalytic activity of BCZT/Bi2O3

composites

The photocatalytic activity of as-prepared BCZT/

Bi2O3 composites was carried out under UV and

visible light irradiation with time for degradation of

RhB which has a significant peak at 554 nm. Figure 6

shows the degradation of the dye for all the samples

as a function of time. From Fig. 6a, b, it can be

observed that BCZT, Bi2O3 and BCZT/Bi2O3 (75:25,

50:50 and 25:75) composites can degrade only 23%,

33%, 66.5%, 85% and 53% of the dye after 60 min of

UV light irradiation and 14%, 66%, 75.4%, 92% and

70% of the dye after 60 min of visible light irradia-

tion. The experiment was also performed on RhB

Figure 2 UV–Vis absorption spectra of BCZT, Bi2O3 and BCZT/Bi2O3 composites.
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without adding any photocatalyst, and it has been

observed that no degradation took place after illu-

minating for 1 h. It means that the degradation of dye

took place only in the presence of photocatalyst. It

was observed that 50:50 composite has yielded

highest RhB degradation which was 3.69 and 2.5,

under UV light irradiation and 6.5 and 2.5 times

better than BCZT and Bi2O3 samples under visible

Figure 3 FESEM micrograph of pure BCZT, Bi2O3, and BCZT/Bi2O3 composites.

Figure 4 EDS color mapping of BCZT/Bi2O3 composite.

1908 J Mater Sci (2020) 55:1904–1914



light irradiation. For comparison, the commercial P25

was also studied under similar irradiation condition

and it can degrade 87% and 60% of the RhB solution

in 60 min under UV and visible irradiation condi-

tions, respectively. It is clear that the photocatalytic

activity of BCZT/Bi2O3(50:50) is comparable to the

P25 under UV irradiation but almost 50% higher than

the P25 under visible light irradiation. To quantita-

tively analyze the reaction kinetics of RhB degrada-

tion, the experimental data in Fig. 7 could be fitted by

the Langmuir–Hinshelwood model, as expressed by

the following equation [29]:

lnðCo=CÞ ¼ Kot ð2Þ

where Co and C are the concentrations of RhB at

different irradiation times of to and t, respectively,

and ‘‘k’’ is the pseudo-first-order rate constant of

photodegradation (min-1). From the linear fitting

curves of ln(Co/C) versus irradiation time ‘t’ in

Fig. 7a, b, the RhB degradation rate constant k was

found to be 0.0044, 0.0065, 0.0187, 0.030 and 0.012

under UV light irradiation for the BCZT, Bi2O3 and

BCZT/Bi2O3 (75:25, 50:50 and 25:75) composites,

respectively. Under visible light irradiation, the rate

constants were 0.0025, 0.0188, 0.0237, 0.0395 and

0.0204 for the BCZT, Bi2O3 and BCZT/Bi2O3 (75:25,

50:50 and 25:75) composites, respectively. Among

them, the 50:50 sample exhibited the highest k value

which is 6.87 and 4.64, 15.4 and 2.1 times greater than

that of BCZT and Bi2O3 samples under UV and vis-

ible light irradiation.

We have also studied the adsorption capacity of

the catalyst with time before the light was turned on.

The concentration of the dye decreases very mar-

ginally with time because of the adsorption of the dye

molecules on the catalyst surface. In addition, the

degradation of the dye due to the adsorption is very

small [1.7% for BCZT and 2.8% for BCZT/Bi2O3

(50:50) after 30 min] as compared to the high degra-

dation in the presence of light. So, we have not con-

sidered the contribution of the adsorption in the

calculation of the rate constant.

During synthesis of BaTiO3/Bi2O3 composite by

precipitation method, Fan et al. [19] found that with

their best composition BaTiO3/Bi2O3 (40:60) degra-

ded RhB solution within 80 min under UV exposure

whereas 4 h was required for the same under visible

light exposure. Also, Ye et al. [18] reported that while

synthesis of KNbO3/Bi2O3 by solid-state method

with their best composition KNbO3/Bi2O3 (30:70)

Figure 5 Photoluminescence (PL) spectra of the different

photocatalysts excited at 427 nm at room temperature.

Figure 6 Change in concentration of RhB versus time under a UV and b visible light irradiation.
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degraded RhB and methyl orange (MO) solution

within 50 min. Their rate constant of the composite

was 3.7 and 6.9 times faster than that of pure KNbO3

and Bi2O3, respectively. In our case, 85% and 92%

degradation of RhB solution happened after 60 min

of UV and visible light irradiation, respectively, for

50:50 BCZT/Bi2O3 composition which is much better

than the previous results.

The enhancement of photocatalytic activity for

composite samples can mainly be attributed to the

enhanced absorption in visible region and secondly

due to the electric field-assisted charge transfer at the

heterojunction interfaces between BCZT and Bi2O3

with matching band potentials, which consequently

prevents the recombination of electrons and holes.

The conduction band (CB) and valence band (VB)

potentials of BCZT and Bi2O3 are calculated by using

the following formulas [29]

EVB ¼ v� Ee þ 0:5Eg ð3Þ

ECB ¼ EVB � Eg ð4Þ

where EVB is the valence band potentials of a semi-

conductor, v is the electronegativity of a semicon-

ductor which is the geometric mean of

electronegativity of constituent atoms (Ba, Ti, Zr, Ca,

Bi and O) and Ee is the energy of free electron on

hydrogen scale (4.5 eV VS NHE). By using the above

formula, the CB and VB potentials of BCZT are found

to be - 0.94 and 2.16 eV and for Bi2O3 the values are

found to be 0.63 and 2.83 eV, respectively. Under

light irradiation, electrons present in the CB of Bi2O3

(0.63 eV) are more positive than the potential of O2/
�O�

2 (- 0.33 eV); therefore, the e� on the conduction

band of Bi2O3 cannot reduce the adsorbed O2 into
�O�

2 . Holes present in the VB of BCZT (2.16 eV)

(considering the over potentials 0.2 eV) cannot oxi-

dize H2O and OH� into OH� since the VB potential of

BCZT was less than OH�/H2O (2.27 eV) and OH�/

OH� (1.99 eV) potentials. So, in the present case

photocatalytic degradation does not happen by a

simple band-to-band transfer of electrons and holes.

