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Enhanced sunlight photocatalytic activity of AgsPO,
decorated novel combustion synthesis derived TiO,
nanobelts for dye and bacterial degradation

Neerugatti KrishnaRao Eswar,? Praveen Chandrashekarapura Ramamurthy®® and
Giridhar Madras*©

This study demonstrates the synthesis of TiO, nanobelts using solution combustion derived TiO, with
enhanced photocatalytic activity for dye degradation and bacterial inactivation. Hydrothermal treatment
of combustion synthesized TiO, resulted in unique partially etched TiO, nanobelts and AgzPO, was deco-
rated using the co-precipitation method. The catalyst particles were characterized using X-ray diffraction
analysis, BET surface area analysis, diffuse reflectance and electron microscopy. The photocatalytic pro-
perties of the composites of AgzPO,4 with pristine combustion synthesized TiO, and commercial TiO»
under sunlight were compared. Therefore the studies conducted proved that the novel AgzsPO4/unique
combustion synthesis derived TiO, nanobelt composites exhibited extended light absorption, better
charge transfer mechanism and higher generation of hydroxyl and hole radicals. These properties resulted
in enhanced photodegradation of dyes and bacteria when compared to the commercial TiO, nano-
composite. These findings have important implications in designing new photocatalysts for water purification.

1. Introduction

As a result of radical urbanization, the quality of water has
been compromised. Further, improper waste water treatment
in industries dumping of wastes causes water pollution.
Besides chemical contamination, bacterial infections pertain-
ing to water contamination must also be considered seriously.
Fecal bacteria such as Escherichia, fecal coliforms, Staphylo-
coccus, Pseudomonas, and Streptococcus species in water cause
various infections' and are a menace to public health.> The
primary objective of any disinfection process in water treat-
ment is the control of water-borne diseases through inacti-
vation of pathogenic microorganisms in the water.’

Generation of reactive oxygen species to degrade the chemi-
cal contaminants and pathogens by an advanced oxidation
process using nanoparticles is one of the solutions for
water purification. Over the past few years, research on
nanomaterials is increasing rapidly because of their valuable
properties. There are several methods for the synthesis of
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nanomaterials and varying morphologies such as nanorods,
spheres, discs, nanoflowers, platelets etc.”” have been
obtained and used for different applications like photocataly-
sis, electrocatalysis, supercapacitors etc.®’

Metal oxides such as ZnO, TiO, etc. and metals like Ag and
Au have been used for various catalytic applications.®>® Among
various routes such as sol-gel, hydrothermal, solvothermal,
aerosol, inert gas condensation, combustion synthesis of
nanomaterials is considered to be quick and efficient. Com-
bustion synthesized TiO, has proved to be an efficient catalyst
compared to its commercial counterpart.'®""
studies have attempted to increase the photoactivity of TiO,,
since its efficiency depends on parameters such as particle
size, crystallinity, pore size'* etc. Efforts have been made to
increase the photoactivity by doping it with various transition
elements."?

Silver and silver based compounds such as AgBr, Agl,
Ag;PO,, have been used for photocatalytic and antibacterial
applications.'™° Silver is being used as an effective antimicro-
bial agent because it exhibits strong cytotoxic activity against a
broad range of microbial organisms.'” Recently, in addition to
pristine silver, silver based photocatalysts are used widely for
photocatalytic applications. AgBr on AgVO; nanobelts has
shown efficient plasmonic photocatalytic activity against Rhod-
amine-B with good stability."® Surfactant assisted highly-crys-
talline Agl nanoplates showed better photocatalytic activity
under visible light."* Ag;PO, and Ag/Ag;PO, showed better

However, many
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absorption of visible light and exhibit excellent antibacterial
activity."® Recent studies on the activity of the AgBr composite
with iron oxide have reported enhanced photocatalytic activity
under visible light.">*® Similarly the Ag;PO, composite with
TiO,-Fe,0; and GO has shown better and synergistic photo-
catalytic activity compared to its pristine composition, also by
facilitating magnetic separation of the photocatalyst.>' >*

