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Influence of Ag/Cu photodeposition on CaTiO; photocatalytic activity
for degradation of Rhodamine B dye
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Abstract—The present work outlines a simple sol-gel method for the synthesis of CaTiO; (CTO) nanoparticles fol-
lowed by modification with Ag, Cu via photodeposition. Different amounts (1 to 5wt%) of Ag and Cu were loaded
over CTO to form Ag/Cu-CTO nanocomposites. Several characterization techniques, such as XRD, UV-DRS, SEM,
EDS, HRTEM and photoluminesence, were employed to study their structural and physicochemical properties. The
photocatalytic performance of as-prepared samples was assessed by degrading Rhodamine B dye under UV irradia-
tion. Results indicate that Ag/Cu deposition significantly enhanced the photocatalytic activity of CTO, depending upon
the amount of metal loading. It found that 1 wt% Ag-CTO composite exhibited the highest (98%) photoactivity within
90 mins in contrast to 82% and 57% degradation achieved by 1 wt% Cu-CTO and bare CTO, respectively. The degra-
dation process followed pseudo-first-order kinetics with rate constants of k=4.5x10" min™' for Ag-CTO relative to
k=1.8x10” min™" of Cu-CTO and k=0.86x10" min™" of bare. The improved photocatalytic activity was credited to the
increased optical absorption and quick transfer of photoinduced electrons from CaTiO, conduction band to Ag and Cu
deposits that probably retards the charge-carriers recombination as evident by their observed photoluminance behavior.
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INTRODUCTION

Global environmental problems have become more of more con-
cern due to severe pollution, especially reacalcitrant toxic organic
pollutants. For its effectiveness, simplicity; and environmentally-friendly
nature, semiconductor-based photocatalysis, one of the advanced
oxidation technologies, has been regarded as the most appealing
method in treating waste water. It basically involves absorption of
photons with energy equal to or higher than the band gap of the
semiconductor to produce electron-hole pairs which then react with
the oxygen and hydroxyl ions to generate active radicals that can
degrade the water contaminants readily and quickly [1,2]. In this
regard, a variety of semiconductor systems and their composites
have been extensively developed and studied so far. Among the large
assemblage of catalytic materials explored to date, perovskite oxides
of the form ABO; are gaining huge attention because of their im-
mense potential in diverse applications [3-5]. Owing to their remark-
able physicochemical and optoelectronic properties, such as struc-
tural flexibility, electron-mobility, band gap tunability, low-cost
fabrication, high thermal and photocorrosion stability, enormous
efforts have been made on utilizing perovskite oxides as photocat-
alysts [6-8]. Recently, Calcium titanate (CaTiO;), a typical titanium-
containing oxide semiconductor with a perovskite-type structure
has been examined in various fields including energy conversion
[9-12], environmental remediation [13-15] and industrial processes
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[16,17]. Its unique perovskite structure offers a large platform for
designing new and efficient photocatalytic materials by alteration
at its A, B and O sites [18]. In addition, this n-type semiconduc-
tor even possesses conduction band potential value more negative
than the benchmark photocatalyst TiO,, making it a good substi-
tute for the industrial catalyst TiO, [19,20].

Although CaTiO; is a highly photoactive material, however be-
cause of its wide bandgap and low quantum efficiency; its overall
photocatalytic performance is restricted. Several factors are of rele-
vance, but majorly two are important: ultrafast recombination of
photoexcited electron-hole pairs and the limit of optical response
only to UV-light [21]. Thus, the two most crucial points for achiev-
ing the high photocatalytic performance of CaTiO; are necessity to
efficiently separate the photogenerated charge carriers and to expand
its absorption range to the visible region. Up to now; many attempts
have been made for its modification, including elemental doping
[22-24], metal deposition [25,26], surface functionalization [27],
heterojunction formation [28-30], and coupling with carbon mate-
rials [31-33]. Among these, depositing metal nanoparticles on semi-
conductors has been an important strategy to overcome these
shortcomings. Generally, metal deposition on semiconductors is
known to form a metal-semiconductor (M-SC) interface or Schottky
barrier that furnishes an effective pathway for capturing, storing
and discharging of photogenerated electrons. The contact metal
actually serves as an electron trap. The Schottky barrier created at
the interface permits the flow of electrons from the semiconduc-
tor to the deposited metal till the equilibration of Fermi levels. This
process is influenced by nature, electronegativity, reduction poten-
tial and Fermi energy/work function of the metal [34]. Metals with
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lower reduction potential than CB of semiconductor (CaTiO;) are
a suitable choice for this.

