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Ternary Heterostructures Based on BaTiO3/MoO3/Ag for
Highly Efficient and Reusable Photocatalytic Applications

Kevin V. Alex, José P. B. Silva, Koppole Kamakshi, and Koppole C. Sekhar*

This work shows the fabrication of an efficient ternary heterostructure
photocatalyst by integrating ferroelectric BaTiO3 (BTO) as the bottom layer,
semiconductor MoO3 as the middle layer and plasmonic silver nanoparticles
(Ag NPs) as the top layer, respectively. The BaTiO3/MoO3/Ag (BMA)
heterostructure exhibits a higher photodegradation and photocatalytic
efficiency of 100% for rhodamine B (RhB) dye under a UV–Visible light
illumination of 60 min when compared with its binary heterostructure
counterparts BaTiO3/Ag (BA) and MoO3/Ag (MA). The increased
photocatalytic activity in BMA heterostructure is attributed to its enhanced
interfacial electric field due to the electric double layer formation at
BTO-MoO3 and MoO3-Ag interfaces. The higher blueshift in the surface
plasmon resonance (SPR) peak observed for the BMA heterostructure clearly
indicates an increased electron transfer toward the top Ag NPs layer under
optical illumination. The higher resistive switching (RS) ratio, the increased
difference in voltage minima, and the improved photocurrent generation, as
evident from the I–V characteristics, illustrate the enhanced charge carrier
generation and separation in BMA heterostructure. A smaller arc radius
observed for the Nyquist plot of BMA heterostructure clearly showcases its
increased interfacial charge transfer (CT). The CT mechanism and reusability
of the BMA heterostructure are also studied.

1. Introduction

In recent years, global energy consumption and environmen-
tal pollution have been escalating at an alarming rate due to
the tremendous hike in population and industrial growth and
we are still forced to rely primarily on nonrenewable energy
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production habits. If the current cri-
sis prevails, very soon the earth will
turn into a wasteland. Therefore, it is
the need of time for a revolutionary
change toward an efficient, renewable,
sustainable, and ecofriendly source of en-
ergy which can tackle the prevailing en-
ergy crisis and environmental pollution.
Photocatalysis has grabbed the greater
attention of the scientific community
since it utilizes the abundantly and nat-
urally available solar energy for the gen-
eration of highly reactive free radicals
with the aid of a catalyst material. It has
diverse applications such as hydrogen
fuel production, advanced water treat-
ment, air purification, and bacterial dis-
infection and hence can be foreseen as
an effective solution for most energy
and environmental-related issues.[1–4] An
efficient photocatalyst requires suitable
bandgap energy, higher photogeneration
of charge carriers, less recombination,
and excellent light harvesting. Among
the various strategies, such as morpho-
logical tuning, bandgap/strain engineer-
ing, and doping, which are employed to
improve the photocatalytic performance

of semiconductor-based photocatalysts, heterostructure fabrica-
tion is seen as an effective strategy for efficiency enhancement
due to the formation of interfaces and interfacial field-driven
charge carrier separation.[3,5] Our research group has reported
that the integration of ferroelectric BTO with semiconductor
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MoO3 can result in the formation of an efficient heterostruc-
ture photocatalyst with improved performance due to the
combined effect of ferroelectric polarization-driven interface
charge coupling as well as type-II heterostructure band align-
ment. The BTO/MoO3 heterostructure exhibited a higher
efficiency of 86% under a UV–Visible light illumination of
60 min for the degradation of rhodamine B (RhB) dye.[6]

However, the efficiency of the heterostructure-based photo-
catalyst still needs to be further improved for commercial
applications.