In this study, TiO, (CST) was prepared by the solution com-
bustion method using ascorbic acid as a reducer. Recent
reports have shown that as the nature of the TiO, precursors
varies, the attributes of the nanobelts derived from them
change significantly.”> The TiO, nanobelts (CSTNB) were syn-
thesized using combustion synthesized TiO, as a novel precur-
sor. Ag;PO, has been impregnated on these TiO, nanobelts by
the simple co-precipitation technique. This is the first study to
report impregnation of Ag;PO, on TiO, nanobelts prepared
using combustion synthesized TiO, as a precursor for photo-
catalysis under natural sunlight. The photocatalytic degradation
of organic pollutants and antibacterial activity of Ag;PO,
impregnated combustion synthesized TiO, and TiO, nanobelt
compounds have been compared with commercial TiO,
(Degussa P-25).

2. Experimental
2.1 Materials

Titanium iso-propoxide (>97% purity) was purchased from
Sigma-Aldrich. r-Ascorbic acid-LR, silver nitrate, di-sodium
hydrogen phosphate and methylene blue, methyl orange,
neutral red dyes were purchased from SD Fine Chemicals Ltd
(India). Sodium hydroxide, sulphuric acid (98%), hydrochloric
acid (35%) and nitric acid (69%) were purchased from Merck
(India). The Neubauer-chamber was purchased from Pristine
Scientific Ltd (India). Luria nutrient broth was purchased from
Hi Media (India). Double distilled Millipore water was used for
all the experiments.

2.2 Catalyst preparation

2.2.1 Synthesis of TiO, using the solution combustion
method. TiO, nanoparticles were prepared using the solution
combustion method™ with ascorbic acid as a reducer and
titanyl nitrate as an oxidizer. A typical synthesis of titanyl
nitrate involves mixing titanium iso-propoxide in ice-cold
water to obtain a white precipitate. To the above precipitate,
1:2 nitric acid (by volume) was added to obtain a transparent
solution of titanyl nitrate. An equimolar oxidizer to fuel ratio
was maintained by adding titanyl nitrate with a stoichiometric
amount of r-ascorbic acid. The combustion reaction is;

2TIO(NO,), + CeHsOp % 2TIO, + 6CO, + 4H,0 + 2N, (1)

The reaction mixture was kept in a preheated furnace at 350 °C
for 15 min and a smoldering combustion reaction was
observed. The combustion product was ground finely to obtain
a pale yellow colored powder.
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2.2.2 Synthesis of TiO, nanobelts from combustion syn-
thesized TiO,. TiO, nanobelts (CSTNB) were prepared from
combustion synthesized Ti0,.>° 20 ml of 10 M sodium hydrox-
ide was mixed with 0.1 g of combustion synthesized TiO, and
stirred vigorously. Later the mixture was transferred into
Teflon coated steel autoclave and kept inside the furnace at
180 °C for 48 h. The nature of nanobelt remains the same by
varying the temperature of the hydrothermal reaction from
180 °C to 240 °C.>”*® Hence, the optimum temperature is con-
sidered as 180 °C and 48 h. Similarly, after hydrothermal treat-
ment of TiO, with NaOH, Na,Ti;O, is formed. The obtained
powder was washed with de-ionized water several times to
remove impurities and then dispersed in 0.1 M HCI. Treating
this product with HCI involves ion exchange to become
H,Tiz;0,. In order to remove the impurities, the product
formed was thoroughly washed with de-ionized water until the
pH of the washed solution became 7. Later H,Ti;O, belts were
dispersed in 40 ml of 0.02 M sulphuric acid and transferred to
a Teflon coated steel autoclave. The autoclave was maintained
at 100 °C for 12 h to obtain acid etched H,Ti;O, belts.
However, the increase in concentration or reaction time during
acid corrosion of combustion synthesis derived TiO, nanobelts
changes the structure of belts by disintegrating them into fine
nanoparticles. Hence, 0.02 M of H,SO, and 12 h reaction at
100 °C were considered as optimal. The resulting product was
centrifuged at 5000 rpm for 10 min and washed several times
with de-ionized water, and later dried at 70 °C for 10 h. The
dried powder was annealed at 600 °C for 2 h to obtain white
colored acid etched TiO, nanobelts (CSTNB).

