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ARTICLE INFO ABSTRACT

Hot electrons produced by the surface plasmon decay can be efficiently utilized to drive photochemical reactions
on a semiconductor surface. Considering this aspect of plasmonics, we have evaluated the visible light photo-
catalytic performance of Ag-TiO»(B)-C3N4 and Au-TiO,(B)-C3N, heterostructures in the degradation of rho-
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P?Omlmfﬂnesceme damine B (RhB) and phenol. The synergetic effect of plasmonic hot electron injection and interfacial charge
z;::lzllfns for transfer in the heterostructures lead to 6-9 fold enhancement in the photodecomposition rate of RhB (phenol)
Photgresponse over TiO»(B) and C3Ny4. Time-resolved photoluminescence study shows fast charge transfer through the in-

tegrated network of the heterostructure. The photocurrent is measured at 470 nm, 510 nm and 575 nm, near the
plasmonic excitations of Ag and Au as well as under white light illumination (400-800 nm). Plasmonic systems
show more than 6-fold enhancement in photocurrent over bare TiO»(B) under illumination near monochromatic
plasmonic excitation. The overall photocurrent resulting from white light illumination is 2-fold stronger than
that under plasmonic excitation. The increase is due to the contribution from Ti* excitation, hot electron
injection, and charge transfer from TiO5(B) to CsN4. We propose that Ti* states in TiO,(B) provide channels for
direct hot electron transfer from metal to semiconductor facilitating charge separation for participation in

photocatalysis.

1. Introduction

In 1972, Fujishima and Honda performed the ground-breaking work
on H, generation by photoelectrochemical water splitting on TiO,
electrode under UV light irradiation. This remarkable work showed
new strategies for efficient utilization of solar energy to generate next-
generation green energy sources to fulfill the high energy demand for
sustainable development [1]. Wide band gap TiO, performs well under
UV light, which accounts only ~4% of total solar radiation incident on
the earth's surface [1,2]. Harvesting the visible light for chemical en-
ergy transformation requires semiconductor with absorption or
bandgap in the visible region. Doping with metal and non-metal ions
and composite with low band gap semiconductors are widely adopted
strategies to develop a semiconductor heterostructure (HS) with effec-
tively narrow band gap [3-8]. Even though doping triggers optical
absorption in the visible region, it compromises the photocatalytic ef-
ficiency of the system by acting as carrier recombination sites [4]. A
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TiO, based semiconductor HS with low band gap sulfide semi-
conductors tends to have better interfacial charge separation. The
composite, however, suffers from sulfur dissolution in the aqueous
medium during photochemical reactions [7]. Very recently, plasmonic
photocatalysis has emerged as the newest addition to the field of het-
erogeneous photocatalysis, whereby noble metal nanoparticles (NPs)
displaying size and shape tunable surface plasmon resonance (SPR)
band in the visible and near-infrared (NIR) region can boost up the
photocatalytic activity of the semiconductor systems [9-11]. Plasmon-
driven photochemistry can overcome the photocatalytic limitations
encountered with wide-band gap semiconductors, such as weak re-
sponse to visible-NIR light, the high recombination rate of photo-
generated carriers, etc. [12]. Enhancement of the photocatalytic ac-
tivity in metal oxides decorated with plasmonic nanoparticles occurs
via different processes [10,12,13]. These include (i) hot electron gen-
eration and injection into semiconductor either by an indirect or direct
way. In an indirect process, the hot electron is transferred to TiO,
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surpassing the Schottky barrier at the metal-semiconductor interface,
whereas in the direct process the hot electrons are directly excited into
the semiconductor, (ii) localized electromagnetic field enhancement in
the near-surface region of the semiconductor followed by electron-hole
generation, (iii) plasmon resonance energy transfer from metal to
semiconductor through dipole-dipole interaction.

In this work, we report on the superior photocatalytic performance
in the degradation of RhB and phenol by a three-component plasmonic
photocatalyst of Ag-TiO5(B)-C3N4 and Au-TiO»(B)-C3N,4 under the il-
lumination of visible light. There are very few reports on the visible
light photocatalytic activity of Ag-TiO5(B)-C3N4 and Au-TiO5(B)-C3Ny4
ternary hybrids for H, production, CO, reduction, and water purifica-
tion [14-17]. The mechanism for the superior photocatalytic activity is
often attributed to the SPR of plasmonic metal nanoparticles, plasmon
excitation in the nearest semiconductors and interfacial separation and
transfer of photogenerated electrons and holes. These studies have
considered anatase or rutile forms of TiO, for photocatalysis. Herein,
we have considered mesoporous monoclinic porous TiO5(B) nanorods
(NRs) as the host material to decorate the plasmonic metal NPs (Au,
Ag). TiO»(B) NRs have layered structures with lower packing density
and open channels. This uniqueness makes TiO,(B) a suitable candidate
over its other polymorphs, anatase, and rutile in binding the plasmonic
NPs over its surface [18,19]. In this article, we have discussed the sy-
nergetic effect of defect-mediated hot electron injection and interfacial
charge separation in the photocatalytic efficiency. The ternary plas-
monic photocatalysts display active utilization of the entire solar energy
spectrum via the activation of plasmonic absorption. Plasmonic acti-
vation results in hot electron generation and their subsequent transfer
to the nearest semiconductor (TiO,) via the intermediate trap states
present in the semiconductors. The result of photocatalysis is supported
by photocurrent response study, which demonstrates the pivotal role of
hot electron injection and interfacial charge transfer mediated en-
hancement of photocatalysis in the system.