On the other hand, various studies have reported that pho-
tocatalytic activity can be enhanced by the incorporation of
metal nanoparticles (MNPs) with the parent photocatalyst
material, which is coined as “plasmonic photocatalysis.”[7,8]

Since the MNPs exhibit the surface plasmon resonance (SPR)
phenomenon, they can act as efficient visible light harvesters
and increase the light-absorbing capacity of the photocatalyst.
Furthermore, they can facilitate an efficient charge transfer
(CT) mechanism either due to SPR property or by Schottky
junction formation.[9] For instance, Zhang et al. fabricated
Ag/BTO composite films, which exhibited an efficiency of
62% under 300 min of visible light illumination by using
RhB dye.[10] Sinaim et al. studied the photocatalytic perfor-
mance of the Ag/MoO3 composite system and reported an
efficiency of 94% within 40 min of visible light illumination
against RhB dye.[11] Hence, plasmonic heterostructures are
projected as highly efficient photocatalysts due to their peculiar
features.

Therefore, in this work, we have proposed a novel ternary
heterostructure that corresponds to the integration of metal
NPs with a ferroelectric-semiconductor heterostructure. These
heterostructures can be foreseen as an effective strategy for
further improving the photocatalytic efficiency of bilayered
heterostructures by utilizing the interfacial electric field from
the ferroelectric-semiconductor heterostructure with the plas-
monic properties of the metal NPs.[12,13] But such ternary
photocatalysts based on ferroelectric and plasmonic materials
are studied less in the literature. For instance, Yu et al. fabricated
a TiO2/BTO/Au multilayered coating for photocatalytic antibac-
terial applications, which exhibited a disinfection efficiency of
94.4% and 98.5%, respectively for E. coli and S. aureus bacteria
under 40 min of exposure to simulated sunlight.[13] Therefore,
in the present work, we have integrated green synthesized
Ag NPs as a top layer onto the BTO/MoO3 heterostructure,
which is designated as BTO/MoO3/Ag (BMA). This novel
ferroelectric-semiconductor-plasmonic trilayer structure utilizes
the ferroelectric polarization of BTO, the semiconducting prop-
erties of MoO3 as well as the plasmonic properties of Ag NPs for
a synergistic effect on photocatalytic performance. Furthermore,
we have fabricated and studied the photocatalytic activity of
bilayer BTO/Ag (BA) and MoO3/Ag (MA) structures for de-
tailed comparison. Rhodamine B (RhB), a highly poisonous,
carcinogenic and polluting dye commonly used in the textile
and food sectors, has been chosen as an analyte for testing
the photocatalytic activity of different heterostructures.[4,6] The
increased photocatalytic activity of BMA heterostructure is
explained based on the enhanced interfacial electric field due to
the electric double layer formation at BTO-MoO3 and MoO3-Ag
interfaces.

2. Results and Discussion

2.1. Structural Studies

The X-ray diffraction (XRD) patterns of BA, MA, and BMA het-
erostructures are shown in Figure 1a. The presence of reflec-
tions from (101), (006), and (201) lattice planes correspond to the
hexagonal crystal structure of silver (JCPDS 41–1402), indicat-
ing the formation of Ag NPs.[14] The MA and BMA heterostruc-
tures exhibited the reflections corresponding to the (020) peak
and are related to the orthorhombic crystal phase (𝛼) of MoO3.
Furthermore, the BA and BMA heterostructures also showed the
reflection corresponding to the (101) plane of tetragonal BTO as
shown in the inset of Figure 1a.[6] The XRD patterns of all the
heterostructures show a preferential orientation along the (101)
direction of Ag NPs. The crystallite size (D) is estimated using
the Debye–Scherrer Equation (1),

D = 0.9𝜆
𝛽 cos 𝜃

(1)

where “𝜆” is the wavelength of the X-ray, “𝛽” is the full width
at half maximum in radians, and “𝜃” is the diffraction angle of
(101) reflection of Ag NPs.[6] The crystallite size is estimated to
be 184, 185, and 182 nm, respectively, for the MA, BA, and BMA
heterostructure. The scanning electron microscope (SEM) image
of the BMA heterostructure depicted the formation of spherical
Ag NPs with an average grain size of 255 ± 10% nm. The en-
ergy dispersive spectrum (EDS) of the BMA heterostructure is
included in Figure 1c. It exhibited all elemental peaks related to
BTO, MoO3, and Ag NPs. The peaks corresponding to C, Na, Mg,
and Ca indicated the presence of neem leaf molecules which is
the reducing/capping agent for Ag NPs while the Si peak can be
attributed to the glass substrate.[15,16]