2.2.3 Synthesis of Ag;PO,, Ag;PO,/CST and Ag;PO,/
CSTNB. A simple co-precipitation technique was used to
prepare Ag;PO,/CST and Ag;PO,/CSTNB heterostructures.
Initially, 0.2 g acid-etched TiO, nanobelts (CSTNB) were dis-
persed in 100 ml of de-ionized water in a separate round
bottom flask. The mixture was ultrasonicated for 15 min. A
stoichiometric amount of silver nitrate and di-sodium hydro-
gen phosphate solution was prepared separately using de-
ionized water. Silver nitrate solution (1:10 of Ag;PO,:TiO,)
was added dropwise to the TiO, nanobelt dispersed mixture
while continuing with vigorous stirring at 60 °C. The pH of the
mixture was kept at 5 using 0.1 M nitric acid.

For comparison, the same process was carried out for the
preparation of Ag;PO,/CST and Ag;PO,/P-25 using combustion
synthesized TiO, and commercial Degussa P-25 instead of
TiO, nanobelts. Di-sodium hydrogen phosphate solution was
added slowly into the above mixture until the solution turned
pale yellow indicating the formation of Ag;PO, on CST and
CSTNB. Pristine Ag;PO, was prepared by the same procedure
but without the addition of TiO, nanoparticles.

3. Characterization

X-ray diffraction spectra were obtained from a Rigaku diffracto-
meter using Cu-Ko radiation with a scan rate of 1° min™" in

the scan range of 10°-80°. Scanning electron micrographs
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were captured using ULTRA55 FESEM, Carl Zeiss. The samples
were dispersed in absolute ethanol and sonicated for 10 min.
These dispersed samples were drop-casted on silica wafers
which were stuck to a carbon tape on a SEM aluminium stub.
The prepared samples were kept under vacuum for 12 h; after
that samples were gold sputtered using a Quaram sputtering
machine to prevent the sample charging effect and SEM images
were taken. Transmission electron micrographs were acquired
with a Tecnai T20 operated at 180 kV. Samples for TEM analysis
were prepared by dispersing it in isopropanol and subjected to
ultrasonication. Later, the samples were drop casted on copper
grid and kept under vacuum for 12 h. Diffuse reflectance
spectra were obtained using a solid state UV-visible spectro-
photometer (Perkin Elmer). Photoluminescence measurements
were performed using a PL-spectrophotometer (Perkin Elmer). The
absorbance measurements for photocatalysis experiments were
measured using a UV-Visible spectrophotometer (Shimadzu-UV
1700). Samples were regenerated at 120 °C for 2 h prior to BET
surface analysis using Nova-1000 Quantachrome. The data were
obtained by using a Belsorb surface area analyzer (Smart instru-
ments) with the help of liquid nitrogen (77 K) and water (300 K)
atmospheres for both adsorption and desorption of N,.

4. Photochemical reactor and
photocatalysis

100 ml quartz reactors were used to perform photocatalytic
experiments. Photocatalytic dye degradation and antibacterial
degradation experiments were conducted under direct sunlight
between 11:00 am and 2:00 pm, when the solar intensity fluc-
tuations are less and the intensity was ~975 W m™>. The reac-
tion mixture was stirred vigorously using a magnetic stirrer
and the samples were collected from the reactor at a specific
time to measure absorbance. Experiments were performed in the
dark to measure the adsorption of the dye over catalyst particles.

Photocatalysis was performed using a 20 ppm aqueous
solution of methylene blue and a 30 ppm aqueous solution of
methyl orange. The catalyst concentration was maintained at
1 g 17" for all the experiments. The catalyst particles were
initially suspended in the dye solution and kept in the dark for
1 h to achieve stable absorption-desorption equilibrium.
Samples were collected from the reactor at regular intervals
and centrifuged at 5000 rpm for 5 min to separate catalyst par-
ticles from the solution and absorbance was measured using a
UV-visible spectrophotometer.