Many literature reports reveal the significant enrichment in its
photocatalytic activity by metal deposition. Recently, Shawky et al.
[35] synthesized Pt-decorated CaTiO; nanocrystals with varying
amounts of Pt loading and evaluated the photoreduction of nitro-
benzene to aniline. The conversion rate was found to be notably
improved by Pt deposition. Alzahrani et al. reported Ag(0)/CaT-
iO; photocatalysts with higher rates of hydrogen generation than
pure CaTiO; [36]. Ag metals also show considerable antibacterial
and antifungal effect. Complete deactivation of T. suecica algae
was achieved in just 12min of UV light irradiation by CaTiO,
cuboids functionalized with Ag nanoparticles [37]. Au@CaTiO;,
nanocomposites displayed increased rates of RhB degradation
under both UV and visible light irradiation [38]. Thus, it is evi-
dent that decorating metals over CaTiO; surface greatly improves
its photocatalytic activity. However, only a few reports are avail-
able on its modification by Ag and Cu. Furthermore, herein we
present the first report displaying the comparative effect of Ag, Cu
as effective co-catalysts for CaTiOs.

With this perspective, the present report deals with the prepara-
tion, characterization, and comparative study of the photocatalytic
performance of series of Ag/Cu modified CaTiO; nanocompos-
ites (with 1 to 5wt% of Ag and Cu). Sol-gel method was applied
to synthesize CaTiO, photocatalyst and then Ag and Cu were de-
posited onto it by the photo-deposition method. Because of their
easy availability, cost-effectiveness and suitable redox potentials
(Ag=0.799 V and Cu=0.337V) [39] with respect to the conduc-
tion band of CaTiO;, these metals were selected for this study. The
as-synthesized samples were then characterized using various tech-
niques and their photocatalytic performance was evaluated by
removal of commercial dye rhodamine B under the illumination
of UV light. The influence of loading amount of Ag and Cu on the
light absorbency and photocatalytic activity was studied individu-
ally. Based on the photocatalytic results, their loading amount was
optimized. A possible photocatalysis mechanism has been pro-
posed. The main importance of this work is to study the enlarge-
ment in photocatalytic performance of wide band gap semiconductor
CaTiO; with metallic Ag and Cu and to predict the superior co-
catalyst among the two.

EXPERIMENTAL SECTION

1. Chemicals and Reagents

Titanium dioxide (P25-TiO,) was obtained from Degussa Corpo-
ration, Germany. Calcium carbonate (CaCO,), Cupric acetate mono-
hydrate (CH;COO),Cu.H,0), Rhodamine B dye (C,sH;N,O,Cl),
Isopropyl alcohol (C;HO), ethanol (C,H;OH), all were acquired
from Loba Chemie (India). Silver nitrate (AgNO;) was purchased
from Sigma-Aldrich (India). Double distilled water (D.L) utilized
during the whole study was obtained from Milli-Q (Millipore), an
ultra-filtration system (conductivity=35 mho cm™" at 25 °C).
2. Preparation Procedure
2-1. Preparation of CaTiO, Nanoparticles

The experimental details are presented in the flow chart of the
preparation method, as shown in Scheme 1. In brief, CaCO; and
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Scheme 1. Flow chart of synthesis of CaTiO; (CTO).

TiO, powders in equimolar ratios were mixed together in 10 ml of
de-ionized (DI) water in a beaker for 30 minutes. The mixed solu-
tion was continuously stirred for 12h at room temperature and
the slurry dried in an oven at 80 °C for 3h. The resultant dried
solid was ground in a mortar pestle for 10 min until a fine and
homogeneous powder was obtained and then, finally, calcined at
900 °C for 2 h, in a muffle furnace with a heating rate of 5 degree
celcius/minute, yielding white-colored CaTiO; nanoparticles which
were then stored in a dry container and kept in a desiccator. The
as-prepared CaTiO; nanoparticles were abbreviated as (CTO).
2-2. Preparation of Ag/Cu-CaTiO; Nanocomposites by Photode-
position Method

