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ABSTRACT: Heterogeneous photocatalysis is of overriding significance for emerging energy and environment applications.
Nanosized metal—semiconductor heterostructures (HSs) allow extraordinarily tuned and intense absorption of light, making it
very promising for efficient solar energy harvesting in photovoltaic and photocatalytic applications. Here we report on the
ultrahigh rate of photodegradation of organic dye, Rhodamine-B, with two distinct sequential degradation rate processes under
visible light illumination on Ag nanoparticle (NP) decorated anatase TiO, nanorods (NRs) grown by a solvothermal route.
HRTEM analysis reveals the uniform decoration of Ag NPs (~17 nm) over the TiO, NRs surface for the optimized Ag@TiO,
HS. The defect rich Ag@TiO, NR HSs grown with an optimal weight ratio Ag:TiO, = 3:2 (TA32) exhibit very strong optical
absorption due to the localized surface plasmon resonance (LSPR) effect over the entire visible region, having an absorption peak
at ~520 nm. The effective band gap of TA32 has been significantly reduced to 2.71 eV from the pure TiO, band gap of 3.2 eV.
Studies on photocatalysis of Rhodamine-B show a very high degradation rate for the HSs due to the LSPR effect in the noble Ag
NPs and fast charge transfer at the Ag@TiO, interface. The optimized heterostructure (TA32) exhibits nearly double plasmonic
absorbance than the other HSs, and it shows the highest degradation rate under visible light irradiation. In contrast to the
available models, in the present case the degradation kinetics follows a sequential rate process with two distinct exponential decay
functions/rate constants. For the optimized HS (TA32), the degradation rate constants are found to be 0.083 (k,) and 0.033
min~" (k,) in the second and first stages of degradation, respectively. The pseudo first order rate constant was >4 times higher in
the first stage and ~10 times stronger in the second stage of degradation for TA32 HS in comparison to the bare TiO, NRs as
well as commercial P2S. Our results demonstrate the long-term stability and superiority of the Ag@TiO, HS over the bare TiO,
NRs and other TiO, based photocatalysts for detoxification of air/water. This study offers new insights in understanding the
mechanism of advanced photocatalysis with multi rate constants by oxygen vacancy enriched Ag@TiO, nanoheterostructures.

1. INTRODUCTION

Photocatalysis is believed to be one of the most promising
technologies to solve the problems associated with environ-
mental pollution and ever increasing energy crises.' > Due to
strong oxidizing capacity, nontoxicity, environmental friend-
liness, abundant availability, and good degradation efficiency,
TiO, is regarded as the most favorable material for wastewater
remediation, water splitting, and solar cell applications.*””
However, TiO, as a typical semiconductor has a band gap of
~3.2 eV, and thus the activation of its photocatalytic activity
requires UV light that contributes to less than 5% of the
sunlight; thus, band gap tuning is necessary to make TiO,
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active under the broader band of the solar spectrum.”” In
addition, a high recombination rate and low efliciency of
separating the photogenerated electron—hole pairs to the
surface of the semiconductor photocatalysts limit its industry
related practical application. To overcome these difficulties,
various approaches are being explored to achieve solar light
activation; especially in the visible and NIR region, including

doping with nonmetal elements,'™"” surface sensitization with
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organic dyes,"” defect incorporation,*™"* coupling with narrow
band gap semiconductors,”'*™*" modifying morphology, and
exploring the localized surface plasmon resonance (LSPR) by
plasmonic nanoparticles (NPs), e.g,, Ag, Au, Pd, Pt etc. A
properly designed plasmonic nanostructure can drive coherent
oscillation of confined free electrons on metal NPs with the
identical frequency as the incident radiation known as LSPR,
which in turn creates an intense, highly localized electro-
magnetic field.” After the light absorption and LSPR excitation
in the plasmonic nanostructures, a nonradiative decay of energy
takes place on a femtosecond time scale by transferring the
energy to the nearest hot electrons.”® LSPR is reported to play
an important role in the enhancement of the photocatalytic
performance under visible light irradiation. Among various
plasmonic materials, Ag has been shown to be the most
significant, and thus Ag based various nanostructures, like Ag@
AgCl,27 Ag/AgCl/TiOZ,28 Ag/Ti02,29 and AgZO/TiOZ,8 have
been studied extensively. However, most of these studies have
focused on the UV light photocatalysis process. Further, the hot
electrons having an energy (1—4 eV)* greater than the
Schottky barrier between a plasmonic nanostructure and
semiconductor can easily migrate from the metal to semi-
conductor surface, and the internal electric field developed at
the space charge region and inside the defective n-type TiO,
accelerates this charge separation at the metal/semiconductor
interface.”” Thus, plasmonic nanostructures possess highly
enhanced photocatalytic activity under visible light irradiation
by lowering the activation energy.

Despite intense research on the TiO, based plasmonic
nanostructures for photocatalysis, a proper understanding of
the mechanism of catalytic enhancement and the degradation
rate kinetics of the material is still lacking. To our knowledge,
the Ag@TiO, heterostructure (HS) with two distinct
degradation rate constants has not been explored yet for the
visible light photocatalysis of organic dyes.

Though several studies have focused on plasmonic Ag NP
decorated TiO, nanostructures, insights into the mechanism
and the rate kinetics of photocatalytic degradation are still not
fully understood. Cheng et al.”" studied the degradation of RhB
with Ag@TiO, core—shell nanostructure and obtained almost
full decomposition but with the UV light irradiation. Addition-
ally, Chen et al,* Wang et al,* and Cui et al.** have studied
the photocatalytic dye degradation by Ag, Ag,O, and AgBr
incorporated TiO, nanostructures assuming pseudo first order
rate kinetics with single rate constant. However, the presented
data does not fit well with the first order rate kinetics.

Here, we have grown Ag NP decorated TiO, NRs by a
modified solvothermal method followed by a photoreduction
method. The surface decoration of TiO, NRs with Ag NPs was
confirmed from the HRTEM, EDX, and XPS analyses. Ag@
TiO, HSs are shown to have superior photocatalytic perform-
ance as compared to the bare TiO, NRs owing to their
extremely high visible light absorption and tuned effective band
gap. Visible light photocatalytic activity of the Ag@TiO,
composite has been investigated using aqueous Rhodamine-B
(RhB) as the reference dye. We report on the sequential
process of degradation kinetics and thus two separate
degradation rate constants by defect enriched Ag@TiO, HSs.
We have found a massive enhancement (~10 times) in the
degradation rate constant for an optimized HS sample as
compared to the bare TiO, NRs as well as commercial P25
photocatalyst.

2. EXPERIMENTAL PROCEDURES

2.1. Preparation of TiO, NRs. TiO, NRs were synthesized
by a typical solvothermal process in concentrated NaOH
solution with DI water and ethylene glycol in a 1:1 volume
ratio. In a typical synthesis, 1 g of precursor anatase TiO,
powder (Merck, average particle size ~80 nm) was mixed with
48 mL of 10 M NaOH mixed solvent (DI water:ethylene glycol
= 1:1) under stirring for 1 h, followed by hydrothermal
treatment in a 100 mL Teflon-lined autoclave (Berghof, BR-
100). The temperature inside the autoclave chamber was
measured and maintained at 180 °C under autogenous pressure
and constant magnetic stirring at 500 rpm for 16 h. The formed
precipitates were washed thoroughly with DI water and
obtained by centrifugation followed by a drying process at 80
°C. The obtained sodium titanate NRs were treated ultrasoni-
cally with 0.1 N HCI until the pH reduces nearly to 7, which
ensures the total exchange of sodium ions with protons. Then
the precipitates were washed several times with DI water to
obtain hydrogen titanate NRs, and subsequently, the H-titanate
NRs were calcined at 700 °C for S h in air to grow pure anatase
TiO, NRs.