4.1. Antibacterial evaluation

The bacterial culture of wild type Escherichia coli strain was
prepared using liquid nutrient broth. Glass ware, media, test
tubes, Eppendorf tubes, micro tips etc. and all other acces-
sories required for culture preparation and antibacterial evalu-
ation were autoclaved and kept under UV light inside a
laminar chamber. The bacterial culture was centrifuged at
5000 rpm for 10 minutes to separate bacterial cells as pellets.
Later, the pellets were re-suspended in phosphate buffer saline

This journal is © The Royal Society of Chemistry and Owner Societies 2015
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solution in order to maintain the ionic concentration for the
bacteria. Control experiments were conducted in the dark
using 0.25 g 17" catalyst and bacterial suspension alone
without keeping the reactor under solar irradiation. Further-
more, the catalysts were added into a fresh bacterial suspen-
sion and kept under solar radiation. Sample mixtures of
bacterial and catalyst suspensions were collected at regular
intervals in order to measure antibacterial activity. Various
methods such as broth dilution, turbidity assay, colony-count-
ing, disk-diffusion, growth inhibition and minimum inhibitory
concentration were used. In addition to these, Neubauer-
chamber counting can be used for the quantitative or qualitat-
ive determination of anti-microbial activity.”>*® 100 pl of seri-
ally diluted aliquots were mixed with 0.4% of a neutral red
solution according to a 1:10 ratio. 20 pl of the above stained
bacterial suspension was pipetted out on a Neubauer counting
chamber. The viable bacterial cells were stained by neutral red
because live cells incorporate the stain into lysosomes. Live
bacterial cells were counted on respective squares under a
microscope and averaged for calculating bacterial cell density.

5. Results and discussion

5.1. X-ray diffraction analysis

X-ray diffraction patterns of combustion synthesized TiO, and
acid etched TiO, nanobelts are shown in Fig. 1(a) and (b). The
synthesized product with ascorbic acid as the fuel for combus-
tion has shown the possibility of formation of a rutile phase at
26 values of 36.0° and 54.2° (JCPDS no: 00-001-1292) besides a
predominant anatase phase. The anatase can be observed at a
20 value of 25.4° (JCPDS no: 00-004-0477) with (101) as <hkl>
parameters. It has been reported that combustion synthesis of
TiO, using titanyl nitrate and ascorbic acid of 5:3 molar ratio
between the oxidizer and the fuel resulted in a pure anatase
phase.’" However, if the stoichiometric ratio is 2: 1, the rutile
phase is formed which co-exists with anatase.

The X-ray diffraction pattern of nanobelts prepared out of
combustion synthesized TiO, shows a huge peak that corres-
ponds to the anatase phase (JCPDS no: 00-004-0477) and adja-
cent to it a small peak at 27.6° corresponding to the rutile
phase (JCPDS no: 00-001-1292). The diffraction peaks for
Ag;PO, nanoparticles are denoted with filled dots (Fig. 1(c))
and at 33.4° a huge peak was observed which corresponds to
(210) plane diffraction. Further peaks at 36.7°, 55.0°, 57.5°,
and 61.9°, can be assigned to the diffractions from the (2 1 0),
(310),(320),(321),and (4 0 0) planes of Ag;PO, (JCPDS (00-
006-0505)). This pattern was also manifested in the Ag;PO,/
TiO, nano heterostructures (Fig. 1(d)). Therefore, successful
impregnation of Ag;PO, over acid etched TiO, nanobelts can
be corroborated based on these observations.

5.2. Diffuse reflectance spectrophotometry

The UV-vis diffuse reflectance spectra of the Ag;PO,, acid
etched TiO, nanobelts and Ag;PO, coupled acid etched TiO,
nanobelts were measured using a UV-Vis spectrophotometer

Photochem. Photobiol. Sci, 2015, 14, 1227-1237 | 1229
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Fig. 1 (a) X-ray diffraction pattern of combustion synthesized TiO, and

acid etched TiO, nanobelts and (b) X-ray diffraction pattern of AgzPO,4
and AgzPO, coupled with acid etched TiO, nanobelts.