2. Experimental
2.1. Synthesis

The details of the experimental procedure for the synthesis of
TiO4(B), g-C3N,4 and plasmonic HSs are given in section S1, electronic
supporting information (ESI). Typically, TiO»(B) NRs was prepared by a
hydrothermal method in a 100 mL autoclave maintained at 180 °C for
16 h [6]. The components in the autoclave were TiO, powder, aqueous
ethylene glycol, and NaOH. The product obtained after hydrothermal
treatment was washed with 0.1 N HCl and the final product was cal-
cined at 500 °C for 5h in the air to obtain monoclinic TiO,(B) phase. g-
C3N, (CN) was prepared following the procedure mentioned in our
earlier report [20]. Colloidal Au and Ag NPs were prepared by a citrate
reduction method following earlier reports [21,22]. Au and Ag NPs
decorated over TiO,(B) NRs was prepared by an in-situ deposition
method. TiO5(B) NRs were mixed with 0.5mM silver nitrate/gold
chloride solution, and the solution was heated to boiling. To this so-
lution, 30 mM trisodium citrate dehydrate solution was added drop-
wise under stirring condition. The stirring was stopped following color
change to light purple and greenish yellow in case of Au and Ag NPs,
respectively. The product was washed with deionized water and dried
at 60 °C. To decorate Ag-TiO5(B) or Au-TiO5(B) NRs over the g-C3N,
nanosheets, a certain amount of Ag-TiO,(B) or Au-TiO,(B) NRs and g-
C3N, was separately dispersed in 2-propanol by ultrasonic mixing for
30 min. The dispersion of Ag-TiO,(B) and Au-TiO»(B) NRs was added
to the g-C3N4 mixture under stirring. The final product was collected
after air drying. For simplicity, we will refer the samples Ag-TiO4(B) as
Ag-TiO,, Au-TiO5(B) as Au-TiO,, Ag-TiO,(B)-C3N,4 as Ag-TiO,—CN,
and Au-TiO,(B)-C3N,4 as Au-TiO,—-CN.
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2.2. Characterisations

X-ray diffraction (XRD) of the as-grown catalysts was performed in a
Bruker D8 Advance X-ray diffractometer (0.154 nm Cu Ka radiation,
40kV, 40 mA). Raman scattering measurements were performed in a
micro-Raman spectrometer (LabRam HR800, Jobin Yvon) at an ex-
citation wavelength of 488 nm. The surface morphology, structure, and
particle size distribution of the as-grown catalysts were studied by a
transmission electron microscope (TEM) (JEOL-JEM 2010 operated at
200 kV). Fourier transform infrared (FTIR) spectroscopy measurements
were performed in Perkin Elmer, Spectrum BX spectrophotometer.
Nitrogen adsorption—desorption isotherms were recorded in a
Quantachrome autosorb-iQ MP analyzer at 77 K. Surface area of the
catalysts was determined using multipoint Brunauer-Emmett-Teller
(BET) method and the average pore size was measured by
Barett-Joyner-Halenda (BJH) model. X-ray photoelectron spectroscopy
(XPS) measurement was carried out using a PHI X-tool automated
photoelectron spectrometer (ULVAC-PHI, Japan) with an Al K, X-ray
beam (1486.6 eV) at a beam current of 20 mA. The shift in the binding
energy was corrected using the C 1s spectrum at 284.8 eV as a standard
value. UV-Vis diffuse reflectance spectroscopy (DRS) measurements of
the samples were recorded using a commercial spectrophotometer
(Shimadzu 2600). The room temperature (RT) steady state PL spectra of
the samples were recorded with the help of a spectrometer (focal
length: 15 cm; blaze wavelength: 500 nm; groove density: 150 gmm ™ ')
equipped with a cooled charge-coupled device (Princeton Instruments,
PIXIS 100B) detector using a 405 nm diode laser (Coherent, Cube) ex-
citation. Time-resolved photoluminescence (TRPL) spectra were re-
corded in a picosecond time-resolved fluorescence spectrometer
(Edinburg Instruments, FSP920).

2.3. Photocatalytic experiments

Photocatalytic measurements were performed in a photocatalytic
reactor equipped with a 250W visible lamp (wavelength range
~390-800 nm) surrounded by a water-cooled quartz jacket. The ex-
periment was conducted in a 100 mL beaker with 10 mg/L concentra-
tion of RhB/phenol and 20 mg of catalyst (section S2, ESI). We per-
formed the photocatalytic experiment under some sacrificial agents to
confirm the presence of active radicals and their participation during
photocatalysis. In this experiment, ammonium oxalate (AO), tert-bu-
tanol (t-BA) and p-benzoquinone (BQ) were used as hole (h™), hydroxyl
radical (*OH) and superoxide radical (O, ~) scavengers, respectively.
We also monitored photoluminescence spectra (PL) of terephthalic acid
(TA) to quantify the presence of hydroxyl radicals in solution, and
UV-vis spectra of nitro-blue tetrazolium chloride (NBT) to detect the
superoxide radicals’ present in solution (section S2, ESI).