2.2. Growth of Ag@TiO, NRs HSs. Ag@TiO, NR HSs
with various weight ratios (Ag:TiO,) from 1:2 to 2:1 were
synthesized by a photoreduction method. Typically for a 1:1
weight ratio, 0.05 g of TiO, NRs was dispersed in 25 mL of
ethanol, and then 0.42 g of AgNO; (0.1 M) was dissolved into
the above suspended solution. The above mixture was then
stirred magnetically for 1 h to reach adsorption equilibrium.
Subsequently, the suspension was irradiated by a 250 W UV
lamp for S min under vigorous magnetic stirring to form the Ag
NPs on the TiO, platform. The Ag@TiO, HS was obtained by
washing it with DI water several times, filtration, and drying
process. A summary of the samples studied with sample codes
is presented in Table 1.

Table 1. Sample Specification and Effective Band Gap of
Different Samples, Calculated from the Respective Tauc Plot

sample composition

weight ratio of

Ag TiO, sample code effective band gap (eV)
0 1 TiO, 320

1 1 TAI1l 2.89

1 2 TA12 3.00

2 1 TA21 2.94

2 3 TA23 3.03

3 2 TA32 2.71

2.3. Characterization Techniques. The crystal structure
of the as-grown catalysts has been confirmed from X-ray
powder diffraction (XRD) pattern (Rigaku RINT 2500
TTRAX-III, Cu Ka radiation). The crystallinity and phase
composition of the as-synthesized NRs have been measured by
micro-Raman  spectroscopy (LabRam HR800, Jobin Yvon).
The morphology, size, and the elemental compositions of the
as-synthesized TiO, NRs and Ag@TiO, HSs have been studied
by a field emission scanning electron microscope (FESEM;
Sigma, Zeiss) equipped with an energy dispersive X-ray (EDX)
spectrometer. The high magnification surface morphologies
and structures of the as-grown samples have been studied by a
transmission electron microscope (TEM; JEOL-JEM 2010
operated at 200 kV). Samples for TEM analysis have been
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Figure 1. FESEM images of TiO, NRs: (a) before, (b) after Ag decoration, and (c) the EDX spectrum of TiO, NRs after Ag decoration. (d) TEM
image of faceted TiO, NRs and (e and f) TEM images of TA12 and TA21 HS, respectively. (g) TEM image of TA32 HS showing Ag NP decoration,
(h) the enlarged view of image in panel g, and (i) HRTEM lattice image of HS showing the lattice spacing of Ag and TiO, with respective crystal

orientations.

prepared on a carbon coated Cu grid of 400 mesh size (Pacific
Grid, U.S.A.). UV—visible absorption spectra were measured
from diffuse reflectance spectroscopy (DRS) measurements of
the samples using a commercial spectrophotometer (Perki-
nElmer, UV win Lab). X-ray photoelectron spectroscopy (XPS)
has been carried out using a PHI X-tool automated photo-
electron spectrometer (ULVAC-PH]I, Japan) with an Al Ka X-
ray beam (1486.6 eV) at a beam current of 20 mA. The shift in
the binding energy of various elements has been corrected
using the C s spectrum at 284.8 eV as a standard value.® The
room temperature steady state photoluminescence (PL)
spectra have been recorded by using a 355 nm diode laser
excitation with the help of a single grating monochromator
(Triax $50) and a cooled CCD detector (Jovin Yvon). Time
resolved photoluminescence (TRPL) spectra have been
recorded in a picosecond time-resolved fluorescence spectrom-
eter (Edinburg Instruments, FSP920). Photoconductivity
measurement was performed on the bare TiO, and TA32 HS
samples in the form of pellets (diameter 10 mm) using a xenon
lamp source and a microprobe station (ECOPIA EPS-500)
connected to a source meter (Keithley 2400) to measure the
dark-current and photocurrent under a constant bias voltage. A
300 W xenon lamp (Oriel Instruments, U.S.A.) equipped with a
400 nm cutoff filter was used as a light source to excite the
sample. This ensures that the sample is excited only with the
visible light. The setup is interfaced with a computer to collect

the data using Lab Tracer 2.0 software. Photocatalytic activity
of the synthesized photocatalysts has been studied using a time
programmable commercial photochemical reactor (Lelesil
Innovative Systems, Mumbai) equipped with a visible lamp
source (250 W).

2.4. Photocatalytic Degradation under Visible Light.
The photocatalytic activity of pure TiO, NRs and Ag@TiO,
HSs has been evaluated considering the photodegradation of
RhB as a model dye under visible light irradiation. In a typical
experiment, S0 mL of an aqueous suspension of RhB (10 mg/
L) and 20 mg of catalyst powders have been placed in a 100 mL
beaker. Before visible light irradiation, the mixture of dye
solution and photocatalyst were magnetically stirred under dark
for 45 min. This allowed the establishment of adsorption—
desorption equilibrium between the interface of the photo-
catalysts and dye molecules under ambient conditions. A 250 W
lamp having emission in the range 390—800 nm was used as the
light source for visible light photocatalysis. The lamp is
surrounded by a water-cooled quartz jacket that absorbs the
heat generated from the high power lamp. This maintains a
constant temperature of the whole environment, and it ensures
that the degradation occurred only because of light irradiation
instead of heat. At chosen irradiation intervals, 3 mL of solution
was collected and centrifuged to remove the catalyst particles
from the dye for further study. In order to estimate the residual
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concentration of the dye solution, UV—vis absorbance was
measured in a Shimadzu 2450 UV—vis spectrophotometer.

3. RESULTS AND DISCUSSION

3.1. Morphology Studies. The growth of TiO, NRs by
the solvothermal process and the decoration of Ag NPs on the
NRs by the photoreduction method have been discussed by
several groups.””*® The typical morphology and microstructural
properties of TiO, NRs and Ag@TiO, HSs were characterized
by FESEM. Figure la shows the FESEM image of pure TiO,
NRs with diameter ~40—120 nm and lengths up to a few pm,
while Figure 1b shows the FESEM image of Ag@TiO, HS
(named as TA32, see Table 1). Though the Ag NPs decorated
on TiO, NRs have sufficiently broad size distribution, particles
only with size >30 nm were discernible due to the limitation of
FESEM imaging. EDX analysis on the as-grown Ag@TiO, NR
HSs reveals that it contains Ti, Ag, and O elements (shown in
Figure 1c), as expected.