(Perkin Elmer). The formation of Ag;PO,/TiO, has accounted
for a remarkable increase in light absorption in the visible
region compared to pristine TiO, nanobelts. As shown in
Fig. 2, UV-vis diffuse reflectance spectroscopy measurements
rendered that the acid-etched TiO, nanobelts exhibited a
strong absorption at about 390 nm, which can correspond to
the band gap of multi-phase titania having both anatase and
rutile phases (3.0-3.2 eV).>” Similarly, a strong absorption
peak was recorded at around 550 nm which can be matched to
Ag;PO, nanoparticles whose in-direct band gap was calculated
to be around 2.4 eV.** The absorption edge of the Ag;PO,
impregnated TiO, heterostructures was unaltered compared to
the pristine acid etched TiO, nanobelts. However, there was a
strong absorbance in the visible region between 400 and
700 nm. This can confirm that Ag;PO, was successfully
impregnated over the acid etched TiO, nanobelts.***

5.3. Microscopy analysis

The morphological features of acid etched TiO, nanobelts and
Ag;PO, impregnated TiO, nanobelts were studied using SEM

1230 | Photochem. Photobiol. Sci., 2015, 14, 1227-1237
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Fig. 2 Diffuse reflectance spectra of AgzPO, CSTNB and AgzPO,/
CSTNB.

and HRTEM micrographs. The SEM image of acid etched TiO,
nanobelts before acid treatment is shown in Fig. 3(a). An acid
corrosion treatment led to partial etching of nanobelts and
subsequent formation of several TiO, islands on existing nano-
belts and also on partially etched nanobelts, as shown in Fig. 3(b).
The surface area of TiO, nanobelts was 35 m® g~' and it
increases to 75 m* g~ ' after the acid etching process.®® It can
be suggested that the etched surfaces could serve as nucleating
sites for Ag;PO, nanoparticles, resulting in the formation of
Ag;PO,/TiO, composites, as shown in (Fig. 3(c)). One can
observe that the Ag;PO, nanoparticles, with an approximate
diameter between 10 and 20 nm, were deposited onto the acid-
etched TiO, nanobelt surface, consistent with the TEM image
shown in Fig. 3(e). Ag;PO, nanoparticles were also prepared
without the acid etched TiO, nanobelt support, following
similar experimental conditions excluding the addition of TiO,
nanobelts. Ag;PO, nanoparticles were spherical in shape and
mostly agglomerated with other particles, as shown in Fig. 3(d).
The structural analysis of the Ag;PO,/TiO, heterostructures was
done by HRTEM.

As shown in Fig. 3(f), the lattice of both Ag;PO, and TiO,
can be clearly distinguished. Ag;PO, particles have a d-spacing
of 0.56 nm, matching with the structure of Ag;PO,, whereas a
d-spacing of 0.35 nm was observed for the TiO, nanobelts,
which corresponds to anatase TiO,. It can be clearly observed
that the Ag;PO, was impregnated firmly into the TiO, nanobelt
substrate, which promotes a synergistic effect towards photo-
catalysis by promoting a wide optical absorption and also
ensures structural stability of the composite.

5.4. X-ray photoelectron spectroscopy

XPS results of silver in Ag;PO,/CSTNB show the existence of Ag
in two bands corresponding to 368.2 and 374.1 eV, respecti-
vely, ascribed to Ag 3ds/, and Ag 3d;, (Fig. 4(a)). These bands
correspond to the Ag' of Ag;PO,. The bands observed in Fig. 4(b)
at 369.2 and 374.9 eV exhibit the binding energy of silver in
the Ag® state. This proves that after exposing Ag;PO, (either in

This journal is © The Royal Society of Chemistry and Owner Societies 2015
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Fig. 3 Scanning electron microscopy images of (a) pristine nanobelts, (b) acid etched TiO2 nanobelts, (c) AgzPO4, (d) AgzPO4/acid etched TiO,
nanobelt composite, bright field TEM image of (e) AgsPO,/acid etched TiO, nanobelt composite and HRTEM image of (f) AgzPO./acid etched TiO,

nanobelt composite.

pristine or composite form) to light, part of Ag" becomes Ag’.
In the case of just Ag;PO,, the Ag® formation is very high and
hence stability is low. However, when Ag;PO, is in the compo-
site form, there will be a formation of the Ag/Ag;PO,/substrate®
and hence a prolonged activity of Ag;PO, is maintained.