2.4. Photocurrent response study

Pristine TiO,, CN and their HSs with Ag and Au NPs were spin
coated on a glass substrate to form a homogeneous film of catalysts.
Afterward, Al layer of thickness ~100 nm was deposited on the sample
with proper masking by a thermal evaporation method (base pressure
of ~1 x 10~ ®mbar) which serves as the electrodes for the photo-
conductivity measurement. Photoresponse was measured in a microp-
robe station (ECOPIA EPS—500) coupled to a source measure unit
(Keithley 2400, USA) without and with bias voltage of 10 V. A 250 W
Xenon lamp (Newport, 10 USA) was used for the illumination and the
excitation wavelength was varied using a monochromator (Oriel
Instruments, USA) attached to the lamp. The light intensity on the
sample was 3.4 mW/cm?.
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Fig. 1. (a) XRD patterns of pristine TiO»(B), Ag-TiO,, Au-TiO, and their HS with CN. (b) Raman spectra of Au and Ag NP coated TiO,(B) NRs.

3. Results and discussion
3.1. Structural studies

XRD patterns of TiO,, CN, Ag-TiO,, Au-TiO,, Ag-TiO,-CN, and
Au-TiO,-CN are shown in Fig. 1(a). The cubic Au NPs exhibit major
diffraction peaks at 38.21, 44.41, 64.61 and 77.61° assigned to (111),
(200), (220) and (311) planes, respectively [23]. Ag NPs having dif-
fraction peaks at 38.2, 44.4, 64.5, 77° can be attributed to the planes
similar to that of Au due to its identical cubic crystal structure [24]. CN
contains a single intense peak at 260 = 27.8° corresponding to the (002)
plane [20]. All the diffraction peaks detected for TiO, correspond to the
monoclinic phase of TiO»(B) (JCPDS 74-1940) [6]. Raman scattering of
the samples is recorded to identify any local structure change in TiO,(B)
on Au and Ag decoration (Fig. 1(b)). Major scattering peaks at 126,
150.4, 200, 242, 403, 520 and 644 cm ™! correspond to TiO,(B) phase
[25,26]. The signal at 145 cm ™! matches with that of anatase TiO,
indicating the fractional growth of anatase along with TiO5(B) during
hydrothermal synthesis [25]. Au-TiO,(B) and Ag-TiO,(B) show a
marginal blue-shift with a concomitant increase in the full-width at half
maximum. This may be due to the compressive stress on the surface
atoms of the TiO,(B) lattice on metal NPs deposition [27]. Because of
the strong fluorescence properties of CN, Raman scattering measure-
ment on pristine CN, Ag-TiO,—CN, and Au-TiO,—CN HSs under visible
light exposure was not successful. Water molecules adsorbed on the
catalyst surface can be identified by their characteristic stretching
(-OH) and bending (H-O-H) vibration modes in the FTIR spectra at
3431 cm ™! and 1592 cm ™}, respectively, as shown in Fig. S1 (ESI). The
position of —OH is shifted in the plasmonic catalysts. This may be due to
the surface modification of TiO, on Au and Ag decoration. The Ti-O
stretching vibrational modes and the presence of titanate species give
rise to the bands at 454.8cm ™!, 805.9cm ™' and 990 cm ™. The
stretching and bending vibrations of C-N in the aromatic ring of CN
give rise to the bands at 806 cm ™! and the multiple absorptions from
1750 to 1150 cm ™" [20].

The prepared TiO,(B) is highly porous as revealed from the TEM
image (Fig. S2, ESI). Ag NPs are well dispersed over the TiO5(B) NRs as
revealed from the low and high-resolution TEM images (Fig. 2(a and
b)). The low and high-resolution TEM images of Ag-TiO,—CN are shown
in Fig. 2(c) and (d), respectively. Fig. 2(d) shows a good interfacial
contact of Ag with TiO, distributed over C3N,. In comparison to Ag NPs,
the size of Au NPs is slightly bigger although well dispersed over
TiO5(B), as shown in Fig. 2(e). Fig. 2(f) shows the Au-TiO, over C3N4
nanosheet. We have measured the sizes of Ag and Au in the plasmonic
hybrid systems. In Ag-TiO, and Au-TiO,, the calculated average sizes
of Ag and Au NPs are 7.2nm and 12.3 nm, respectively (Figs. S3(a-b),
ESI). However, Ag and Au NPs grow to 14.9nm and 16.8 nm in Ag—
TiOo—CN and Au-TiO,-CN, respectively, as shown in Fig. 2(d and e).
The larger size of Ag and Au in the composites is possibly due to pore

filling of TiO, with CN and subsequent aggregation of Au (or Ag) over
TiO5(B) or CN surface.