To study the high resolution surface morphology and
structure of the NRs and their HSs, TEM images are acquired
for the respective samples. Figure 1d shows the TEM image of
a TiO, NR, while Figure le—g depicts the typical TEM images
of Ag@TiO, for TA12, TA21, and TA32, respectively. Clearly
Ag NPs are uniformly decorated over the TiO, NRs for all of
the HS samples. Interestingly, the distribution of Ag NPs is
highly uniform in the TA32 sample in comparison to the other
HS samples. Figure 1h shows a closer view of Figure 1g, which
further confirms that there not only exists a spatial uniformity
of NPs but also is uniformity in size of Ag NPs. For a higher
weight ratio of Ag/TiO,, i.e, for TA21 (see Figure 1f), the
distribution is still uniform but with some agglomeration, which
may be due to the higher concentration of Ag. Figure le shows
the TEM image of TA12, which reveals the uniform decoration
of Ag NPs with nearly uniform size. In both of the cases of
extremely high (TA21) and low (TA12) concentration of Ag,
we observe a comparatively lower density of Ag NPs on TiO,
surface, which may be due to the aggregation in the case of
TA21 and lower concentration of precursor material for TA12.
Figure 1i shows the HRTEM lattice image of TA32 HS, which
clearly reveals the simultaneous presence of crystalline Ag and
TiO,. It is clear from Figure 1h,i that Ag NPs are decorated on
the uneven TiO, surface, which enable a close contact between
the two. Thus, the Ag NPs are coupled enough with the TiO,
surface so that an efficient charge transport can be expected at
the interface of the HS. Lattice spacing of TiO, and Ag has
been calculated by measuring the intermediate distance
between the lattice fringes. Pure anatase TiO, with (101)
crystal planes (d = 0.35 nm) and cubic Ag with (111) crystal
planes (d = 0.23 nm) are confirmed from the lattice fringe
image. We have also plotted the size distribution and the log-
normal fitting of Ag NPs on TiO, NRs for TA32 and TA21 in
Figure S1 (Supporting Information). It is observed that the
average size and broadening of distribution of decorated Ag
NPs are increasing with increasing the Ag weight ratio. The
average NP size and width of distribution were calculated as
17.64 and 0.27 nm for TA32 and 21.42 and 0.28 nm for TA21
respectively (see Figure S1). A higher concentration of AgNO;
may be leading to the fusion of Ag NPs into larger size ones.

3.2. Structural Analysis. 3.2.1. XRD Analysis. In order to
confirm the structure, phase, and crystallinity of the as-
synthesized TiO, NRs and Ag@TiO, HSs, the XRD pattern of
each sample has been recorded, and the results are shown in
Figure 2a. Each diffraction peak of TiO, NRs (labeled with a
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Figure 2. (a) XRD patterns of TiO, NRs and Ag@TiO, NR HS
(TA32). The curves are vertically shifted for clarity of presentation.
(b) Raman spectra of pristine TiO, NRs and Ag@TiO, NR HSs. The
curves are vertically shifted for clarity of presentation. All Raman peaks
correspond to the anatase phase of TiO,. The inset shows a magnified
view of the Eg( 1) peak for all samples. The dotted vertical line
indicates the peak position of bare TiO, NRs, and it shows a clear shift
of the Eg(l) mode after Ag NPs loading.

star symbol) corresponds to pure anatase phase (JCPDS file no.
841285) and the peaks marked with blue circles (filled) imply
the presence of Ag NPs, which matches exactly with the JCPDS
file no. 040783. The diffraction peaks of TiO, are extremely
sharp clearly implying its highly crystalline nature. The phases
of anatase TiO, and Ag coexist in the Ag@TiO, HS crystals.
Note that the XRD pattern of the HS sample shows a slight
downshift in the TiO, peaks as compared to the pristine TiO,
NRs. This may imply a tensile strain in the TiO, NRs in the HS
due to strong coupling of the TiO, and Ag lattice, which is fully
consistent with the Raman and XPS results discussed below.
3.2.2. Raman Analysis. Figure 2b shows a comparison of the
micro-Raman spectra for all samples. The micro-Raman spectra
of the anatase TiO, phase have six active Raman modes: E (1) )
E (2), Blg(l), Ay Blg(Z), and E (3), and the most promment
Raman mode, E ( 1), appears at 144 cm™ However, in the
present case, the as-synthesized TiO, NRs show the E (1) peak
at 146.4 cm™, which may be due to the change in the oxygen
stmchlometry in the TiO, crystal, as confirmed from the XPS
analysis later. With the loading of Ag NPs, the Raman peaks
become broadened and shift toward the higher frequency side,
as detailed in Table-3. In particular, the blue shift and full width
at half-maximum (fwhm) of the Raman peak is highest for the
TA11 and TA32. Comparison of the Raman shift and fwhm of
band E,(1) is shown as an inset in Figure 2b. As compared to
bare TiO,, the TA11l and TA32 samples show nearly double
fwhm with blue shifts of ~5.51 and ~5.58 cm™, respectively.
Such a high blue shift and the higher fwhm of Eg( 1) can be

interpreted as nonstoichiometry in the TiO, lattice due to
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Figure 3. (a and b) Ti 2p core level XPS spectra for TiO, NRs and TA32 HS, respectively, fitted with Shirley baseline. The symbols represent the
experimental data, and the solid lines correspond to the Gaussian fits. (c and d) The O Is core level XPS spectra for TiO, and TA32 HS,
respectively. The identity of each fitted peak is denoted with corresponding charge states in the respective cases.

oxygen vacancies, strain induced by the vacancy related Ti
relaxation, and strong interaction between TiO, and Ag
atoms.”” Tt is understood that the oxygen vacancy/defects is
increasing with the Ag loading amount and reaches an optimum
value for the TA32 sample and then again it decreases. This
may be due to the higher aggregation which leads to the
formation of larger Ag NPs and consequently the interfacial
contact and hence their interaction reduces. As the defects and
disorders present in the TiO, lattice disturb the B;, mode more
intensely than the E,(1) mode,*® we have studied the B, (1) for
all samples. A large broadening of the Blg(l) mode for the
TA32 (fwhm = 3522 cm™) and TA11 (34.00 cm™) samples
has been observed as compared to that of the bare TiO, (20.44
cm™!). Thus, Raman studies revealed that the blue-shift and
increase in fwhm in the specific Raman band are due to the
nonstoichiometric oxygen defects in the Ag@TiO, HSs.

3.2.3. XPS Analysis. To investigate the elemental composi-
tion, chemical valence state and surface defects of the TiO,
nanostructures, XPS studies were carried out. Figure 3a,b shows
the Ti 2p core level spectra of TiO, NRs and Ag@TiO, HS
(TA32). Each peak has been deconvoluted with two symmetric
Gaussian peaks. Surface defects present in TiO, NRs and the
HS sample (TA32) were confirmed from the Ti 2p spectra.
The major Ti 2p doublet peaks for both TiO, and TA32 HS
exhibit a tail in the lower binding energy side, which indicates
the presence of lower valence states of Ti (see Figure 3a,b).
The main two peaks centered at around 458.5 and 464.2 €V are
attributed to the +4 valence state for Ti 2p;/, and Ti 2p,,,
respectively, which further confirms the formation of TiO,.
Additionally, two Gaussian peaks centered at ~456.6 and
~461.5 eV were detected, which can be attributed to +3 valence
state of Ti 2p;,, and Ti 2p,,,, respectively, confirming the
presence of oxygen vacancy in the system.® However, no
measurable shift in binding energy has been detected in the Ti
2p spectra after HS formation. The relative Ti**% in the Ti 2p
spectra was calculated as 17.4% for TiO, NRs and 18.6% for

20020

TA32 HS, which shows an indication of enhancement of
oxygen vacancy concentration after the HS formation. Figure
3¢, d displays the O 1s spectra of TiO, and TA32 HS,
respectively. Each spectrum follows a long tail in the higher
energy region making the spectrum asymmetric, and this tail
implies the presence of defects in the sample. The O 1s spectra
can be fitted with two symmetric Gaussian peaks, as reported in
the literature.” The intense peak at ~529.7 eV is attributed to
the TiO, crystal lattice, and the other peak at ~531.1 eV can be
assigned to the Ti—O bond (Or**). We have calculated the
relative Or;**% in the O 1s spectra for both samples and found
it to be 13.16% for pure TiO, and 26.34% for TA32 HS, which
further proves the increase in the concentration of oxygen
vacancy defects in the systems after HS formation. These defect
states may also serve as shallow donors and enhance charge
transfer at the interface, which in turn improves the overall
photocatalytic performance. A summary of the fitting
parameters with relative vacancy percentage is shown in
Table 2.