2.2. Optical Studies

The UV–Visible absorbance spectra of BA, MA, and BMA het-
erostructures in the wavelength region of 350 to 750 nm are
shown in Figure 2a. The SPR peak around 450–500 nm range
confirmed the formation of Ag NPs in different plasmonic
heterostructures.[9,14] Furthermore, the SPR peak is shifted from
473 nm in MA heterostructure to 468 nm in BA heterostructure
and to 455 nm in trilayer BMA heterostructure exhibiting a blue
shift in the surface plasmon band as depicted in Figure 2b. As per
the Drude model, the SPR peak position depends on the effective
dielectric constant of the surrounding media and is given by the
following mathematical relation (2);

𝜆2
SPR = 𝜆2

p

(
𝜀∞ + 2𝜀eff

)
(2)

where “𝜆SPR” is the SPR peak position, “𝜆p” represents the metal-
lic bulk plasma wavelength, “𝜖∞” denotes the high-frequency
dielectric constant related to interband transitions, and “𝜖eff”
represents the dielectric constant of the surrounding media.[17]

Since the SPR peak position is inversely proportional to the elec-
tron density of the metal core (N) (i.e., 𝜆SPR 𝛼 1/√N), the blue
shift of the SPR peak in the heterostructures can be attributed to
the increase in the electron density in NPs and hence suggests
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Figure 1. a) X-ray diffraction (XRD) pattern of MoO3/Ag (MA), BaTiO3/Ag (BA), and BaTiO3/MoO3/Ag (BMA) heterostructures, b) scanning electron
microscope (SEM) image (inset: visual image) of BMA heterostructure, and c) energy dispersive spectrum (EDS) spectrum of BMA heterostructure.

Figure 2. a) Absorbance spectra and b) surface plasmon resonance (SPR)
peak position of different heterostructures.

the CT from ferroelectric BTO or semiconductor MoO3 support
layers to the Ag NPs layer under optical excitation.[17,18] The in-
creased electron transfer toward the Ag NPs layer under optical
illumination facilitates a higher number of charge carriers for
the photocatalytic process. The influence of other factors such

as size, shape, and interparticle distance of the NPs which could
induce changes in the SPR peak can be neglected here since the
deposition conditions of Ag NPs are the same in the fabrication
of all heterostructures. This is also supported by the fact that
the crystallite size remains almost the same as evident from the
XRD analysis.

2.3. Electrical Studies

The current voltage (I–V ) characteristics of the heterostructures
were studied in the range −3 V to +3 V in order to verify the
interfacial electric field and hence the CT mechanism. The semi-
log plots between the current and voltage of the heterostructures
are depicted in Figure 3a. All the heterostructures exhibit non-
linear I–V characteristics and resistive switching (RS) effect
with a small difference in the minima of forward and reverse
voltage cycles.[6,19] The RS ratio, measured at 0.3 V, as well as
the difference in voltage minima, is found to be maximum
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Figure 3. a) I–V characteristics and b) restive switching ratio and ΔVminima of different heterostructures.

Figure 4. I–V characteristics of a) MoO3/Ag (MA), b) BaTiO3/Ag (BA), c) BaTiO3/MoO3/Ag (BMA) heterostructures under dark and light conditions,
and d) plot of ratio of Ilight/Idark for different heterostructures.

for the BMA heterostructure, which can be attributed to the
enhanced interfacial electric field in comparison with its bilayer
counterparts, as seen in Figure 3b.[6] The increased interfacial
electric field in BMA heterostructure is due to the formation of
an electric double layer at the BTO-MoO3 interface and MoO3-Ag
interface which will be discussed in detail later.[18]

In order to verify the photogeneration and separation of charge
carriers in the heterostructures, the I–V characteristics under

dark and light conditions were performed and are shown in
Figure 4a–c. The increase in the current under light illumination
indicated the photocurrent generation and hence the photovoltaic
(PV) effect in the heterostructures. The ratio of current under the
light condition to that under dark condition (Ilight/Idark) at 1.5 V
is found to be higher for the BMA heterostructure as shown in
Figure 4d, further confirming its improved charge carrier gener-
ation and separation.[20]

Adv. Mater. Interfaces 2023, 10, 2201948 2201948 (4 of 11) © 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH

 21967350, 2023, 25, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

i.202201948 by C
ochrane Portugal, W

iley O
nline L

ibrary on [22/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com www.advmatinterfaces.de

Figure 5. a) Nyquist plot and b) corresponding equivalent circuit of different heterostructures.