5.5. Photoluminescence spectroscopy

The photoluminescence spectra of Ag;PO, impregnated com-
bustion synthesized TiO, and acid etched TiO, nanobelts are
shown in Fig. 5. The presence of intrinsic states instead of
surface states can be corroborated to the peak originating at
419 nm because of charge transfer transitions between the 2p
orbitals of oxygen and the empty d orbital of the silver ion
which could possibly lead to recombination during photo-
luminescence.?” Recombination of self-trapped excitons in the
PO, anionic complex could also be the reason for the emission
peak at 419 nm. The peak at 533 nm which is approximately
equal to the band gap of Ag;PO, can be matched to the recom-
bination of electrons at the conduction band and holes at
valence band edges.’®?° Surface deposited silver or Ag doped
into the TiO, lattice can act as efficient traps for the photo-

This journal is © The Royal Society of Chemistry and Owner Societies 2015

induced electrons that prevent recombination. However, the
presence of excess Ag® could lead to reduction in the traps and
increase in photoluminescence intensity as observed at
441 nm and 485 nm. The peak at 530 nm can also correspond
to charge transfer between oxygen vacancies and Ti*" includ-
ing the peak at 460 nm which acts as a trap for charge.*’ In
the case of Ag;PO, impregnated with acid etched TiO, nano-
belts the photoluminescence intensity decreased significantly
which can be attributed due to an efficient charge transfer and
charge separation mechanism.

5.6. Photocatalysis

5.6.1. Photocatalytic degradation of dyes. The photo-
catalytic performance of Ag;PO,/CST and Ag;PO,/CSTNB was
assessed by the degradation of organic dye molecules under
sunlight irradiation. Fig. 6(a) and (b) show the degradation of
both cationic (methylene blue) and anionic (methyl orange)
dyes. These catalysts were compared to the composite of
Ag;PO, with standard commercial grade TiO,, Degussa P-25
(AgsPO,/P-25). Photodegradation experiments were also con-
ducted using pristine Ag;PO,. The blank experiments were

Photochem. Photobiol. Sci, 2015, 14, 1227-1237 | 1231
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Fig. 5 Photoluminescence spectra of AgzsPO,/CST and AgzPO,/CSTNB
(inset peak positions).

conducted in the absence of sunlight, where the catalysts were
experimented for adsorption. All the catalysts showed adsorp-
tion at around 15% of the initial dye concentration. Pristine
Ag;PO, showed negligible adsorption over both the dyes. The
photocatalytic efficiency of Ag;PO,/CSTNB was significantly
higher compared to other composites. Though the photo-

1232 | Photochem. Photobiol. Sci., 2015, 14, 1227-1237
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catalytic activity of Ag;PO, was higher compared to the compo-
sites, the stability of Ag;PO, reduced over subsequent runs.**
Ag;P0O,/TiO, nanobelts showed very high photocatalytic activity
for all the dyes. This is due to efficient charge separation that
could happen in the TiO, nanobelts and also potential charge
transfer at the interface of acid etched TiO, nanobelts and
Ag;PO,. Both the cationic and anionic dyes degraded 100%
within 20 and 30 min, respectively, under solar irradiation
with Ag;PO,/CSTNB. However, in the presence of Ag;PO,/CST
and Ag;PO,/P-25, it took 30 and 40 min respectively for the
dyes to degrade completely. The degradation was analyzed by
plotting C/C, with time. In(C/C,) = kt is the first order kinetic
equation that corresponds to the photocatalytic degradation,
where C, is the initial concentration, C is the final concen-
tration of the reactant at time ¢ and k is the apparent rate con-
stant. The slope of the linear plot of In(C/C,) versus time gives
the apparent rate constant k. The apparent rate constants of all
the catalysts are tabulated (Table 1). From the kinetic plot, as
shown in Fig. 6(c) and (d), the rate constant obtained for
Ag;PO,/CSTNB for both methylene blue and methyl orange
degradation was very high compared to Ag;PO,/CST and
Ag;PO,/P-25 indicating its superior photocatalytic activity. The
efficient charge separation because of island-belt interactions,
the majority of active phase exposure, and a wide range of
optical absorption of light by the composite could be possible
reasons for the enhanced photoactivity exhibited by Ag;PO,
coupled acid etched TiO, nanobelts.