Figure 4a shows a comparison of Ag 3d core level XPS
spectra of TA32 HS sample before and after photocatalysis.

Table 2. Summary of the Changes in Eg(l) Raman Mode and
Relative Area (%) under the Ti** and Oy Peaks in the XPS
Spectra for Different Samples

Raman mode E,(1)

sample  frequency  fwhm T % in Ti 2py, O, % in O 1s XPS
code (em™) (em™) XPS spectrum spectrum
TiO, 146.44 8.16 17.4 13.2
TAll 151.95 17.23
TA12 147.95 10.11
TA21 148.70 11.27
TA23 149.26 12.47
TA32 152.02 16.27 18.6 26.3
DOI: 10.1021/acs.jpcc.7b05328
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Figure 4. (a) Comparison of Ag 3d core level XPS spectra of sample
TA32 before and after photocatalysis. The dotted vertical lines indicate
the blue shift of the spectrum after photocatalysis. (b and c) The
Gaussian fit of each spectrum with Shirley baseline. Symbols are for
experimental data and solid lines are Gaussian fits. The charge state
associated with each peak is labeled.

Before photocatalysis, the system exhibits an asymmetry in the
higher binding energy range having a Ag 3ds,, peak at 367.9 eV,
which corresponds to the Ag* valence state, and the asymmetry
indicates the presence of different valence states of Ag in the
HS sample.”® This may arise due to the following reasons. First,
during the photoreduction process, all Ag" ions in the solution
could not get reduced into metallic Ag” and the unsaturated
Ag" jons are still present in the HS. Second, reverse-spill over is
the oxidation mechanism of deposited Ag” due to the presence
of oxygen ions in the atmosphere.’”

4Ag° + 0; > 2Ag.0 + ¢ (1)

@)

Interestingly, after the photocatalytic reaction, it is observed
that the Ag 3d spectrum is more symmetric and the peak shifts
to the higher binding energy region having the Ag 3d;,, peak at
368.4 eV, which corresponds to the metallic Ag’ valence state.
The symmetry of the line shape in the spectrum indicates that
Ag is mostly in a particular valence state, i.e., in Ag’ state and
the Ag® state has been reduced.®® Therefore, it can be
concluded that during the photocatalysis the unsaturated Ag*

248" + O = Ag,0 + ¢
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ions get reduced into the metallic Ag® state since the light
source contains some UV photons (wavelength range ~390—
800 nm). For a better understanding, each peak of the Ag 3d
spectra has been deconvoluted into two symmetric Gaussian
peaks, as shown in Figure 4b,c for the HS sample before and
after photocatalysis, respectively. It can be noted that the
deconvolution of Ag 3d asymmetric spectrum of the TA32
sample before photocatalysis gives the relative percentages of
Ag" and Ag’ as 48.17% and 51.83%, respectively. On the other
hand, deconvolution of the symmetric Ag 3d spectrum after
photocatalysis provides the relative percentages of Ag* and Ag’
as 18.35% and 81.65%, respectively. Thus, the concentration of
Ago increases dramatically after photocatalysis. Further, the XPS
analyses reveal the oxidation state of Ti and Ag in the HS
sample before and after photocatalysis clearly establishing the
presence of defects induced in the system.

3.3. Optical Analysis. 3.3.1. UV—vis Absorption Study. In
order to measure the optical response of TiO, NRs and Ag@
TiO, heterojunctions, the UV—visible absorption spectra were
measured from the diffuse reflectance spectra (DRS) of the
powdered samples. The absorbance of a material system is
related to the diffuse reflectance (R) by the Kubelka—Munk (K-
M) function, F(R), given by

where @ and S represent the absorption and scattering
coefficients, respectively, and R is the percentage reflectance
of the respective samples. Figure Sa shows the plot of the K-M
function of different samples depicting their absorption spectra,
and Figure Sb shows the (F(R)hv)"* vs hv plot for the
calculation of effective band gap (indirect) of the HSs.
Extrapolation of the linear portion at (F(R)hv)"* = 0 gives
the effective band gap of the nanostructures. It is observed that,
besides the UV absorption band, the Ag@TiO, heterojunctions
exhibit a new absorption band in the vis—NIR range having a
peak centered at 515—533 nm, as a consequence of the surface
plasmon resonance (SPR) absorption of Ag NPs.*" It can be
noted that the position and fwhm of the SPR peak vary with the
loading amount of Ag NPs. The peak intensity, position, and
broadening depend on the Ag NPs size, density, distribution on
the TiO, NRs, and also relative percentages of Ag’ and Ag" in
the HSs. As is evident from the data, TiO, NRs exhibit a sharp
absorption edge ~380 nm, and at higher wavelength (visible
region), the absorbance is negligibly low. However, when
coupled with Ag NPs, Ag@TiO, NRs exhibit a strong
absorption in the UV—vis—NIR range of 200—850 nm. Though
each spectrum exhibits a huge visible light absorption, the HS
with Ag and TiO, in 3:2 weight ratio (TA32 HS) shows the
highest absorption (~1.8 times stronger than other HS
samples) in the visible to NIR region. This can be explained
as follows. For the TA32 HS, the concentration of AgNOj; in
the solution and UV exposure time during the photoreduction
synthesis is optimum for the maximum reduction of Ag"* ions
into Ag” with uniform and dense distribution on TiO, surfaces
and comparatively less Ag* is present. Thus, the TA32 HS
shows extremely uniform size distribution and optimum density
of Ag NPs on the TiO, surfaces. For the visible light
sensitization by Ag NPs, the HSs are expected to have high
solar light harvesting and hence enhanced photocatalytic
activity in the visible as well as UV and NIR region.
Interestingly, the effective band gap of the TiO, NRs is
reduced after loading with the Ag NPs. Considering the indirect
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Figure S. (a) Absorption spectra in terms of Kubelka—Munk plot,
F(R), derived from the diffuse reflectance spectra of different samples.
(b) Corresponding Tauc plot [(F(R)hv]'/? vs hv plot considering the
indirect band gap nature of the TiO, samples. The effective band gap
of TiO, and its HSs with different Ag content are estimated by the
intercept on the x-axis (extrapolated short dashed lines). Note that, all
of the HS samples show a strong visible absorption band centered at
~2.3 eV.

nature of the band gap in the TiO, NRs as well as its HSs, the
effective band gap of the respective samples has been estimated
using the Tauc plot, as shown in Figure Sb.*' After the
decoration of Ag NPs, the effective band gap of TiO, NRs has
been tuned in the range 2.71—3.03 eV, while the bare TiO,
NRs shows a band gap of 3.2 eV. The effective band gap of each
sample is tabulated in Table 1. The band gap energy
modification for the HS samples may be due to the strong
coupling between the Ag NPs and TiO, NRs. It is noteworthy
that, in the case of TA32, the effective band gap is the lowest
(2.71 V), which implies that Ag NPs and TiO, NRs HS have
large band bending and may have high carrier concentrations at
room temperature. This turns out to be extremely beneficial for
the efficient visible light photocatalysis by the HSs samples, as
discussed later. Note that direct measurement of the absorption
spectra of the pristine TiO, and TA32 hybrid using an
integrating sphere shows results (see Figure S2, Supporting
Information) similar that of Figure Sa.