Table 1. Fitted parameters of the electrical impedance of the heterostruc-
tures.

Samples[ R1 [Ω] C1 [F] R2 [Ω] C2 [F]

MA 5.50 × 105 6.00 × 10−12 2.40 × 106 9.80 × 10−12

BA 2.75 × 105 6.50 × 10−12 1.95 × 106 1.00 × 10−11

BMA 8.75 × 105 7.50 × 10−12 1.00 × 106 3.00 × 10−11

Furthermore, electrical impedance studies were conducted to
understand the CT (or migration) process in the heterostruc-
tures. The Nyquist plot of the heterostructures is shown in
Figure 5a and it is possible to observe that the arc radius is in the
order MA > BA > BMA. The smaller arc radius of the BMA het-
erostructure clearly illustrates its faster interfacial CT and more
effective separation of photogenerated charge carriers in compar-
ison with other heterostructures.[21,22] The characteristics of the
Nyquist plot can be conceptualized using an equivalent circuit.
Typically, the overall impedance of a sample cannot be explained
by a single RC network if the Nyquist plot deviates significantly
from the semi-circular shape. Since the aspect ratio of the Nyquist
plot for all the heterostructures is greater than 2, a minimum of
two RC pairs are required to model the equivalent circuit.[23] The
Nyquist plot of the heterostructures can be modeled by using two
RC pairs in series as shown in Figure 5b and the fitted param-
eters of the equivalent circuit are tabulated in Table 1. Here, R1
and C1 represent the bulk part while R2 and C2 illustrate the inter-
face effect in the heterostructures.[24] It is clear that the interfacial
CT resistance (R2) is lower in the BMA heterostructure. Further-
more, the interfacial capacitance is also observed to be higher in
the BMA heterostructure confirming the enhanced electric field
due to the formation of an electric double layer.[18]

2.4. Photocatalytic Studies

The photocatalytic activity of the heterostructures was studied us-
ing RhB aqueous solution as the analyte under UV–Visible light
exposure for different illumination times (see Figure S1, Sup-
porting Information). The electrons and holes generated in the
heterostructures upon the optical illumination take part in the
photocatalytic surface reactions. The photocatalytic activity of het-

erostructures is demonstrated by the decrease in the absorbance
of RhB peak at around 570 nm after light illumination, which was
determined using the standard Equation (3),

Photocatalytic efficiency =
(
A0 − A

)
A0

× 100 (3)

where “A0” and “A” are the peak values of absorbance before and
after illumination.[6]

The hypsochromic shift (blue shift) in the absorbance peak of
RhB with increasing illumination time revealed the production
of its intermediaries, whereas the hypochromic shift (decrease in
absorbance peak) in accordance with the illumination time sug-
gested the photodecolorization process involving the breakdown
of the chromophore aromatic rings of RhB dye.[6,25] The photo-
catalytic efficiency, photodegradation, and ratio of absorbance of
RhB peak to SPR peak for different heterostructures are plotted
as a function of illumination time in Figure 6a–c, respectively.
The bilayer MA heterostructure exhibited a photocatalytic effi-
ciency of 51.1% and hypsochromic shift of 14 nm in 60 min of
UV–Visible illumination, while the BA heterostructure attained
a 100% photocatalytic activity within an illumination time of
60 min with negligible hypsochromic shift (≈2 nm) suggesting
its weaker degradation efficiency. The trilayer BMA heterostruc-
ture exhibited 100% efficiency in 60 min of illumination and an
enhanced hypsochromic shift of 46 nm which clearly confirmed
its better photodegradation efficiency than its bilayer counter-
parts. The hypsochromic shift is compared with the literature
values and the reaction intermediaries formed during the de-
ethylation process of RhB for different heterostructures are listed
in Table 2.[25] The decrease in the ratio IRhB/ISPR as in Figure 6c
clearly denotes the photocatalytic activity of the heterostructures.
Furthermore, the reaction rate constant (k) of the photocatalytic
process of heterostructures is evaluated by the pseudo-first-order
Equation (4) and is shown in Figure 6d.[6] The rate constant of
MA, BA and BMA heterostructures is determined to be 0.011,
0.076, and 0.051 min−1 respectively.