We have measured the specific surface area, pore size and pore
volume of the samples from the N, adsorption-desorption isotherms
(see Fig. S4(a), ESI), and the results are included in Table S1. The type
of the curves is characteristic of type IV isotherms with a type Hs
hysteresis loop characteristic of the presence of asymmetric, inter-
connected slit-shaped pores [28]. TiO5(B) has a specific surface area of
83.2m?/g, pore diameter of 32.8 nm and pore volume of 0.65 cc/g. The
pore diameter is determined from the BJH pore size distribution as
shown in Fig. S4(b) (ESI). The large porosity of TiO»(B) NRs offers
many anchoring sites for the attachment of Ag and Au NPs. As Table S1
shows, the porosity and the total surface area diminishes once TiO,(B)
is decorated with Ag and Au NPs and CN. The possible reason could be
the filling up of pores, pore blocking and shrinking with deposited
metal NPs and CN [29].

Fig. 3(a—f) shows the core-level XPS spectra of different elements
present in Ag-TiO>-CN and Au-TiO,—CN. The core level Ti 2p XPS
spectrum of each HS can be identified with two doublets located at
~458.7 eV (Ti2p3,2) and ~464.3 eV (Ti2p;»), respectively. This is de-
picted in Figs. S5(a) and 5(d) (ESI) for Ag-TiO, and Au-TiO,, and
Fig. 3(a,d) for Ag-TiO>—-CN and Au-TiO»—-CN, respectively. The splitting
of 5.6eV is an indication of normal Ti*" state in TiO.(B) [4]. In ad-
dition to the major doublets, each Ti 2p XPS spectrum of the HS samples
contains two shoulder peaks at ~457eV (Ti 2p3,,) and ~461.3eV
(Ti2p;,2). These minor shoulder peaks are attributable to Ti®* states
[30]. The percentage of Ti* is calculated from the corresponding re-
lative area percentage by Gaussian fittings with Shirley baseline. The
calculated amount of Ti** is 6.9% in TiO,, 10.3% in Ag-TiO,, 8.1% in
Au-TiO,, 12.0% in Ag-TiO>—CN, and 8.9% in Au-TiO,-CN. The core-
level O 1s XPS spectra corresponding to Ag-TiO,, Au-TiO, (Figs. S5(b)
and 5(e), ESI) and Ag-TiO,—CN and Au-TiO,-CN (Fig. 3(b) and (e)) are
deconvoluted with four peaks. The peaks at 530.0eV, 531.2¢eV,
532.7 eV, and 534.8eV can be assigned to lattice oxygen (TiOjaice),
oxygen vacancy (Ov)-Ti®* surface states, -OH group attached to the
surface of TiO,, and possibly C-O bonding with surface CN or TiO,,
respectively [30-32]. The Ag 3d XPS spectrum of Ag-TiO, are identi-
fied with two characteristic doublets at 368.0 eV (3ds,,) and 374.0 eV
(3d3,») with an energy separation of 6 eV corresponding to metallic Ag
(0), see Fig. S5(c) in ESI [33]. Similar doublets are seen in the Ag 3d
XPS spectrum of Ag-TiO>—CN, as shown in Fig. 3(c). The peak position
of deposited Ag NPs got shifted to lower binding energy by an amount
of 0.2eV in comparison to that of bulk Ag (368.3eV and 374.3eV)
[34]. The XPS spectrum of Au 4f has been identified with doublets at
83.0eV (4f,,2) and 86.6 €V (4fs,,) characteristic of metallic Au(0), as
shown in Fig. S5(f) (ESI) for Au-TiO, and Fig. 3(f) for Au-TiO»>—CN. In
comparison to the peak positions reported in unsupported Au (84.0 eV
and 87.7 eV) [34], we encountered a negative shift of —1.0eV. The
negative shift results from the strong metal-support interaction leading
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Fig. 2. (a) TEM image of Ag-TiO, HS, (b) magnified view of Ag NP over TiO, NR. (¢) TEM image of Ag-TiO>—CN and (d) enlarged view of Ag NP and TiO, NR over

CN nanosheet. (e) TEM image of Au-TiO,. (f) TEM image Au-TiO,-CN HS.

to an efficient electron transfer from TiO, to the metal [23]. The elec-
tron transfer occurs via the Au(or Ag)-Ti** bonding and imparts a
negative charging over the metal nanoparticles. Studies have shown
that metal interacts strongly with the Ti®*/oxygen vacancy sites on
TiO, surface [35,36]. We could not derive any relevant information
from the C 1s and N 1s XPS spectra of Ag-TiO,—CN and Au-TiO,—CN
(Figs. S6(a—d)). The detail discussion of the spectrum, therefore, has
been provided as ESI.

3.2. Optical studies

The SPR properties of Au and Ag NPs show a strong dependency on
the dielectric constant of the surrounding medium. It can be manifested

from the SPR band of colloidal Au solutions at ~527 nm (Fig. S7, ESI),
and that of Au-TiO, at 543 nm (Fig. 4). We, however, have not noticed
any change in the SPR band of Au-TiO,—CN in comparison to that of
Au-TiO,. The SPR band of colloidal Ag NPs at 468 nm is shifted to
514nm and 480nm in Ag-TiO, and Ag-TiO»—CN, respectively. The
shift in the absorption is because of a change in the dielectric constant
of the environment surrounding gold and silver nanoparticles. The re-
ported values of dielectric constants (ey,) for water is 1.77, e, 4.8 for
TiO,, and &, - 7.2 for CN. A change in the dielectric constant can have a
substantial influence on the strength of the interfacial coupling between
plasmon and the media leading to either blue or red-shift in the
plasmon peak [37-40].