3.3.2. Photoluminescence Study. The nature of the defects,
kinetics of charge recombination, and the migration of the
photogenerated charge carriers can be explored from the
photoluminescence (PL) spectra of the as-grown samples.
Figure 6a shows a comparison of steady state PL spectra of
pure TiO, and the Ag@TiO, (TA32) composite with an
excitation wavelength of 355 nm. It is observed that
introduction of Ag NPs greatly influences the PL intensity of
TiO, NRs. The PL intensity of the TiO, NRs has been
observed to be decreased by ~3 times after the decoration of

Ag NPs, though the nature of the PL spectrum remains
unchanged. Each PL spectrum is deconvoluted with four
Gaussian peaks to elucidate the origin of the broad visible PL.
The deconvoluted PL spectra for TiO, NRs and TA32 are
shown in Figure 6b,c, respectively. The deconvoluted peaks are
centered at 433.6 (peak 1), 470.9 (peak 2), 510.3 (peak 3), and
622.8 nm (peak 4) for TiO, NRs and at 434.1 (peak 1), 475.7
(peak 2), 529.4 (peak 3), and 603.6 nm (peak 4) for TA32,
respectively, as shown in Figure 6b,c. Based on the literature
reports, peak 1 is ascribed to self-trapped excitons located at
TiOg4 octahedra. Peak 2 coincides with the shallow trap which
can be assigned to Ti** states just below the conduction band,
while peak 3 is due to the deep trap state associated with the
single electron trapped oxygen vacancy (F* center). The PL
emission at ~620 nm (peak 4) may be due to an intrinsic
defect.”® Tt can be noted that the center of the peaks of the
individual bands of sample TA32 and TiO, NRs are almost
same. However, the intensity of each peak is strongly decreased
in sample TA32 as compared to bare TiO, NRs, though the HS
samples are found to be more defect enriched than the bare
TiO, NRs, as confirmed from the Raman and XPS analyses.
The lower PL intensity signifies reduced recombination owing
to the strong coupling between the Ag and TiO, and the
consequent band bending at the interfaces, which enables
stronger electron—hole separation efficiency. Another possible
way is the formation of a Schottky junction at the Ag—TiO,
interface and the buildup of internal electric field directed from
TiO, to Ag that facilitates the forced as well as fast lane charge
transfer from Ag to TiO, surface.”

3.3.3. Time Resolved Photoluminescence Study. In order to
investigate the recombination kinetics of photogenerated
charge carriers, time-resolved photoluminescence (TRPL)
measurements were performed on bare TiO, NRs and TA32
HS with 375 nm laser excitation, and the emission intensity was
monitored at 471 nm. The TRPL decay profiles are shown in
Figure 6d, which clearly reveals the slower decay kinetics for the
HS sample. The PL decay profiles are fitted using a
triexponential decay function expressed as follows:

3
I(t) = ) A
i=1 3)

where 7; is the lifetime of individual component and A; is the
corresponding amplitude.

The average excited state lifetime (7,,) can be calculated by
using the following rela.tionship:42

3 2
. = Z,‘:lAiTi
av T 3
Z,‘:] AiTi (4)

The details of the time constants (z;) and amplitudes (A;) of
bare TiO, NRs and TA32 HS are tabulated in the inset of
Figure 6d. The triexponential fit suggests that three different
states contribute to the TRPL spectra in each sample, which is
fully consistent with the steady state PL spectra. It can be noted
that the average lifetime (7,,) is considerably increased after Ag
loading from 2.62 to 9.81 ns, and consequently, the decay
becomes slower in TA32. A longer decay lifetime clearly
indicates lower recombination and greater separation efficiency
of electron—hole pairs. Thus, the lower recombination of
photoexcited electrons and holes will lead to weaker photo-
luminescence (as shown in Figure 6a). The interfacial charge
transfer prolongs the lifetime of the photogenerated charge
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Figure 6. (a) Comparison of the PL spectra of TiO, NRs and Ag@TiO, HS (TA32) excited with a 355 nm laser. The PL intensity is strongly
reduced in the HS sample. (b and c) Gaussian fitted PL spectra of TiO, NRs and TA32, respectively. (d) A comparison of TRPL spectra of TiO,
NRs and TA32 monitored at 471 nm (emission) with 375 nm excitation. The symbols represent the experimental data, and the solid lines represent
the corresponding triexponential fit. The inset shows the details of lifetime of carriers in different samples.

carriers, and thus, higher concentrations of charge carriers are
available on the surface of the HS, enhancing visible light
photocatalytic performance,” as discussed later.

3.4. Photoconductivity Study. To investigate the
efficiency of photogenerated carriers and the generation of
LSPR induced hot electrons in the Ag NPs anchored to TiO,
HSs and their role in the enhanced visible light photocatalysis,
visible light photoresponse measurements with a fixed bias
voltage (5 V) have been carried out. The dark current for TA32
is observed to be 35 nA, which is ~4 times higher than that of
bare TiO, NRs (9 nA). This may be due to the higher defect
density in the TA32 than that of the bare TiO, NRs, as
confirmed from the PL and XPS analyses. The visible light
induced photocurrents of TA32 and bare TiO, NRs are
measured to be 5080 and 990 nA, respectively. It can be noted
that the photocurrent of bare TiO, NRs is ~110 times higher
than the dark-current, while it is ~150 times higher in case of
TA32 HS, as shown in Figure 7. The enhancement in the
photocurrent in bare TiO, NRs may be due to the generation
of electrons in the conduction band of TiO,, which is likely due
to the sub band gap defects in TiO,. However, the large
enhancement in the photocurrent in TA32 HS is contributed
by sub-band gap defects as well as the generation of LSPR
induced hot electrons in the Ag side by the strong absorption of
visible light. These photogenerated carriers contribute signifi-
cantly to the enhanced photocatalytic performance of the HS
sample.

3.5. Photocatalytic Studies. The hot electrons generated
within the Ag NPs and its injection into the TiO, NRs could be
energetic enough to drive photoelectrochemical reactions due
to its broad optical absorption. To investigate the photo-
catalytic efficiency of the samples, we examined the
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Figure 7. Dark current and photocurrent response of TiO, and TA32
HS under visible light irradiation on—off process, at a fixed bias voltage
SV.

decomposition of RhB in water in the presence of the HS
catalysts.

3.5.1. Photocatalytic Degradation of RhB. The visible light
photocatalytic activity of TiO, NRs and its heterojunctions was
evaluated by measuring the decomposition of RhB as a
reference dye under the visible light illumination (details
shown in Table 3). In order to compare the efficiencies, the
self-decomposition of the dye solution was also examined under
identical conditions. Figure 8a shows a comparison of the
photodegradation performance of various samples including
bare TiO, NRs and commercial P25 catalyst under visible light
irradiation. The HS samples show enhanced photodegradation
efficiency as compared to the bare TiO, NRs. Note that among
all of the HS samples, TA32 shows the highest photo-
degradation efficiency. Figure 8b shows the digital photographs

of the change in color of the RhB solution in the presence of
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Table 3. Degradation Performance of RhB by Various Catalysts under Visible Light and the Corresponding Pseudo First Order

Rate Constants

maximum degradation (%)

catalyst name 1st compartment 2nd compartment

without catalyst 122
TiO, NRs 65.9
TAIl 77.9 20.0
TAI2 47.6 28.3
TA21 54.5 25.0
TA23 47.8 13.8
TA32 82.9 17.1
P25 50.4

rate constant (min~")

total degradation (%) 1st compartment 2nd compartment

122 0.001
65.9 0.008
97.9 0.023 0.060
75.9 0.009 0.019
79.5 0.012 0.020
61.6 0.009 0.012
100 0.033 0.083
50.4 0.007
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Figure 8. (a) Comparison of the photocatalytic degradation profiles of RhB without and with the presence of different catalyst samples under visible
light irradiation. (b) Digital photograph of the degradation induced color change of RhB in the presence of TA32 after exposure to visible light for

various time durations. (c) A plot of ln(%) vs time for different samples and corresponding linear fitting. (d) Comparison of degradation plots
0

showing exponential decay in two different compartments.