5.6.2. Antimicrobial activity. The bacterial degradation
experiments were performed under natural sunlight using
Ag;PO,4/P-25, Ag;PO,/CST, Ag;PO,/CSTNB and Ag;PO,. Photo-
lysis experiments were performed without any catalyst particles
in the bacterial suspension. Control experiments were also
carried out using just the catalysts in the bacterial suspension
but in the absence of sunlight as shown in Fig. 7(a). From
Fig. 7(b), it is evident that Ag;PO,/CSTNB was efficient for the
inactivation of the microorganisms compared to other compo-
sites. Pristine Ag;PO, shows high antimicrobial activity against
E. coli. Ag;PO, can also slowly release Ag ions into the solu-
tion. Therefore, the composites have shown significant bac-
terial reduction compared to their TiO, counterpart in the
composite. Upon exposure to sunlight, Ag;PO, turned dark
within a short period of time unlike the composites, indicating
that part of Ag® was reduced to Ag’. The reactive radical
species generated by the catalyst was responsible for killing
the bacteria. The generated radicals would break the poly-
unsaturated phospholipid structures that are present in E. coli,
which ruptures the cell membrane leading to bacterial degra-
dation"™*? and also damages the nucleic matter of bac-
teria.*>** Therefore, Ag;PO, coupled with acid-etched TiO,
nanobelt structures exhibits superior antibacterial activity by
generating more hydroxyl radicals combined with the synergis-
tic effect of Ag.*”> In the dark experiments, the antibacterial
activity of Ag;PO, and composites is due to the release of Ag"
ions. Silver ions and silver nanoparticles are efficient bacteri-
cidal agents.*® Therefore, upon irradiating with sunlight,
Ag;PO, acts as an efficient semiconductor, where charge

This journal is © The Royal Society of Chemistry and Owner Societies 2015
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Fig. 6
P-25, AgzPO4/CST and AgzPO,/CSTNB under solar irradiation.

Table 1 Rate parameters for photodegradation of methylene blue and
methyl orange by AgzPO, AgzPO,4/P-25, AgzPO,4/CST and AgzPO.4/
CSTNB under solar irradiation

Rate constant, k (x10* min™"

Methylene Methyl
Catalyst blue orange
Ag;PO4/Degussa P-25 802 + 2.3 759 + 87.9
Ag;PO,/Combustion synthesized TiO, 1092 + 2.1 762 +7.2
Ag;PO,4/Acid etched TiO, nanobelts 1840 + 3.3 1354 + 6.7
Ag;PO, 3096 +15.3 445 + 3.2

carriers take part in the photocatalytic degradation of dyes and
bacteria. When Ag;PO, is coupled with TiO, nanobelts, the
photoactivity is still enhanced by extending the light absorp-
tion towards the visible region by the photocatalyst, maintain-
ing stability of the photocatalyst by reducing the release of Ag"
ions into solution,***748

Under dark conditions with Ag;PO, in a bacterial suspen-
sion, a bactericidal effect was observed because of the release
of Ag® ions into the suspension.”” However, this process
occurs at time scales greater than 2 h. Thus the release of Ag
does not influence photocatalytic activity for the degradation
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of dyes but shows some activity towards the inactivation of bac-
teria. Therefore, it is considered best to employ Ag;PO, as a
photocatalyst and investigate the bactericidal effect under UV/
solar light. Similarly, using pristine Ag;PO, for methylene blue
degradation showed best activity initially but the photoactivity
of Ag;PO, decreased over subsequent trials, as discussed in
the later section on reusability. This was observed by the
decrease in photocatalytic activity and also by observing a
change in the color of Ag;PO, from yellow to black because of
the formation of Ag nanoparticles upon shining light. But this
was not observed when Ag;PO, was impregnated with nanobelt
structures, where the latter act as the support preventing
decrease in the photoactivity of Ag;PO,. Thus Ag;PO, deco-
rated TiO, nanobelts are the best for the photocatalytic degra-
dation of dyes and bacteria.