We can understand the charge carrier dynamics in the plasmonic
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HSs with the aid of steady-state and time-resolved PL spectroscopy.
Fig. 5(a) shows the PL spectra of the samples under a photoexcitation
wavelength of 405 nm. Pristine TiO, shows an emission at 540 nm as-
sociated with oxygen defect centers [30]. Surface defects in TiO, pas-
sivate on Au and Ag loading due to the possible electron transfer from
the conduction band or shallow trap states of TiO, to Au or Ag [41].
Thus, a reduced PL intensity of the 540 nm emission can be seen in
Ag-TiO5 and Au-TiO,, as shown in the inset of Fig. 5(a). CN shows a
strong excitonic blue emission [42]. However, when Ag-TiO, and
Au-TiO, are loaded with CN, the HSs display a reduced PL intensity.
Besides, the emission at 520 nm in Ag-TiO, is red-shifted to 580 nm in
Ag-TiOo—CN. The emission at 520 nm in Au-TiO, is blue-shifted to
500 nm in Ag-TiO,—CN. The plausible reasons for the suppression of
excitonic emission in CN are exciton-plasmon interaction, excitons
dissociation with subsequent charge transfer from Au-TiO, to CN na-
nosheets [43,44]. Blue or red spectral shift might also be the outcome of

Solar Energy Materials and Solar Cells 201 (2019) 110053

Table 1
Summary of time resolved PL results: average carrier life time (t,,), charge
transfer time (tcr) and charge transfer efficiency (n).

Sample Lifetime (ns) Ta (0S)  Ter (ns) 1

7 (a1) T2 (a2) 73 (a3)
TiO, 0.9 (0.23) 3.0(0.46) 11.2(0.31) 8.6 - -
Ag-TiO, 0.6 (0.17) 2.5(0.48) 10.0(0.35) 7.8 84.0 9.3%
Ag-Ti-CN 0.4 (0.28) 1.3(0.4) 6.4 (0.32) 5.2 13.1 39.5%
Au-TiO, 0.7 (0.32) 2.7 (0.41) 10.8(0.27) 8.1 140.0 5.7%
Au-TiO-CN 0.3 (0.28) 1.4 (0.41) 7.5(0.31) 6.1 22.2 28%

exciton-plasmon interaction, and near-field plasmon coupling of Au/Ag
NPs with the defect or excitonic states in Au-TiO>—CN or Ag-TiO>—CN.
To support our assumptions of an interfacial charge transfer process, we
have performed TRPL measurement of the samples. Fig. 5(b and c)
shows the TRPL spectra of Ag and Au decorated plasmonic HSs. The
TRPL results are recorded at an excitation of 405 nm corresponding to
the maximum emission in the respective samples. The decay parameters
are obtained from the individual spectrum by tri-exponential fitting,
and the resultant data are shown in Table 1. In Table 1, the component
7 for pure TiO4(B) can be associated with self-trapped excitons, and the
long components (n, ) originate from bound excitons related with
Ti** and oxygen vacancies [45]. The three components become shorter
after decorating TiO, with Au, Ag, and CN. The shortening of carrier
lifetime is possibly due to a charge transfer interaction between Ti®™*
and Ag (or Au) at the Ag-TiO, and Au-TiO, interface. There is a further
shortening of carrier lifetimes in Ag-TiO>—CN and Au-TiO>-CN. We
have measured the average lifetime for each sample and determined the
charge-transfer time following the relation [46]:, Tcr = %.
Moreover, the efficiency of the charge transfer is measured as
7% = THTyC% The corresponding values of tcp and n are included in
Table 1. It is noticed that tcy decreases from 84 ns in Ag-TiO to 13.1 ns
in Ag-TiO,—CN with an associated increase in n from 9.3% to 39.5%.
Similarly, a reduced tcr from 140 ns to 22.2 ns is observed when
Au-TiO, is hybridized with CN with n enhancement from 5.7% to 28%.

3.3. Photocatalytic study

Fig. 6(a) shows the temporal change in the absorption intensity of
RhB under visible light irradiation in the presence of Ag-TiO>—CN.
Blank RhB shows a maximum absorption peak at 550 nm. This peak
falls in intensity as light irradiation continues and at 100 min this peak
completely disappears. Fig. 6(b) shows the efficiency of different cat-
alysts for the degradation of RhB in an aqueous solution. Measurement
of the photocatalytic activity under dark reveals that Ag-TiO,-CN is
quite effective in removing 20% of RhB. On exposure to light, about
90% of RhB degradation has been achieved for an irradiation time of
60 min. The determination of first-order rate kinetics reveals that RhB
degradation is very fast in the presence of Ag-TiO,—CN (Fig. 6(c)). The
results of RhB degradation and rate constant (k, min~ ') are summar-
ized in the form of a histogram in Fig. 6(d). It is observed that the
pristine TiO»(B) NR shows ~44% degradation efficiency with a first
order rate constant of 6.5 X 10~ min~'. On decorating the NRs with
Ag NPs, the % degradation and rate constant are increased to ~92%
and 2.0 x 1072 min~?}, respectively. Similarly, Au-TiO, shows 84%
degradation of RhB with a first-order rate constant of 1.7 X 10~ 2
min~!. Ag-TiO,~CN achieves ~98% RhB degradation having a rate
constant of 4.1 x 1072 min~!. In the case of Au-TiO,—CN, the de-
gradation is ~95% with a rate constant of 2.6 x 10”2 min~". Thus, the
three component plasmonic photocatalysts Ag-TiO,—-CN and Au—
TiO2—CN exhibit much improved photocatalytic efficiency as compared
to the binary plasmonic systems of Ag-TiO, and Au-TiO5.