TA32 catalyst as a function of irradiation time due to the
photodegradation under visible light irradiation.

Kinetics of the photodegradation of several common organic
dyes (methyl orange, methylene blue, Rhodamine-B, etc.) is
usually described by a pseudo first order rate kinetics from the

Langmuir—Hinshelwood expression: In(g—;> = —kt, where C,

is the initial concentration of the dye after reaching the
adsorption—desorption equilibrium, C; is the concentration of
dye after irradiation time ¢, and k is the rate constant (min™').*’
In order to evaluate the rate kinetics, we have plotted the same
equation for TiO, and Ag@TiO, HS samples. Figure 8(c)

shows a comparison of the values of ln( %) for the respective
0

samples as a function of light irradiation time (t), and Figure 8d

shows the percentage degradation of the dye as a function of

time fitted with an exponential function. The degradation
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characteristics could be elucidated by the corresponding linear
fit and the value of its slope (k value) is a measure of the rate

t

. C .
constant. It is clear from the figure that each ln(c—) vs time

0
curve of the HS samples can be divided into two decay zones/
steps with two distinct linear fits and thus two different k values,
whereas the bare TiO, NRs and commercial P25 follow a single
decay zone with single k values of 0.008 and 0.007 min",
respectively. It is noteworthy that, in the case of HSs, the
degradation rate constant is much higher in the second zone as
compared to that of the first zone. Interestingly, for TA32, k
(0.083 min™"') is found to be extremely high in the second
zone, 1 order of magnitude higher than that of the commercial
P25 and about 2.5 fold stronger than that in the first zone
(0.033 min™'; see Figure 9b). Thus, in comparison to bare
TiO, NRes, this k value is about 10 times stronger in the second
zone and 4 times stronger in the first zone. Considering the
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Figure 9. (a) Comparison of the photodegradation percentages of
RhB in the first and second compartment of degradation calculated for
different samples and (b) the associated rate constants. (c) Cyclic
stability of TA32 as a visible light photocatalyst for four cycles
considering RhB as a model dye.

visible light irradiation, the high rate constant of 0.083 min~! of
the HS sample is very significant. Note that most of the
reported k values under visible light irradiation are about 1
order of magnitude lower than our result.” In our study, the
degradation rate constant in the second stage for the TA32
sample is ~12 times stronger than that of the commercial P2S.
It is observed that a large fraction of total dye is decomposed in
the first zone of degradation and a lower fraction in the second
zone (see Figure 9a). Note that our data cannot be fitted by a
single or biexponential decay behavior. We observed that, for all
of the HSs, the degradation rate is much faster in the second
zone than the first zone. In both the zones, TA11 and TA32
show the maximum overall photodegradation efficiency. Prior
to the illumination of visible light, the catalysts were well
dispersed in the dye solution and magnetically stirred for 45
min in dark. This established the equilibrium between dye
molecules and the catalyst surfaces. After reaching the
adsorption/desorption equilibrium (at 0 min of irradiation),
we have observed that ~85% and ~92% of dye are still present
in the solution of TiO, and HSs, respectively. Thus, it can be
noted that, after the decoration of Ag NPs, the dye adsorption
by TiO, NRs has been decreased from 15% to 8%. This may be
due to the presence of pores on TiO, surface into which the

dye molecules get adsorbed. However, after the formation of
HSs, these pores have been filled by the Ag NPs leading to the
lower adsorption efficiency.

Scherr et al.™ studied the degradation kinetics of bio
compound Estrone-3-sulfate (E1-3S), formed in the kidneys of
pregnant cattle, with “single first-order exponential decay
model” and “two-compartment first-order biexponential decay
model”, assuming no back conversion, no influence of sorption
on the degradation, and no altering due to microbial growth.
These models can be described mathematically as follows:

single first order (SFO):  C, = Cpe ™" (3)

double first order in parallel (DFOP):

C = Co[ge_k‘t + (1 - g)e_kzt] (6)

where t is the time of irradiation, k; and k, are the degradation
rate constants (min~!) in first stage and second stage,
respectively, C, is the initial concentration of parent compound,
C, is the total concentration of parent compound at time ¢, and
g is the fraction of C, applied to stage 1 of the DFOP model.
We noticed that the single first order exponential decay model
is not valid in our case, as we have observed two different
degradation zones with two distinct rate constants. According
to the DFOP model, degradation takes place in two stages:
rapid degradation in the first stage as the microorganisms have
easy access to the compound, whereas in the second stage,
degradation is rather slow and the compound is expected to be
adsorbed to soil particles or to be located in micropores within
the soil matrix. The speed at which the parent compound is
transformed is expressed as degradation rate constant (k;, in the
first stage, and k,, in the second stage) and usually k, > k,.
However, our data could not be fitted either with the SFO or
the DFOP model (see Figure 11a,b).

Interestingly, in the present case, the degradation process of
all HS samples follows a sequential decay model in contrast to
the parallel process model of DFOP. This sequential process
can be mathematically described as

C = Coe_klt upto0 <t <t 7)

Ct, — Ctle_kz(f_tl) — Coe_kxtle_kz(‘_tl) t>t (8)

where C, is the concentration of the parent dye prior to the
irradiation and C, and C{ are the concentration of the dye after
time ¢ of irradiation in stages 1 and 2, respectively. k; and k, are
the degradation rate constants (in min™"') in first and second
stages, respectively. ¢, is the irradiation time up to which the
first compartment of degradation extends (eq 7) and beyond
which the second compartment of degradation starts (eq 8).
Herein, the whole degradation process occurs in two different
compartments/stages separately, where the first compartment
runs in the irradiation time range 0 < t < t, and afterward (¢ >
t,) the second compartment extends. The limiting time ¢ is
found to be ~60 min for all of the HS samples except for the
optimized HS, TA32 (50 min). It can also be noted that a
higher fraction of dye is being decomposed in the first zone and
lesser fraction in the second zone (Figure 9a), though the
degradation rate is higher in the second compartment. More
details of the physical mechanism behind the sequential model
are discussed later.

3.5.2. Cyclic Stability of the Photocatalysts. To evaluate the
performance stability of the Ag@TiO, HS as visible light
photocatalyst, each sample was repeatedly used for four cycles
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Figure 10. (a) Schematic representation of Ag@TiO, NRs HS showing the generation of hot electrons, their separation, and participation in the
photocatalysis. (b) A schematic illustration of the energy band diagram of TiO, in the presence of Ag NP, where a Schottky barrier is formed
between the two, where vacuum level is the vacuum energy level, ®@,; is the work function of the Ag NP, @y is the Schottky barrier height, and yg is
the electron affinity of TiO,. In the proposed mechanism, the decaying SPR excites “hot” electrons in the Ag nanoparticles that possess enough

energy to overcome the Schottky barrier and inject into the TiO,.

after separation from dye solution by centrifugation followed by
filtration. For this study, TA32 has been chosen as the model
HS catalyst as it shows the highest photo degradation
capability, as shown in Figure 8a. The TA32 photocatalyst
exhibits extremely stable photocatalytic activity under visible
light irradiation, as shown in Figure 9¢, and there is no obvious
change in the photo degradation efliciency after four cycles of
use. After the first cycle of photocatalysis, the reduced Ag" ions
may get again oxidized by the reverse spillover effect,”” and
additionally after the migration of hot electrons through the
interface of heterojunctions of Ag and TiO,, the Ag NPs get
positively charged and thus have a higher tendency to be
oxidized in ambient conditions. Thus, the Ag decorated TiO,
NRs are found to be extremely stable photocatalysts with the
potential for commercial applications. Our results demonstrate
the superiority of the Ag@TiO, HS over the bare TiO, NRs for
its advanced application in environmental cleaning.