Photodeposition of Ag and Cu on CaTiO; surface was done by
the following protocol as displayed in Scheme 2. As prepared 100
mg of CTO powder was suspended in different test tubes contain-
ing distilled water and isopropyl alcohol as hole scavenger (5ml
each). The requisite amount of metal salts AgNO; (0.01 M; 928-
4,636 uL) and Cu(CH;COO),-H,0 (0.01 M; 1,574-7,870 uL) cor-
responding to different wt% (1, 3 and 5wt%) was added to these
suspension. Test tubes were then purged with argon (Ar) gas for
20 min to create an inert atmosphere and closed tightly by a rub-
ber septum. The contents in the test tubes were photoirradiated
with UV light (125W, 10.4 mW/cm?) for 3h under continuous
magnetic stirring in photochemical reactor. Finally, the metal
deposited solutions were centrifuged (8,000 rpm), washed repeat-
edly with distilled water and ethanol followed by drying in oven at
70°C for 2 h. The obtained Ag/Cu deposited nanocomposites were
named as 1, 3 and 5 wt% Ag/Cu-CTO respectively.
3. Catalyst Characterization

The crystallographic studies of the prepared samples were carried
out by X-ray powder diffraction PANalytical-Xpert-PRO machine
equipped with a Cu-Kc radiation source (1.54 A) operating at 45kV
with diffraction angle (26) ranging from 10°-80° at a scan rate of
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Scheme 2. Experimental procedure for photodeposition of M (M=Ag, Cu) NPs onto CaTiO;.

5°/min. The optical properties were measured using a diffuse reflec-
tance spectrophotometer (DRS, Avantes) in the region 400-900 nm,
with BaSO, bar as a reference. Separation of photogenerated elec-
tron-hole pairs was examined by measuring the photolumines-
cence (PL) emission spectrum using a spectrofluorometer (Perkin-
Elmer LS55). The shape and size analysis of the samples was done
by both scanning electron microscopy (SEM;) JEOL JSM-7600F
operated at 30 kV) and high-resolution transmission electron micros-
copy (HRTEM TALOS F200S G2 model operating at 200 kV volt-
age). Elemental analysis and mapping were carried out by an energy-
dispersive X-ray spectrometer (EDS) linked to another SEM of the
same model as mentioned above.
4. Photocatalytic Activity Study

The photocatalytic performance of the prepared samples (bare
CTO, Ag/Cu-CTO) was examined by Rhodamine B (RhB) dye
degradation. The photocatalytic reaction was conducted at room
temperature in different test tubes. In a typical reaction, 15 mg of
each catalyst was dispersed in 5mL of 0.01 mM RhB aqueous solu-
tion. Prior to the irradiation, the suspensions were stirred in the
dark for 30 min to achieve the adsorption-desorption equilibrium
condition between the dye molecules and catalyst surface. Then
the test tubes containing different catalysts were exposed to UV
light irradiation (125 W Hg arc, 104 mW/cm’). After definite time
intervals of 15 min, the samples were withdrawn from each test
tube and centrifuged at 8,000 rpm for 5 min to remove any resid-
ual solid catalyst particles. After separation, the absorbance spectra
of RhB were monitored at 4,,,,=554 nm using a UV-vis spectropho-
tometer. As the concentration was directly proportional to the
absorbance so in accordance with Beer-Lamberts law; the photo-
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degradation efficiency was obtained using the following formula:
Degradation rate (%)=(A,—A,)/A,x100=(C,—C,)/C,x100 )]

where, A,, C, denote the initial absorbance and concentration of
RhB before irradiation at time 0’ and A,, C, are the absorbance
and concentration of RhB after light irradiation at time €.