Here, a direct Z-scheme mechanism comes into play

because the CB potential of BCZT has strong reduc-

tion ability and holes in the VB of Bi2O3 have strong

oxidation ability [30]. When tight bonding occurs

between BCZT and Bi2O3 due to their matching band

potentials, band bending occurs at the interface

which induces an inbuilt electric field across the

interfaces. Thus, the internal electric field pushes the

electrons and holes in the opposite direction, leading

to a spatial separation of electrons and holes on dif-

ferent sides of heterojunction. The charge transfer

mechanism is shown in Fig. 8.

Effect of pH on RhB degradation

The pH value has an important influence on the

photodegradation of dye because it can influence the

surface charge properties of a photocatalyst and ionic

species in the solution [31–33]. Figure 9 displays the

photocatalytic degradation of BCZT/Bi2O3 (50:50)

composite as a function of pH. Initial pH of the RhB

solution was * 5. The result shows that when the pH

of the RhB solution was reduced to 3, the degradation

efficiency increased to 90% in 45 min of visible light

irradiation. With a further decrease in pH to 1,

complete mineralization can be observed in 30 min.

Figure 7 Rate constants of BCZT, Bi2O3 and BCZT/Bi2O3 composites under a UV and b visible light irradiation.
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The higher degradation in low pH condition (pH\
5) occurs due to the electrostatic attraction between

the negative charge of the BCZT/Bi2O3 catalyst and

the positive charge of RhB [31, 32]. Moreover, at high

initial pH values of 9 and 11, the percentage degra-

dation was 54 and 23, respectively, which can be

explained by the deprotonation of the carboxyl group

of RhB and the transformation of the cationic form of

RhB into zwitterionic form [31, 32].

Identification of active species
in photocatalytic reactions

To understand the role of active species on RhB

degradation, photocatalytic experiments were carried

out under visible light irradiation with different

scavengers. To do this, 1 mM of benzoquinone (as O�
2

scavenger), 1 mM of IPA (isopropyl alcohol) (as.OH

scavenger) and 1 mM of oxalic acid (as h? scavenger)

were added separately to RhB solution. Figure 10a

shows the degradation of RhB for 50:50 BCZT/Bi2O3

sample with and without addition of scavengers as a

function of irradiation time. From Fig. 10a, it can be

observed that 50:50 BCZT/Bi2O3 can degrade 92% of

the dye after 60 min of visible light irradiation. When

benzoquinone was added into the system, only 60%

of the dye was degraded. Degradation of RhB was

also suppressed (38%) when IPA was added into the

system. When oxalic acid was added into the system,

30% of the RhB was degraded in 60 min of photo-

catalytic experiment. RhB degradation was highly

quenched when oxalic acid was added. Based on the

above observation, it may be possible that O�
2 , OH�

and h? could play an important role in photocatalytic

degradation of RhB under visible light. Based on the

above results, the probable mechanism for the

degradation of RhB by 50:50 BCZT/Bi2O3 composite

is shown in Fig. 10b. Finally, the reusability of the

photocatalyst was also examined and showed * 5%

decrease in efficiency for RhB degradation under

visible light irradiation, after five cycles of reuse as

shown in Fig. 10c.

Conclusions

BCZT/Bi2O3 composite was successfully prepared by

solid-state method at 500 �C to form a composite

without any intermediate phase. Absorption edge

shifts toward visible region of light for composites

samples. FESEM micrographs show uniform distri-

bution of BCZT and Bi2O3 in the composite powder.

BCZT/Bi2O3 composite sample shows better photo-

catalytic activity under both UV and visible light

irradiation than that of the pure BCZT and Bi2O3.

BCZT/Bi2O3 (50:50) composite sample can degrade

92% of the RhB solution in 60 min under visible light

irradiation. However, commercial P25 can degrade

60% of the RhB solution in 60 min under similar

irradiation condition. The pH value has an important

influence on the adsorption and the photocatalytic

degradation of RhB upon BCZT/Bi2O3 composite. A

large adsorption and degradation of the dye is

observed at relatively low pH values (pH\ 5). The

photocatalytic degradation of RhB under visible light

irradiation in the presence of different scavengers

confirms that hole (h?) and superoxide radicals (O�
2 )

were found to be the dominant active species for
Figure 8 Charge transfer mechanism in BCZT/Bi2O3

composites.

Figure 9 Photocatalytic degradation of BCZT/Bi2O3 (50:50)

composite as a function of pH.
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BCZT/Bi2O3 composite sample. In this system, the

electrons present in the conduction band of Bi2O3

cannot reduce the adsorbed O2 into �O�
2 and holes

present in the valence band of BCZT cannot oxidize

H2O and OH� into OH�. So, in the present case

photocatalytic degradation does not happen by a

simple band-to-band transfer of electrons and holes.

In BCZT/Bi2O3 composites, the Z-scheme principle

of photocatalyst is confirmed owing to its stronger

oxidation and reduction capability.
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