5.7. Scavenger reactions

It is known that the principal factor of photocatalysis is the
generation of reactive radicals. Therefore, it is necessary to
evaluate the nature of the reactive radicals responsible for the
catalytic degradation. The photocatalytic reactant mixture was
mixed with various scavengers and the degradation was
carried out. EDTA-2Na“ (hole scavenger),*® tertiary-butyl
alcohol ("OH scavenger),*® DMSO (e— scavenger),”! and benzo-

Photochem. Photobiol Sci, 2015, 14, 1227-1237 | 1233


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c5pp00092k

Open Access Article. Published on 20 May 2015. Downloaded on 6/15/2026 1:58:36 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Dark {a)

Cells/ml

{—=—P25iAg3P0,
{—+—CSTiAg3PO,
{——CSTNBIAg3PO,
1 ——Ag3PO,

10° T T T T T
0 10 20 30 40 50 60

Time (min)

-

(=]
S

"

—m—P25/Ag;P0 4
—o—CST/Ag3P0 4
—a— CSTHB/Ag3PO0 4
—v—Ag3P0,
Photolysis

Light

Cells/iml

1®)
0 5 1;] 1I5 2IU 2'5 30
Time (min)

Fig. 7 Antimicrobial activity of AgzPO4, AgzPO,4/P-25, AgzPO,4/CST and
AgzPO,4/CSTNB under (a) dark conditions (b) under solar irradiation.

quinone (O°; scavenger)®® were the scavengers added to the
reaction mixture containing methylene blue and catalyst par-
ticles and it was subjected to photocatalytic degradation under
sunlight. From Fig. 8, it is observed that photocatalytically gen-
erated holes and hydroxyl radicals formed during the reaction
of Ag;PO, and acid etched TiO, nanobelt composites are
responsible for the efficient degradation. There is a huge prob-
ability for the holes generated from TiO, excitation to get
transported towards Ag;PO,, and thus the generation of
hydroxyl radicals is highly favorable. The excited electrons of
Ag;PO,, in addition to transported electrons from anatase,
also take part in the generation of O, radicals.

5.8. Stability

The reusability of the catalyst has been tested by photo-degrad-
ing methylene blue under solar radiation. The catalyst par-
ticles were centrifuged and dried at 100 °C after each cycle.
The catalytic stability is shown in Fig. 9 as a 3D profile repre-
senting methylene blue degradation with respect to each cycle.
As compared to the pristine Ag;PO,, Ag;PO, impregnated on
acid-etched TiO, nanobelts shows consistent photocatalytic
activity even after 3 cycles. This might be due to the tight
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Fig. 9 Reusability of (a)AgzPO,4 and (b) AgzPO,4/TiO, nanobelts against
methylene blue degradation.

This journal is © The Royal Society of Chemistry and Owner Societies 2015


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c5pp00092k

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 20 May 2015. Downloaded on 6/15/2026 1:58:36 PM.

Photochemical & Photobiological Sciences

anchoring of Ag;PO, on the surface of acid etched nanobelts
that enhances the stability of the composites.

6. Conclusions

This study indicates the outstanding properties exhibited by
the novel combustion synthesis derived TiO, nanobelts com-
pared to commercial TiO,. TiO, nanobelts were synthesized
using combustion synthesized TiO, for the first time. The syn-
thesis and photodegradation experiments of composite
Ag;PO, coupled with acid etched combustion synthesized TiO,
nanobelts were performed. The photocatalytic activity of
Ag;PO,/CSTNB composites was significantly higher compared
to Ag;PO,/CST and Ag;PO,/P-25. The efficient and excess gene-
ration of hydroxyl radicals by the Ag;PO,/CSTNB due to lower
recombination and better charge transfer led to enhanced
photoactivity. TiO, islands and Ag;PO, impregnation on top of
acid etched TiO, nanobelts have not only contributed towards
enhanced charge separation but also efficient charge transfer
and utilization of a broad spectrum of light for a better photo-
catalytic activity for the degradation of dyes and inactivation of
bacteria.
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