RESULTS AND DISCUSSION

1. Structural and Morphological Properties

XRD analysis was performed to predict the crystal structure and
phase composition of the as-prepared samples. Fig. 1 displays the
XRD patterns of the bare and the Ag, Cu deposited CaTiO; sam-
ples for the optimum 1 wt%, respectively. Six major reflection peaks
appear at diffraction angle (26) values of 23.23°, 33.11° 4749,
59.36°, 69.48°, and 79.22°, which corresponds to the (110), (112),
(220), (312), (224), (116) crystal planes of the CaTiO; structure,
respectively. It can be seen that all these diffraction peaks of the
CTO nanoparticles can be perfectly indexed to a perovskite-type
structure well-crystallized in the orthorhombic phase with Pbnm
space group (ICSD PDF# 01-078-1013), verifying that a pure single-
phase was obtained. No significant diffraction peaks of Ag and Cu
were witnessed, probably due to their low loading amount (1 wt%),
which is consistent with previous reports [37,40]. However, a small
decrease in the intensities of these peaks was observed on metal
loading, which might be attributed to the suppression of the elec-
tron scattering of bare CTO upon loading of these heavy metals to
its surface [41]. As the diffraction patterns of the loaded samples
almost coincide with the bare CTO, this also gives indication of
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Fig. 1. X-ray diffraction patterns of different photocatalysts.

homogeneous dispersion of Ag and Cu on CTO surface.

The surface morphology of the catalysts was identified by SEM.
Fig. 2(a)-(c) displays the SEM images of bare CTO and optimum
1 wt%Ag/Cu-CTO composites. Mostly spherical aggregates or clus-
ters were obtained for all the samples. Appearance of agglomerates
may be due to the high calcination temperature of 900 °C. The

deposited Ag, Cu nanoparticles and the bare CTO could not be
differentiated by SEM due to low resolution of the instrument. But
the elemental composition and mapping results confirm their pres-
ence on CTO surface. EDS study was used for determining the
quantity of various elements present in the composites. Fig. 2(a)-
(c) shows their respective EDS spectra along with tables indicating
the elemental content values. The expected loading amount was
1 wt% of Ag and Cu, but the observed values were 0.68% and 0.64%.
The lower amount of Ag, Cu content might be due to selective
area selection for EDX or because of some mass loss occurred
either during the photodeposition process or by the washing pro-
cedure. In addition with all the necessary elements like (Ca, Tj, O,
Ag, Cu), one additional signal of element carbon (C) was detected
in all the samples that could have come from the carbon tape
employed in SEM-EDX analysis to attach samples to sample hold-
ers, or maybe because of the presence of some carbonate traces.
The mapping results of Ag/Cu-CTO samples along with the cor-
responding image are shown in Fig. 3. The dot pattern of 1 wt%
Ag-CTO sample {Fig. 3(a)-(d)} clearly shows the presence of ele-
ments Ca, Ti, O, Ag appearing in green, blue, yellow and pink col-
ors, respectively. Similar confirmation of elements, most importantly
the presence of Cu, was also detected in the dot pattern of 1 wt%
Cu-CTO nanocomposite {Fig. 3(e)-(h)}.

Further, the clear morphologies as well as the way of distribution
of Ag and Cu nanoparticles on CaTiO; surface were elucidated

Weight%

10.80

Ca 19.96
Ti 24.83
o 44.40

100%

Element Weight%
C 8.74
Ca 17.71

Ti 26.51
o 46.73
Ag 0.68

100%
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Fig. 2. SEM images of (a) bare CTO, (b) 1 wt% Ag-CTO, (c) 1 wt% Cu-CTO and their corresponding EDX profiles.
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Fig. 3. Elemental dot mapping of different elements present in (a)-(d) 1 wt% Ag-CTO and (e)-(h) 1 wt% Cu-CTO photocatalysts.
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Fig. 4. HRTEM morphology (a), (b), lattice fringes (c) and SAED pattern (d) of bare CaTiO:.

from their TEM and HRTEM images. The TEM images of bare
CTO (Figs. 4(a) and (b)) show mixed morphological characteris-
tics. Most of the nanoparticles attained spherical shape, while vari-
able morphologies, such as rectangular, hexagonal and cubical,

April, 2022

were also observed. Size of the CTO particles was measured and
found to be in the range of 40-150 nm. Occurrence of large sized
particles could be related to the consequence of high calcination
temperature, which causes growth of the crystal. Fig. 4(c), displays
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the high resolution TEM image of bare CTO, which represents
clear lattice fringes of CTO with an interplanar ‘d" spacing of 0.38
nm coinciding with the (110) crystal plane of pure perovskite phase
CTO [42]. Fig. 5(a) and (b) represent the TEM images of 1 wt%
Ag-CTO nanocomposite. Many smaller spherical Ag nanoparti-

cles (marked by red arrows) of average size 6-12 nm were found to
be uniformly deposited on the CTO surface in the form of nano-
dots. Its HRTEM image displayed in Fig. 5(c) further confirms the
presence of Ag. The interplanar spacing (d) of 0.23 nm [43] and
0.38 nm shows the presence of (111) plane of Ag nanoparticles

Fig. 6. HRTEM morphology (a), (b), lattice fringes (c) and SAED pattern (d) of optimum 1 wt% Cu-CaTiO; nanocomposite.