3.5.3. Mechanism of Enhanced Visible Light Photo-
catalytic Activity. In the present work, the band gap as well
as the absorption range of TiO, NRs are tuned with the
decoration of Ag NPs so that it can absorb an extended
spectrum of solar light. In the case of HS samples, the Ag NPs
are strongly coupled with the TiO, lattice, and due to the
synergetic effect and band bending, the HS shows strong
absorption of vis—NIR light and efficient charge transfer at the
interface.” As a result, the visible light photocatalytic activity of
TiO, NRs HS has been found to be enhanced enormously.
Possible mechanisms including additional boosting factors
behind the enhanced visible light photocatalysis are discussed
below.

Figure 10a,b shows a schematic of the vacancy rich n-type
TiO, NR coupled with an Ag NP and a schematic illustration of
the energy band diagram of Ag@TiO, HS, respectively. The
presence of Ag NP on TiO, results in a Schottky barrier with a
space charge region in the TiO, region, which builds up an
internal electric field E pointing from the TiO, to the Ag.*
Such an internal field forces the electron—hole pairs generated

20026

in the space charge region (TiO, side) to move in opposite
directions separating electrons and holes and suppressing their
easy recombination in TiO,. A noteworthy feature of plasmonic
photocatalysis is that the Ag NP is able to absorb visible light
and drives coherent collective oscillation of electrons, which in
turn generates electrons with high kinetic energy in the range
1-3 eV.*® With visible light illumination, the Ag NP on the
surface of TiO, NR absorbs light, and consequently the LSPR
occurs. The excited plasmons can decay in the femtosecond
time scale through two different processes: radiatively via re-
emitting the photons and nonradiatively via transferring the
gathered energy to electrons in the conduction band of the
material. Thus, the nonradiative energy transfer produces highly
energetic electrons, also known as “hot electrons” at the Ag
surface. Generally, the energy of these hot electrons is greater
than the Schottky barrier height (hv > @) and can escape
easily from the Ag surface and are collected by the TiO, NRs,
since TiO, is a good electron-accepting metal oxide because of
the high density of states in its conduction band.*® Further, the
internal electric field (E) assists their separation forcing the
electron to move to the TiO, region and the hole to the Ag
region and thus prevents the recombination. After separation of
photoinduced charge carriers, the TiO, surface near the Ag NPs
is crowded by the electrons. Having a 1D structure, TiO, NR
possess low axial resistance, and thus the electrons can diffuse
through their length making their lifetime further lengthened,
as confirmed by PL and TRPL analyses (see Figure 10a). Thus,
the electrons and holes available at the surface of Ag@TiO, HS
shown in the illustrated figure react with the adsorbed O, and
H,0O molecules and eventually form highly active super oxide
and hydroxyl radicals, which are strong reducing and oxidizing
agents, respectively. These radicals are primarily responsible for
the efficient degradation of dye under visible light irradi-
ation.**

Further, our results showed that after incorporation of the Ag
NPs on the TiO, NRs, the concentration of oxygen vacancy
defects was increased, as concluded from Raman and XPS

DOI: 10.1021/acs.jpcc.7b05328
J. Phys. Chem. C 2017, 121, 20016—20030


http://dx.doi.org/10.1021/acs.jpcc.7b05328
http://pubs.acs.org/action/showImage?doi=10.1021/acs.jpcc.7b05328&iName=master.img-010.jpg&w=342&h=211

The Journal of Physical Chemistry C

a c
(@) @ Expt data ()
80+ —— SFO model 30+ 20
P —— DFOP model E
£ el —— 1st zone £ 241 o
H 2nd zone & 40 3
s = 18- 5
] ] o
T 40- £ [eTAx o §
£ S 4" TA32 ' 3
E s -2~ TiO g
204 % 64 3 L 80 S
= g —a
0+ 04 o—*° L 100
T T T T T T b4 T T b T T T v T T
] 20 40 60 80 100 0 20 40 60 80 100
Irradiation time (min) Irradiation time (min)
|(b) (d)
324 -0
54.6 4
- 3 :;
B aiiii £ 2445 TA32 1
1 & s TA32 o
= 2 ) b =
g - ? 46 =-Tio, 1" stage + R . Qj
D 74] o Exptdata 'a o Tio, e ™ stage o
z ——SFO model | £ L3 £
£ —— DFOP model| ‘Tg 84
274 —1stzone s " L%
2nd zone — &
D
0- .,_.ﬂ-o—o-"—'g
107 T T T T T T T -4 T T T T -5
0 20 40 60 80 100 0 20 40 60 80
Irradiation time (min) Irradiation time (min)

Figure 11. Percentage degradation of RhB under visible light illumination (a) and a plot of In(degradation) vs irradiation time (b), fitted with SFO,
DFOP, and sequential model. (c) A plot of degradation (%) vs irradiation time (min) for TiO, and TA32 samples (blue Y axis) and corresponding
wavelength shifts in the absorbance band of RhB (black Y axis). The degradation vs irradiation time curves have been fitted with exponential to

identify the distinct stages of degradation. (d) A plot of ln(%) vs irradiation time (min) for TiO, and TA32 samples (blue Y axis) and
0

corresponding wavelength shifts in the absorbance band of RhB (black Y axis). The ln<%) vs irradiation time curves have been fitted with linear
0

equations to identify the distinct stages of degradation.

analyses. The TA32 HS showed the maximum blue shift in the
Raman spectra, indicating the optimum value of oxygen
vacancy defects. The defects are known to increase the free
carrier density in the TiO, surface, which increases the
probability of superoxide radical formation at the surface and
hence the improved photocatalytic efficiency. It also serves as a
shallow trap and improves charge transfer at the interface
between the Ag and TiO,. The UV light generated (TiO,)
electrons migrate to shallow traps and reduce Ti*" into Ti**
state through the following pathway:*’

hw(uv) _
> T €cB

TiO + hi

ecg + Ti't — Ti**(trapped electron)

For the visible light irradiation, the TiO, does not get excited
directly, but the hot electrons generated at the Ag surface can
excite it.*

hu(vis
AgNP 2O e~ (hot)

after migration ~ _ Ti* 34
— ecp + — T1 (trapped electron)

¢ (hot)

Thus, the defect-assisted charge carrier generation and its
separation plays an important role as one of the boosting
factors for enhanced photocatalytic efficiency.