Next, we have checked the reusability of Ag-TiO,—CN as a photo-
catalyst. The degradation is monitored after each run, and after 6th
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Fig. 7. (a) Cyclic test of Ag-TiO,—CN up to six consecutive reactions. The measured FTIR (b) and XRD data (c) of Ag-TiO>—CN before and after the 6th cycle of light

irradiation.

cycle we have recorded ~95% photodegradation of RhB (Fig. 7(a)).
This implies that the catalyst retains its efficiency in RhB removal at
least up to the 6th cycle of reaction. To determine the quality and
stability of the catalyst, we have recorded FTIR and XRD patterns of the
re-used Ag-TiO,—CN. The FTIR spectrum of Ag-TiO»—CN before and
after the photocatalysis is shown in Fig. 7(b). No notable change is
detected in the vibrational modes of the catalyst after the 6th cycle of
photodegradation. Similarly, the crystallinity of Ag-TiOx-CN is

preserved after the 6th cyclic run, as shown in Fig. 7(c). These results
demonstrate the superior stability of the photocatalyst under the irra-
diation of full visible light spectrum. A few radical scavenging tests are
undertaken to find out the active radicals participating in photo-
catalysis. The result of the test is shown in Fig. 8(a). AO, t-BA, and p-BQ
are the active scavengers for h™, *OH and O, ~ radicals, respectively.
As shown in the bar diagram of Fig. 8(b), degradation of RhB decreases
from ~98% (without any scavenger) to ~60% and ~50% on addition
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of h™ scavenger (AO) and -OH scavenger (t-BA), respectively [20].
Interestingly, only ~10% of RhB degradation is achieved when p-BQ is
added to the solution containing RhB and Ag-TiO>—CN. The scavenging
test reveals that the RhB degradation is suppressed predominantly in
the absence of superoxide radicals (O, ). Furthermore, terephthalic
acid (TA) and NBT test can further support the result of scavenging tests
[23]. In the presence of OH, TA is converted to 2-hydroxy terephthalic
acid in the aqueous solution and shows strong fluorescence at 445 nm,
as shown in Fig. 8(c). The intensity of the fluorescence measures the
numbers of OH radicals available in the solution. In solution, OH ra-
dicals can also generate from O, by following the step:
0,+3e” +2H*— «OH + —OH. Thus, the presence of superoxide radi-
cals in solution may also form OH radicals indirectly. We performed the
NBT test to identify the presence of 0,%~ radicals, as shown in
Fig. 8(d). The absorption peak of NBT at 255 nm shows a monotonous
decrease in intensity with the increase in irradiation time. As irradia-
tion time progresses, a larger concentration of superoxide ions interact
with NBT and transforms it into blue formazon with a reduction in
absorption peak intensity. The results of TA and NBT test are in
agreement with the results obtained from radical scavenging test,
confirming the major role of O®~ radicals in driving the enhanced
photodegradation.

The parameters that govern the efficiency of a visible light photo-
catalyst are its surface area, intense absorption in the visible region, and
available free charge carriers. The influence of the surface area on the
kinetics of the photocatalytic reaction can be determined by comparing
the kinetic rate constant per unit surface area (k/Spgr) for different
samples [47]. The results of k/Sggr for RhB degradation are displayed in
Table 2. Although the binary (Ag-TiO,, Au-TiO,) and ternary (Ag—
TiO,-CN, Au-TiO>—-CN) plasmonic composites possess lower surface
area than pristine TiO,, the k/Spgr is higher in these samples. These
results indicate that surface area does not have a prominent role in the
overall enhancement of the photocatalytic activity of the hybrid
structure. Based on this observation, we believe that SPR absorption,

Table 2
Summary of results for k/Sggr from the BET surface area and the 1st order rate
kinetics of photodegradation of each catalyst.

Sample BET surface Rate constant k/Sggr (min~'m ™~ 2g)
area (mz/g) (k) x 1073 (min™ 1Y)

RhB Phenol RhB Phenol
TiO, 83.2 6.5 7.7 7.8%107° 9.2 x107°
CN 69.5 5.5 5.1 7.9x107° 7.3x107°
Ag-TiO, 26.4 20 23 75x10"% 87x107*
Au-TiO, 28.6 17 19 59%x107% 6.4 x107*
Ag-TiO,~CN  30.0 41 48 1.3x107% 15x107°
Au-TiO,-CN  34.0 26 32 7.6 x107% 9.4 x107*

interfacial charge carrier separation, and charge transfer are the main
driving forces for the enhanced photocatalytic activity in the hybrid
plasmonic systems.