Korean J. Chem. Eng.(Vol. 39, No. 4)
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[30] anchored on (110) plane of CTO surface, respectively. Similar
kinds of TEM and HRTEM images were also obtained in case of
1wt% Cu-CTO nanocomposite as presented in Fig. 6(a)-(c). Cu
nanodots of average sizes 3 to 20 nm were found to be anchored
on CTO surface. Distinct fringes were also observed for Cu and
CTO, where spacing ‘d’ of 0.21 and 0.38 nm was attributed to (121)
plane of Cu [44] and (110) plane of CTO. Such results indicate the
deposition of Ag and Cu nanoparticles on CaTiO, perovskite. More-
over, SAED pattern of these samples was also analyzed as shown
in Figs. 4(d), 5(d) and 6(d). A series of bright spots were observed
in contrast to ring pattern. The typical spot pattern reveals the high
crystallinity of all the prepared samples.

Fig. 7 presents the results of ultraviolet-visible spectra of bare
and 1, 3, 5wt% Ag/Cu-CTO nanocomposites. A characteristic peak
of CTO was observed at 370 nm in a UV region which could be
due to the electronic transition from the valence band to the con-
duction band. After deposition of Ag and Cu, the absorption range
of the composites was found to be significantly shifted towards the
visible-light region. The typical surface plasmon resonance bands
of Ag and Cu in the composites were seen in the range of 480 and
700 nm, respectively. Moreover, with the increase in their amount
from 1 to 5wt% the intensity of these plasmon bands was also
found to increase gradually. Accordingly; the existence of UV as
well as visible absorbance maxima in case of Ag/Cu-CTO com-
posites clearly indicates that the material turns out to be highly
photoactive, with ability to be able to respond in full range spec-
trum. After depositing these metals on CTO surface, the colors of
the samples were also found to be changed (as inserted in Scheme
2) from the typical white color of CTO to light brown and grey in
the case of Ag and Cu-CTO, respectively. This further confirms
the change in the light absorption capacity of CTO by the depos-

——CTO

—o—1 wt%Ag-CTO|
—a—3 wt%Ag-CTO|
—v—5 wt%Ag-CTO|

0.04:370 nm i
T

400 450 500 550 600 650 700 750 800 850 900

Wavelength (nm)

ited metals.
Further, the band gap energies of the samples were estimated by
the use of Tauc relation [39], given by:

ahv=A (hv-E)" )

where a=absorption coefficient, hv=photon energy, A=constant,
E,=is the band gap of the material and n is the exponent coeffi-
cient (n=1/2 for CaTiO;). The exact band gap values (listed in
Table 1) were calculated by plotting the graph between (ch1)"
versus the hv as displayed in supporting information (Fig. S1(a)
and (b)). Results revealed that the band gap energy values of all
the prepared catalysts were lower than bare CTO (2.99 eV). The
reduction in the band gap upon modification with Ag and Cu was
attributed to decrease in the extent of recombination of photo-
generated charge carriers. However, it was also noticed that this
band gap lowering occurred only up to 3 wt%; further increasing
the loading amount of Ag and Cu to 5wt%, increases the band
gap. This could be due to excessive loading of metal nanoparticles
which acts as recombination centers and affects the band gap. The
maximum decrease in the band gap of 2.90 eV was observed in
case of 3 wt%Ag-CTO sample.

Photoluminescence (PL) spectroscopy was used to examine the
extent of charge carrier separation in various samples. It is well
reported that the PL intensity is directly proportional to the recombi-
nation rate of electron-hole pairs, i.e., the higher the extent of recom-
bination, the more intense is the PL signal, and vice-versa [45]. Fig.
8 shows the room temperature PL spectra of bare and Ag/Cu-
CTO nanocomposites with excitation wavelength of 370 nm. Sev-
eral peaks at 423, 486 and 530 nm were obtained for all the sam-
ples. The peak at 423 nm is ascribed to near band edge emission
(NBE) and the latter peaks at 486 and 530 nm defined as deep

—=—CTO
0.6 —o—1 wt%Cu-CTO
—4—3 wt%Cu-CTO
0.5 —v—5 wt%Cu-CTO

e

Absorbance (a.u.)