− ln
(

A
A0

)
= kt (4)
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Figure 6. Plot of a) photocatalytic efficiency, b) shift in RhB peak, c) ratio of absorbance of RhB peak to that of surface plasmon resonance (SPR) peak,
and d) -ln(A/A0) as a function of illumination time.

Table 2. Intermediates formed during photodegradation of RhB at different
time intervals.

Illumination time [min] Intermediates formed after photodegradation

MA BA BMA

0 RhB RhB RhB

15 RhB RhB DMRh

30 RhB RhB DRh

45 DMRh RhB MRh

60 DMRh RhB MRh

The photocatalytic activity in plasmonic heterostructures can
be mediated by two different CT mechanisms—(i) CT from
NPs to the support layer due to SPR (CTSPR), (ii) CT from the
support layer to NPs since they can act as electron acceptor
or trap (CTtrap). These two CT mechanisms can co-exist in the
plasmonic heterostructures under UV–Visible illumination.[9,10]

Hence, to determine the contribution of SPR of Ag NPs on the

photocatalytic activity and CT mechanism involved, the photo-
catalytic activity of BMA heterostructure was studied under both
UV–Visible and visible light (white LED) illumination. Figure 7
clearly shows that the photocatalytic activity under UV–Visible
light illumination is much higher compared to that under visible
light suggesting the dominance of CTtrap over CTSPR mecha-
nism. Thus, in the BMA heterostructure photocatalyst, the CTtrap
mechanism from MoO3 to Ag NPs is found to be dominant
over the CTSPR from Ag NPs to MoO3. In the present work,
the contribution of the SPR effect on the photocatalytic activity
of plasmonic heterostructure is less, which is contrary to the
previously reported work by Zhang et al.[10] They have reported
that the CTSPR mechanism dominated over CTtrap mechanism
in Ag/BTO heterostructure and the photocatalytic activity under
visible light was higher than that under UV–Visible illumination.
But our results are in accordance with the work reported by Cui et
al. which stated that the SPR effect does not have any significant
contribution to the photocatalytic activity of Ag-BTO heterostruc-
ture and the performance enhancement was attributed to the
improved charge carrier separation efficiency due to interface
formation.[26]

Adv. Mater. Interfaces 2023, 10, 2201948 2201948 (6 of 11) © 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 7. Comparison of photocatalytic efficiency of BaTiO3/MoO3/Ag
(BMA) heterostructure under UV–Visible illumination and visible light and
the photolysis of RhB dye.

In order to understand the photocatalytic mechanism in dif-
ferent heterostructures, we have conducted the radical trapping
experiment as shown in Figure 8. EDTA was employed as a hole
scavenger while H2O2 was used as an electron scavenger.[27] In
the presence of EDTA, the photocatalytic efficiency of BMA het-
erostructure is observed to be higher than that with dye alone
which can be attributed to the fact that EDTA can also become
an effective electron donor under UV illumination.[28] The de-
crease in efficiency in the presence of H2O2 confirms that elec-
trons play a major role in the photocatalytic activity of the BMA
heterostructure.[6] It is also reported in the literature that a fast
degradation of RhB can occur in the presence of H2O2 due to
the formation of OH* either due to the reaction between photo-
generated electrons and H2O2 or due to the direct decomposition
of H2O2 under UV illumination as shown in Equations (5) and
(6).[29] Since the photocatalytic efficiency of BMA heterostructure
in the presence of H2O2 is lower, we can also conclude that the
O2

−* radical plays a dominant role over OH* in the photocatalytic
process.