Further, it has been reported that the photodegradation rate
depends on the relative concentration of dye and catalyst
present in the solution. For example, a lower dye to catalyst
ratio gives the higher degradation rate. In the first stage of

20027

degradation, the full amount of dye (0.5 mg) takes part, which
represents a higher ratio of dye to catalyst. Next, in the second
stage of degradation, the remaining amount of dye was involved
and as the maximum fraction of total dye is being degraded in
the first zone, the dye to catalyst ratio is very small in the
second zone of degradation. For example, in case of TA32
sample, the dye to catalyst ratio is 0.025 in the first
compartment and 0.0035 in the second compartment. Thus,
in the first compartment the dye to catalyst ratio is more than
seven times (7.14) that in the second compartment. In the first
compartment, 20 mg of catalyst was applied to entire RhB in
the solution, but in the second compartment almost the same
amount of catalyst is applied to a much less amount of dye
(~15% for TA32). Thus, the lower dye to catalyst ratio may be
partly responsible for the faster degradation in the second
compartment of degradation.

Interestingly, with irradiation time, not only the absorption
peak intensity of RhB centered at ~554 nm (the most intense
peak) decreases but also there is a blue shift of the peak
position (see Figure S3, Supporting Information). This shift is
quite small for bare TiO, for the entire period (only ~6 nm
shift after 80 min of irradiation), and it is significantly large
(~35 nm) for the HS samples. It is noteworthy that, in the first
compartment of degradation, the blue shift is relatively small,
while it changes dramatically in the second compartment of
degradation and is measured to be very large as shown in
Figure 11c,d. The blue shift of the absorption peak is generally
caused by de-ethylation of RhB (IN,N,N’,N’-tetraethylated
rhodamine) because of the attack by the active oxygen species
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on the N-ethyl group. The N-de-ethylation is a process of
stepwise removal of ethyl group (C,H;) attached to the
nitrogen atom of RhB molecule durin§ irradiation. Detailed
studies by Li et al."® and Sridharan et al.”’ showed the stepwise
de-ethylation of RhB under the visible light irradiation and
formation of rhodamine as the final product. The N-de-
ethylation process could be initiated by both valence band hole
and conduction band electron in the HSs. The reaction steps
are given below:

HS + RhB — RhBAdsorbed

RhB, 4oorbed e RB georbed

RhB{ygorbed + HS = RhBj g eq + HS(e7)
HS(e™) + O, —» HS + «O;

HS it h" +e”

RhB, 4 g + HS(hY) — RhB™ + HS

+ N-de-ethylation . .
RhB"™ ——————— de-ethylated intermediates

— degraded product

In the present study, the small shift of the absorption peak
(554 nm) for the bare TiO, after light illumination indicates a
negligibly slow N-de-ethylation process and relatively dominant
chromophore structure degradation. In the case of HSs, up to
certain time of irradiation, a very small blue shift in the
absorption peak of RhB implies that the degradation occurs
mainly due to the adsorption and chromophore ring structure
destruction but not due to the N-de-ethylation. However, after
a certain time of irradiation (S0 min for TA32), the N-de-
ethylation process dominates over the other degradation
processes and occurs very quickly with the irradiation, as
shown in Figure 10c,d. After 60 min, the absorption peak of
RhB detected at ~539 nm can be assigned to N,N,N’-
triethylated rhodamine® and after 80 min at ~522 nm for
N,N'-diethylated rhodamine.”” Figure 1lc shows a plot of
degradation (%) vs irradiation time (min) for TiO, and TA32
samples (see right-hand side Y axis) and corresponding
wavelength shifts in the absorbance band of RhB (see left-
hand side Y axis). The degradation curves have been fitted with
exponential decay functions to identify the distinct stages of
degradation. Figure 11d depicts a plot of ln< g—;) vs irradiation
time (min) for TiO, and TA32 samples (see RHS Y axis) and
corresponding wavelength shifts in the absorbance band of RhB

see LHS Y axis). The In & vs irradiation time curves have
C
0

been fitted linearly to identify the distinct stages of degradation.
It is clear from Figure 11 that, for up to 50 min of irradiation
(for TA32), the degradation curve follows a pseudo first order
decay, beyond which the N-de-ethylation process dominates
and the shift of the resultant absorption peak of RhB becomes
very large and significant. This results in a separate degradation
exponential starting at S0 min and thus the two separate
degradation rate constants.

Another important mechanism that contributes to the two
distinct compartments of photodegradation and the enhanced
photocatalysis in the second stage of degradation is the
reduction process of Ag" ions into metallic Ag’° NPs during

photocatalysis. The concentration of Ag" ions in the solution
may be high enough and during the photoreduction process the
UV irradiation time may be insufficient so that some fraction of
the Ag" ions are not reduced into metallic Ag NPs. XPS analysis
before photocatalysis showed that 48.17% of the Ag is present
in the Ag" ion form. Thus, the plasmonic effect during the
photocatalysis is expected only from the 51.83% of Ag NPs and
the remaining 48.17% of Ag" ions do not contribute to the
plasmonic effect. During the photocatalysis process, the light
irradiation transforms the Ag* ions into Ag’ NPs with a very
slow rate as the irradiation spectrum contains a small portion of
UV light (>390 nm). After a certain irradiation time, the
amount of Ag’ NPs in the solution increases (81.65% Ag” NPs
after photocatalysis) and consequently the plasmonic effect
enhances and also the dye to catalyst ratio decreases by ~10
times as compared to the initial value. Thus, due to the
combined effects of photoreduction of Ag and rapid rate of N-
de-ethylation process, the degradation rate was enhanced
enormously after a certain time of irradiation and thus the
calculated rate constant. Thus, two distinct degradation rate
constants were observed in two different irradiation time zones,
which were named as first and second compartments of the
degradation. Note that our data could not be fitted with the
SFO and DFOP models of eqs 5 and 6, as shown in Figure
11ab. However, it fits very well to the sequential model
represented by eqs 7 and 8 (see Figure 11a,b), as simulated by
Mathematica. Thus, in the present case, a two stage degradation
process is most appropriate. Interestingly, photocatalytic
degradation studies reported by Cheng et al,’' Chen et al,*
Wang et al,® and Cui et al** using Ag, Ag,O, and AgBr
incorporated TiO, nanostructures assumed the pseudo first
order rate kinetics with single rate constant. However, the
presented data is not fully consistent with the single exponential
decay due to the poor fitting, and the data could be fitted better
with a sequential rate process, as discussed in this manuscript.

4. CONCLUSION

In summary, TiO, NRs and their defect enriched HSs with Ag
NPs are prepared by a solvothermal method followed by a
photoreduction method. Uniform decoration of monodisperse
Ag NPs on TiO, NRs has been evidenced by FESEM,
HRTEM, XRD, and XPS analyses, and the effects of the NPs
on the stoichiometry, band structure, and optical absorbance of
TiO, have been elucidated. A photoconductivity study reveals a
much higher photo-to-dark current ratio for the TA32 HS
sample as compared to that of the pristine TiO, sample. The
photocatalytic results demonstrate the superior photocatalytic
activity of HS samples as compared to the commercial P25
catalyst as well as the individual components. We have shown
that the dye degradation for all of the HS samples possesses
two distinct decay compartments in time and thus two separate
degradation rate constants, which cannot be fitted with SFO or
DFOP decay models. In the second compartment of
degradation, the rate constant (k, = 0.083 min™" for TA32)
is much higher than that in the first compartment (k; = 0.033
min~' for TA32). Our results are explained in terms of a
sequential decay process with exponential decay in each stage.
The higher value of k, than k, has been explained on the basis
of ultrafast N-de-ethylation of RhB and enhanced plasmonic
effect on Ag NPs and hence the more hot electron generation
and their easy injection into the TiO, surface. These results are
very significant, and it may provide valuable insights into the
design and understanding of advanced photocatalytic material
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with noble metal NPs and enhanced photocatalytic activity with
multi rate constants.
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