3I70 nl;(_l ] T L] L) L} ) L} ]
400 450 500 550 600 650 700 750 800 850 900

Wavelength (nm)

Fig. 7. Diffused reflectance spectra of various Ag and Cu loaded CTO nanocomposites.

Table 1. The absorption peaks and band gap values for bare CTO and various (1, 3 and 5 wt%) Ag/Cu-CTO nanocomposites

Ag-CTO Cu-CTO
Metal content A (NIM) Band gap (eV) Ay (IT1) Band gap (eV)
1 wt% 480 291 630 2.96
3 wt% 480 2.90 730 2.95
5 wt% 480 294 750 2.98

April, 2022
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level emissions (DLE). The NBE emission peak mainly centered in
the UV region originates due to recombination of charge carriers
formed upon excitation by radiation with energy equal to or greater
than the bandgap energy. The other two deep level emissions cen-
tered in the visible region would be the result of intrinsic defects
such as oxygen vacancies (V,,), Ti vacancies (V;) or surface defects.
The deposition of Ag and Cu, however, did not change much the

——CTO

——1 wt%Ag-CTO
——3 wt%Ag-CTO
—v—5 wt%Ag-CTO

423 nm

PL Intensity (a.u.)

500 550

Wavelength (nm)

400 450

600
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position of band edges but resulted in significant quenching of PL
intensity in comparison to the intensity of bare CTO, indicating
suppression in the recombination rate of photoinduced electron-
hole pairs in Ag/Cu-CTO composites. This could be credited to the
electron trapping ability of Ag and Cu leading to efficient transfer
of charges from CTO surface to these islands, which strongly hin-
ders the recombination process and in turn prolongs the lifetime

Fig. 8. Photoluminescence (4,,,,,=370 nm) spectra of various nanocomposites.
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Fig. 9. (a) Comparative changes in absorption spectra of RhB dye degradation by different Ag- CTO catalysts after 90 min UV irradiation,
((b) and (c)) time course-kinetic plot, (d) their relative rate constants (k).
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of charge carriers. Besides, it was observed that the highest PL
quenching happens in case of 1 wt% amount of Ag/Cu-CTO nano-
composites, which implies that there is an optimal value for the
quantity of metal (Ag, Cu) in order to obtain the adequate electron
transportation. On further increasing the metal content beyond
1 wt%, the PL emission shows a rise in intensity due to high elec-
tron-hole recombination rate. This might be due to excessive metal
deposition which can cover the CTO surface, eventually leading to
decrease in the concentration of photoexcited charge carriers and
also the photocatalytic activity of composites. Among all the sam-
ples, the most depressed PL signal was obtained in case of 1 wt%
Ag loaded CTO.

INFLUENCE OF COINAGE METAL Ag AND Cu
DEPOSITION ON CaTiO; PHOTOCATALYTIC
ACTIVITY

1. Photocatalytic Activity of Ag-CaTiO;

The UV-visible absorption spectra Fig. 9(a) show comparative
change in absorbance of RhB dye after its photodegradation by
bare and different Ag-loaded CTO nanocomposites under 90 min
UV irradiation. It can be seen that absorption intensity is decreased
to a varied extent depending on the amount of Ag (1 to 5wt%)
deposition, signifying the differences in RhB photodegradation
efficiency among various catalysts. Definitely, Ag loading notably
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improved the photoactivity of CTO, and 1wt% Ag deposition
exhibits maximum catalytic activity and thereby decreased on fur-
ther (3 to 5wt%) loading. To further confirm the optimum amount
of Ag loading on CTO for RhB degradation, the time course (Fig.
9(b)) plot and kinetic graphs (Fig. 9(c)) were studied and found
that the photodegradation process follows pseudo-first-order rate
law in all cases. Fig. 9(d) representing the histogram shows com-
parative reaction rate constant values. Out of various Ag loaded
catalysts, the maximum rate constant (4.50x10*) was obtained in
case of 1 wt% Ag loaded CTO sample under similar experimental
condition.