H2O2 + e− → OH∗ + OH− (5)

H2O2 → 2OH∗ (under UV illumination) (6)

In the case of BA heterostructure, the photocatalytic efficiency
in the presence of EDTA and H2O2 is observed to be much lower
than that with dye alone. Furthermore, the efficiency of BA het-
erostructure in the presence of EDTA is lower than that under
H2O2 suggesting the dominance of holes in the photocatalytic
mechanism. In the presence of H2O2, the efficiency of BA is
found to be 60% lower than that with dye alone which suggests
that the OH* radical has least participated in its photocatalytic

process.[29] The photodecolorization process in BA heterostruc-
ture is found to be higher than that of BMA heterostructure and
is due to the photogenerated holes mediated dye degradation
mechanism. Here, the photogenerated holes directly degrade the
RhB dye rather than indirectly forming the OH* radical.[30,31]

The direct interaction between photogenerated holes and RhB
molecules leads to the breakdown of its chromophore structure
and hence results in the photodecolorization process only.[32] For
MA heterostructure, the photocatalytic efficiency in the presence
of EDTA is observed to be 7% lower than that with dye alone.
Moreover, the activity of MA heterostructure in the presence
of H2O2 is higher than that with dye alone. Hence, electrons
and OH* radicals would play a major role in its photocatalytic
mechanism.[6]

The reusability of the BMA heterostructure was evaluated for
up to five cycles by illuminating it for 1 h as shown in Figure 9.
The trilayer heterostructure exhibited 100% efficiency for up to
three cycles and gradually decreased further. Even though the
reusability of the BMA heterostructure is less than that of the
BTO/MoO3 heterostructure,[6] a complete dye degradation was
obtained in BTO/MoO3 heterostructure in 2 h only while we at-
tained 100% dye removal within 1 h using the BMA heterostruc-
ture. The photocatalytic activity of BMA heterostructure is com-
pared with the previously reported works in the literature in
Table 3 and hence it can be concluded that the ternary BMA het-
erostructure is a highly efficient photocatalyst.

2.5. Modeling of the Charge Transfer Mechanism
and Photocatalytic Activity in BMA Heterostructure

In order to further understand the charge coupling and the en-
hanced photocatalytic performance in the BMA heterostructure,
we have schematically represented it under equilibrium condi-
tion and under UV–Visible light illumination. The BMA het-
erostructure consists of the ferroelectric BTO as the bottom layer,
semiconductor MoO3 as the middle layer, and plasmonic Ag NPs
as the topmost layer. Since the fermi energy level with respect
to the vacuum level of Ag NPs (−4.3 eV) is higher than that
of BTO (−5.1 eV) and MoO3 (−6.3 eV), electrons tend to trans-
fer from BTO to MoO3 layer as well as from Ag NPs to the
MoO3 layer for attaining the equilibrium condition, as shown in
Figure 10a.[6,10,13] Thus, two space charge regions are formed
at the interfaces of BMA heterostructure resulting in an elec-
tric double layer, which led to an enhancement in its inter-
facial electric field, as shown experimentally from the I–V
characteristics.[13,18] Under UV–Visible illumination, the photo-
generated holes transfer from MoO3 to BTO while photogen-
erated electrons move from BTO to MoO3 due to type-II het-
erostructure band alignment and the photogenerated electrons
in MoO3 can transfer from MoO3 toward the Ag NPs layer since
Ag NPs act as an electron acceptor or trap, as illustrated in
Figure 10b.[6,10,13] It was experimentally confirmed that the CT
mechanism from Ag NPs to MoO3 due to the SPR effect is negli-
gible under UV–Visible illumination and the CTtrap is dominant
over the CTSPR mechanism in BMA heterostructure. Thus, an im-
proved charge carrier separation efficiency can be easily achieved
in the trilayer BMA heterostructure for better photocatalytic
activity.
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Figure 8. Photocatalytic efficiency of a) BaTiO3/MoO3/Ag (BMA), b) BaTiO3/Ag (BA), and c) MoO3/Ag (MA) heterostructures in the presence of EDTA
and H2O2.