We have tested the photocatalytic activity of the samples with an-
other toxic organic compound, phenol. Since RhB absorbs in the visible
light, the photosensitisation induced self-degradation is often con-
sidered the reason for the high rate of degradation of RhB with no role
of catalyst in this process. However, since phenol absorbs in the UV
region, there is no photosensitisation effect on phenol due to visible
light, and any degradation recorded is due to the catalyst effect only.
Fig. 9(a) shows the changes in absorption intensity of phenol in the
presence of Ag-TiO>—CN under the visible light illumination. Of note,
Ag-TiO>—CN shows excellent photodegradation of phenol over 40 min
of irradiation time. Fig. 9(b) shows a comparison of the efficiency of
different catalysts to degrade the phenol, while Fig. 9(c) depicts the 1st
order degradation rate kinetics of each catalyst. From Fig. 9(d), it is
clear that Ag-TiO,-CN exhibits the best photocatalytic activity amongst
all. It can also be noted that the phenol degrades at a faster rate
(4.8 x 10"2min~') than RhB (4.1 X 10”?min" ") in the presence of
Ag-TiOo—CN. Thus, fairly consistent photocatalytic results are shown by
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3.4. Photocurrent response study

Fig. 10(a) shows a schematic representation of the photoconductivity
measurement for the various samples under irradiation at different wa-
velengths. Fig. 10(b) represents the steady state dark- and photo-current
as a function of voltage for the Ag-TiO»—CN, with the excitation of the

Ag-TiO;

Au-Tio,
Ag-TiO,CN
Au-TiO,CN

whole solar spectrum (> 400 nm). I-V characteristics show more than
one order of magnitude enhancement at 5V after light illumination.
Time dependent changes in the photocurrent (I-t) are observed under
broadband visible light source using a UV cut-off filter, and under
monochromatic irradiation at 510 nm (Fig. 10(c)—(d)). When light is ON,
the current sharply rises to its maximum value, and swiftly reduces to
zero when light is turned OFF. The ON-OFF light illumination is con-
sidered for 3 cycles, and in each cycle, the photocurrent evolution is
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stable in the system. We have recorded low photocurrent response in
pristine TiO, and g-C3Ny4 (Fig. 10(c)). The low photocurrent is possibly
due to the large band gap of TiO, (~3.2 eV). Even though g-C3N,4 shows
band gap absorption in the visible region, the photocurrent response is
minimal, may be due to higher recombination of carriers in the bulk 2D
layered nanosheets. The photocurrent enhances by 4-times in Au-TiO».
The enhancement is nearly ~5.5-times higher in Ag-TiO, and Au—
TiO,—CN than that of TiO,. Highest photocurrent value is recorded for
Ag-TiO>—CN, which is 7-times more than TiO, and 9-times higher than
CN, as displayed in Fig. 10(c). Next, the photocurrent is measured at
510 nm, which is near to the plasmonic absorption peak of Ag in Ag-TiO,
(Fig. 10(d)). The measured photocurrent under 510 nm can be arranged
as Au-TiO; < Au-TiOo—CN < Ag-TiO,-CN < Ag-TiO,. It shows that
the plasmon excitation of Ag generates sufficient numbers of hot elec-
trons which contribute to the photocurrent enhancement. The recorded
single cycle photocurrent response of Ag-TiO,~CN under dark and light
(A > 400nm) is shown in Fig. S8 (ESI). To emulate the condition of
photocatalysis experiment, we have measured photoinduced current
under white light illumination without any external bias. In the absence
of external bias, the device is considered to be operated in photovoltaic
mode. Fig. S9 shows the measured photocurrent with incident light
switched ON and OFF cyclically. The sample is illuminated under a white
light with an intensity of 32.8 mW/cm?. The plasmonic heterostructure
of Ag-TiO,—CN delivers a stable photocurrent of 1.2 uA, which is 2-fold
stronger than Au-TiO>—CN. The photocurrent measurement, in this case,
is the current delivered by the circuit under photovoltaic mode. The
built-in potential separates the electrons and holes at the Ag-TiO,—CN
heterojunction, thereby delivering a small photocurrent [48,49].

Next, the photocurrent of each catalyst was measured under 470 nm
and 545nm (Fig. 11(a)-(b)). These wavelengths are close to the plas-
monic absorption peak of Ag in Ag-TiO,-CN (~470nm), and Au in
Au-TiO, (~540nm) and Au-TiO-CN (~545nm). At 470nm, the
photocurrent measurement follows a trend Au-TiO, < Au-TiO,—
CN < Ag-TiO, < Ag-TiO,-CN, as shown in Fig. 11(a). The measured
photocurrent under 545nm irradiation can be arranged as
Ag-TiO, < Ag-TiO>-CN < Au-TiO, < Au-TiO>—CN (see Fig. 11(b)).
Fig. 11(c) shows the maximum photocurrent displayed by various
samples under the different wavelength of irradiation. Photoresponse
study demonstrates the generation of large photocurrent when the
electrode is illuminated at or near their respective plasmonic absorption
peaks [50].