2. Photocatalytic Activity of Cu-CaTiO;

Similar results were obtained for various amounts of Cu-loaded
CTO for RhB dye photodegradation as shown in Fig. 10. The
changes in the absorption spectral intensity, time course plot and
kinetic rate law are also varying depending upon the amount of
Cu loaded on CTO as displayed in Fig. 10(a)-(c). The photocata-
Iytic activity of Cu-CTO catalysts are seen to follow the same trend
as observed by Ag loaded catalysts where 1 wt%Cu loading also
exhibited the best photoactivity (1.80x107%) for RhB degradation
as evident in Fig. 10(d) histogram.

The experimental result suggests that degradation ability of
CaTiO; gets remarkably enhanced by depositing Ag and Cu on its
surface. These metal deposits behave like electron accumulation
sites and effectively trap the photo-excited electrons from CTO

1.04 (b) —s—Bare CTO
: —o—1 wt%Cu-CTO
—a—3 wt%Cu-CTO
0.8 —v—5 wt%Cu-CTO
o 0.6
o
0.4+
0.2
0 15 30 45 60 75 90
Time (min)
2.0
| Rate constants 1.8 ((])
_ 1.64
‘=
2 14
S 12-
”
= 1.04
< 0.86
£ 0.8
é 0.6
v
bt
= 0.44
-4
0.2
0.0-
0 <30 30 30
o Y \\"o/ oY 3 \\"%C“ 5 \1&0/ o

Fig. 10. (a) Comparative changes in absorption spectra of RhB dye degradation by different Cu-CTO catalysts after 90 min UV irradiation,
((b) and (c)) time course-kinetic plot, (d) their relative rate constants (k).
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Fig. 11. Comparative photodegradation efficiency of different pho-
tocatalysts.

surface and then transfer them to oxygen molecule. Followed by
increase in the formation of highly reactive hydroxyl ((OH-) radi-
cals and superoxide radical anion (.O,-), which can be used effec-
tively for degradation of RhB. To further understand the improved
behavior of CTO photoactivity, the CB (conduction band) and VB
(valence band) potentials of CTO v/s (NHE) normal hydrogen
electrode were determined based on its band gap by Egs. (3)-(4).

Ec=X—E,~05E, ©)
E=X-E+05E, 4)

where X is the absolute electronegativity of CTO (5.105eV) [46];
E, is the energy of free electrons on the hydrogen scale (4.5 eV), E,
is the band gap of CTO (2.99 eV). The CB and VB potentials were
obtained as —0.89 V and +2.1 V vs NHE, respectively.
Comparative analysis of the co-catalytic effect imparted by Ag/

6.6

HUY CB

iLight

B
VB Oxidation
OH’

Table 2. The electronic properties of Ag and Cu used as co-catalysts

Electron affinity Electronegativity
Co-catalyst (KJ/mol) (Pauling)
Ag 1256 193
Cu 1184 1.90

Cu to CaTiO; photoactivity is presented in Fig. 11. The histogram
clearly shows the differences in the degradation efficiency of RhB
by various samples. 1 wt%Ag-CTO revealed the maximum RhB
removal efficiency (98%) within 90 min. Since the amount of metal
loading and the average particle size are almost the same in both
the Ag and Cu deposited composites, the observed difference in
the photoactivity of Ag/Cu-CTO catalysts can be elucidated on the
basis of electronic properties like electron affinity and electronega-
tivity and also the work function of the deposited metal. As it can
be seen from Table 2, Ag metal, because of its high electron affinity
(125.6 KJ/mol) and high electronegativity (1.93 on Pauling scale)
value [47], acts as more efficient electron trap in comparison to
the relatively lower values of Cu. Moreover, the lower work func-
tion of Ag metal (4.26 eV) than of Cu (4.93 V), allows easy trans-
ference of the CB electrons of CTO to the Ag deposits. Further,
the higher reduction potential of Ag" ions (0.79 V) accepts the elec-
trons first from the CB while Cu'? ions with lower reduction poten-
tial (0.33 V) get reduced afterwards.