The photogenerated electrons in the BMA heterostructure re-
act with the absorbed oxygen molecules to form superoxide rad-
icals (O2

−*) while the photogenerated holes react with the ad-
sorbed water molecules to generate hydroxyl radicals (OH*).
These radical species are responsible for the photocatalytic ac-
tivity of BMA heterostructure in the presence of RhB molecules
leading to its decolorization and/or degradation as demonstrated
in Figure 10b.[6] It is evident from Figure 10b that the photogen-
erated electrons transfer toward the topmost Ag NPs layer, which
comes in direct contact with the RhB molecules for photocatalytic
reactions and hence electrons play a major contribution in the
photocatalytic process. This is in accordance with the results ob-
served from radical trapping experiments.

3. Conclusion

We have fabricated a highly efficient ternary heterostructure
photocatalyst by combining ferroelectric BaTiO3, semiconduc-
tor MoO3, and Ag NPs and exploring their individual properties.
The BaTiO3/MoO3/Ag (BMA) heterostructure exhibited a higher
photodegradation and photocatalytic efficiency of 100% for rho-

damine B (RhB) dye under a UV–Visible light illumination of
60 min when compared with its binary heterostructure counter-
parts BaTiO3/Ag (BA) and MoO3/Ag (MA). The increased effi-
ciency of BMA is attributed to the enhanced interfacial electric
field due to the formation of the electric double layer which is
experimentally validated through optical and electrical studies.
The charge transfermechanism due to electron trap (CTtrap) is
observed to be dominant over that due to the SPR phenomenon
(CTSPR). The photocatalytic activity of BMA heterostructure is
found to be stable up to three cycles of reusability. Therefore, this
work demonstrated that the integration of ferroelectric, semicon-
ductor and plasmonic materials can be an effective way to achieve
highly efficient photocatalysts.

4. Experimental Section
Heterostructures Preparation: The BTO, MoO3, and green synthesized

Ag NPs layers were fabricated over the glass substrate via spin coating
technique, spray pyrolysis and drop-casting techniques, respectively. The
MA and BA bilayer heterostructures were fabricated by drop-casting green

Adv. Mater. Interfaces 2023, 10, 2201948 2201948 (8 of 11) © 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 9. Reusability test of the BaTiO3/MoO3/Ag (BMA) heterostructure
up to five cycles.

synthesized Ag NPs over MoO3 film and BTO film, respectively. The BMA
heterostructure was prepared by drop casting the green synthesized Ag
NPs over the BTO/MoO3 heterostructure.

Preparation of BTO Layer: The precursor solution was made in two
steps using titanium isopropoxide and barium acetate (TIPO). A amount
of 1.0955 g of barium acetate was dissolved in 5 mL of acetic acid and
the mixture was well agitated at 65 °C for 30 min to form the barium ac-
etate precursor solution. An amount of 1.3 mL of titanium isopropoxide
was mixed with 4 mL of 2-methoxy ethanol for an hour to make the TIPO
precursor solution. A homogeneous solution was prepared by mixing two
precursors and agitated for 1.5 h. On a pre-cleaned glass substrate, a pre-
pared sol of BTO was spin-coated at 2500 rpm with a spin time of 100s,
annealed at 600 °C for 2 h and then allowed to cool naturally.

Preparation of MoO3 layer: By dissolving 0.3087 g of ammonium hep-
tamolybdate tetrahydrate in 25 mL of deionized water and stirring for 30
min, a homogenous precursor solution of 0.01 m was made. Using the
ultrasonic spray pyrolysis approach, this solution was sprayed over the
surface of the BTO film-coated glass substrate at a temperature (TS) of
500 °C. Nebulization rate and airflow volume were set at 3 mL min−1 and
15 L min−1, respectively. The spray time was set at 5 s in order to obtain
desired MoO3 thickness (tMoO3

). The films were then annealed in the air at
500 °C for 1 h and then allowed to cool naturally to ambient temperature.