As a result, much better separation of charges is achieved in the
case of Ag loaded samples leading to superior degradation ability.
Both the PL mesurements and bandgap analysis also support the
observed degradation results. The lower bandgap value of (E,=2.91
eV) as well much depressed PL intensity in case of 1 wt% Ag-CTO
composites in contrast with the one deposited with Cu-CTO of
(E;=2.96 eV) acts as evidence for better efficiency of the Ag cocat-
alyst.

Furthermore, the lower degrading efficiency beyond 1 wt% depo-
sition could be attributed to the fact that after exceeding this amount,
the deposited Ag and Cu nanodots may cover the large portion of

0,
Reduction

Rhodamine B dye

Scheme 3. Plausible mechanism of RhB degradation by Ag/Cu-CaTiO; nanocomposite under UV light irradiation.

Korean J. Chem. Eng.(Vol. 39, No. 4)



952 M. Passi and B. Pal

CTO surface, leading to blockage of its many active sites and par-
tial shielding of UV light absorption [48,49]. All these events prob-
ably reduce the number of photoinduced excitons (e /h*). Fur-
thermore, high amount of metal loading can also induce the agglom-
eration of metal particles, which in turn might be responsible for
reducing the photoactivity. Thus, it is revealed that nature of metal
and their amount also affects the photoactivity of CaTiO; for
degrading RhB.

POSSIBLE PHOTOCATALYSIS MECHANISM

Scheme 3 illustrates the possible mechanism responsible for the
degradation of RhB under UV light irradiation by the as-prepared
catalysts. In CTO, during light illumination, the electrons get excited
from the VB to the CB, with the simultaneous generation of holes
(h") in the VB. Then the photoexcited electrons and holes react
with adsorbed oxygen and water molecules to generate the reac-
tive oxygen species, such as superoxide radical anions (O;) and
hydroxyl radicals. These strong oxidative species such as O; and
OH radicals work together to further degrade or mineralize RhB
[50].

Whereas, in case of Ag/Cu-CTO, owing to the lower redox
potentials of Ag (+0.799 V vs. NHE) and Cu (+0.337 V vs. NHE)
in comparison with the CB potential of CTO (—0.89 V), the pho-
toexcited electrons can be easily transferred from CTO to Ag and
Cu surface, which further speeds up the separation of the elec-
tron-hole pairs in CTO. Here, the deposited metals Ag, Cu act as
electron sinks or traps for the photogenerated electrons migrated
from CTO. This obstructs the immediate electron-hole recombi-
nation process. The overall reactions during photocatalysis under
UV light with metal (M) deposited (CTO) photocatalyst are shown
below [51]:

CTO+hv(UV)—>CTO (eg+hyz)

CTO (ecp)+M (Ag, Cu)>CTO-M (¢")
CTO-M (¢")+0,—»CTO-M+O,
hyz+OH —-OH

.0, +2H'—»2.0H
-OH+RhB—decomposed product

CONCLUSION

We studied the effect of nature and amount of metal deposited
on CaTiO; for its enhanced activity in degrading RhB dye under
UV light irradiation. A series of Ag/Cu-CTO nanocomposites with
varying wt% (1, 3 and 5) of Ag, Cu were synthesized by photode-
position method. Their photocatalytic activity for the degradation
of Rhodamine B was found to be dramatically higher than that of
bare CTO. Both Ag and Cu deposition promoted enlarged photo-
activity by shifting the absorption edges towards longer wavelengths
with reduced bandgaps and suppressing the charge carrier (elec-
tron-hole pairs) recombination probability; as confirmed by UV-
DRS and PL spectroscopy, respectively. Optimal Ag and Cu load-
ing (1 wt% in the present case) ensures the maximum degrada-
tion, whereas the rates were gradually reduced with higher metal
loading. Also, in comparison to Cu, much superior reaction rates=

April, 2022

4.5x10"> min"' were achieved by deposition of Ag onto CTO. So,
based on the experimental results, Ag was found to be a promis-
ing co-catalyst for CaTiO,. In addition, the as-prepared compos-
ites not only show enhanced activity under UV light, but also
possesses strong absorption in the visible light region as seen by
the UV-DRS plot. Further, the work of exploring their photocata-
lytic activity under visible and solar irradiation is currently under
progress. This study will enlighten the usage of these materials appli-
cations for developing other visible-light responsive perovskites
photocatalysts with high photocatalytic activity in various environ-
mental and energy issues.
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