Preparation of Ag NPs: Silver nitrate (AgNO3) was used as the precur-
sor and neem leaf extract as the reducing/stabilising agent to prepare the
Ag NPs. An amount of 1.5 g of fresh and chopped neem leaves were added
to 50 mL of distilled water in a beaker and then heated at 75 °C for 15 min
and allowed to cool naturally. The as-prepared solution was allowed to stir
for about 24 h and was filtered out to obtain the leaf solution. A amount
of 50 × 10−3 m silver nitrate aqueous solution was prepared by adding
0.764 g of silver nitrate into 90 mL of distilled water and then the solution
was stirred continuously for 15 min. Further, 10 mL of the freshly prepared
leaf solution was added to the as-prepared silver nitrate solution under
vigorous stirring at room temperature for about 10 min. The colorless so-
lution now turned into a yellow-brownish solution. Finally, this solution
mixture was placed under sunlight for 15 min to obtain Ag NPs. The color
change from yellow-brown to dark-drown is an indicator of the formation
of Ag NPs. The as-prepared Ag NPs solution was drop cast over the MoO3
film, BTO film, and BTO/MoO3 structure to obtain the MA, BA, and BMA
heterostructures, respectively.

Characterization of the Heterostructures: The microstructure of the het-
erostructures was studied using the X-ray diffractometer (Malvern Pan
analytical Empyrean) in the range 10–80° with a step width of 0.02° us-
ing CuK𝛼 radiation of wavelength 0.154 nm. The surface morphology
and elemental composition were analyzed using Tescan Vega 3 SEM.
The UV–Visible spectroscopy was performed using Shimadzu UV-1800
spectrophotometer in the wavelength range 350–750 nm. For the elec-
trical measurements, coplanar rectangular silver electrodes (2 × 1 mm)
separated by a distance of 1 mm were deposited on the upper surface
of heterostructures using DC sputtering technique. The current–voltage
(I–V) measurements were performed using Keithley 2636B electrometer
by sweeping the voltage from −3 to +3 V in the forward direction and
vice-versa. The photocurrent studies of the heterostructures were studied
in the voltage range −3 to +3 V using a white LED bulb of 3 W (wave-
length range: 400 to 800 nm). The electrical impedance measurement of
the heterostructures was obtained using the Tonghui TH2826A LCR me-
ter at a bias voltage of 1 V and frequency ranging from 1 kHz to 2 MHz.
In order to study the photocatalytic activity of the heterostructures, 0.5 ×
10−3 m of rhodamine B aqueous dye solution was used as a template.
The RhB solution of 0.5 × 10−3 m was dropped uniformly on the surface
of heterostructures, waited for 1 h, and was then placed inside a home-
made photoreactor for different illumination times. The reactor consists
of a 150 W halogen lamp (wavelength range: 350 to 1000 nm) placed at a
distance of 5 cm above the photocatalyst. The absorbance measurements
were taken before and after the illumination. Further, the radical trapping
and reusability test of the heterostructure was also conducted.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.

Table 3. Comparison of present work with previously reported works in the literature.

Catalyst Analyte
used

Type of
illumination

Illumination
time [min]

Photo
catalytic

efficiency [%]
Photodegradation

Ref

Ag/BTO RhB Visible 300 62.0 No [10]

Ag-BTO RhB UV–Visible 45 100.0 No [26]

Ag/MoO3 RhB Visible 140 94.0 No [11]

Ag/𝛼-MoO3 Thiophene Visible 270 98.3 No [22]

Fe/graphene/g-C3N4 MO Visible 60 82.0 Yes [33]

Ag2O/AgBr-CeO2 RhB Visible 60 95.6 No [34]

TiO2/BTO/Au E. coli Simulated
sunlight

40 94.4 ‒ [13]

BTO/MoO3/Ag RhB UV–Visible 60 100.0 Yes Our work

Adv. Mater. Interfaces 2023, 10, 2201948 2201948 (9 of 11) © 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 10. Schematic of BaTiO3/MoO3/Ag (BMA) heterostructure a) under equilibrium condition and b) under UV–Visible light illumination.
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