The measurement reveals the contribution of plasmonic excitation
and interfacial electron transfer as the dominating mechanism for the
enhanced photocurrent in Ag-TiO>—CN under white light illumination.
Similarly, photoexcitation near the plasmonic absorption of Ag (470 nm
in Ag-TiO,-CN, 510nm in Ag-TiO,), and Au (540 nm in Au-TiO,,
545nm in Au-TiO>-CN) activates plasmonic hot electron injection
followed by the interfacial charge transfer from TiO, to CN. The pho-
toresponse study supports the fact that photocatalysis in binary and
ternary plasmonic systems is regulated by hot electron generation and
interfacial charge transfer.

On the basis of the results discussed, the photocatalytic enhance-
ment in Ag-TiO,, Au-TiO,, Ag-TiO,—CN and Au-TiO,—CN is believed
to result from SPR absorption of metal NPs, interfacial charge separa-
tion and their transfer through the multiple interfaces of the HS. In
order to discuss these phenomena, we have determined the conduction
and valence band-edge potential energy of a semiconductor by
Mulliken electronegative theory [51-53].

Ecg =x — E€ — 0.5E,
Eyp = Ecp — Eg

where Ecj is the conduction band-edge potential, Eyp is valence-band
potential, y is absolute electronegativity of a semiconductor, which is
the geometric mean of the absolute electronegativity of the constituent
atoms. EC is the energy of the free electron on the hydrogen scale,
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which is ~4.5eV, and E, is the band-gap of the semiconductor. For
TiO5 and CN nanosheets, the y values are 5.81 eV and 6.9 eV, respec-
tively. The measured values of bandgap for TiO, and CN are 3.31 eV
and 2.92 eV, respectively. Therefore, Ecy and Eyp band edge potentials
for TiO, are estimated to be —0.345 eV and 2.965 eV, respectively. The
calculated values of Ecg and Eyg for CN are determined to be 0.94 eV
and 3.86 eV, respectively. The band edge in electrochemical scale and
absolute vacuum scale (AVS) are inter-convertible by following the
relation: Eays(eV) = —Expg — 4.5 (V) [54]. Therefore, the energies of
VB and CB edges for TiO, are —7.465¢eV and —4.155 eV, while these
positions for CN are at —8.36 eV and —5.44 eV, respectively. Based on
the VB and CB edge positions, we might predict effective interfacial
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charge separation in the HSs of CN and TiO,. The work function of Au
NPs and Ag NPs are reported to be at —5.1eV and —4.7 eV, respec-
tively [55].

3.5. Mechanism for enhanced photocatalysis

3.5.1. Ag-TiO, and Au-TiO,

Based on the results of optical and photoresponse studies, we pro-
pose that there are two synergetic plasmonic effects which might be
responsible for the enhanced photocatalytic activity in Ag-TiO, and
Au-TiO, HS: (i) Hot electron injection through the metal-semi-
conductor interface. In this process, the energetic hot electrons transfer
to the semiconductor following a direct or indirect electron injection
pathways, (ii) localized electromagnetic field enhancement in the vi-
cinity of the metal-semiconductor interface. This radiative coupling
between metal-semiconductor requires a field energy equivalent to or
higher than the band gap of the semiconductor and depends on the
inter-particle gap as well as the distance of metal from semiconductor
[12,13]. We will now attempt to explain the plasmonic mediated
photocatalytic enhancement based on these two controlling effects.

The plasmonic hot electrons can reach an energy level as high as 7w
above the Fermi level of the metal, where w is photon frequency. The
process of generation and the number density of these hot electrons
depend on the shape and size of nanocrystals as well as interparticle
separation or the hot spot region [56]. The rate of generation of hot
electrons on a nanosphere is expressed by-

2 B (hw — ABy) 4m .,
2 h ()t 3 °

3gg
250 + Emetal

.EOZ

Rate =

(€Y

Where Ep is the Fermi energy, R, is the radius of the nanosphere,
m&) is the electric field inside the nanosphere and E, is the ex-
ternal field of light [57]. The high energy hot electrons (E) are dis-
tributed in the range Er + AE, < E < Er + hw and the low energy hot
electrons are distributed in the range E < Er + AE,, where AE, is the
energy of the Schottky barrier [56,57].

As equation (1) shows, the rate is directly proportional to the square
of the nanosphere radius (R2). From our results on TEM, we have found
that Ag NPs have a size of 7.2nm, whereas Au NPs have a size of
12.3nm (see Figs. S3(a and b), ESI). Thus, following equation (1), the
density of hot electrons will be higher on the surface of Ag-TiO, than
on Au-TiO,. Ag has a longer mean free path for electrons than in Au
[571. This is an added benefit for Ag NPs because the plasmonic energy
dissipation due to electron-electron scattering is minimized. Another
factor that determines the density of plasmonic hot electrons and its
energy amplification is the interparticle gap [58]. TEM shows an
average interparticle separation of 3.4nm in Ag and 4.7 nm in Au, as
shown in Figs. S3(c and f), respectively. Small separation leads to large
optical confinement leading to the generation of sufficient density of
energetic hot electrons. Once accumulated on the surface of the nano-
sphere, the hot electrons transfer to the semiconductor following an
indirect or a direct pathway. In an indirect process, the plasmonic hot
electrons which acquire sufficient energy to move above the Fermi level
migrate to the semiconductor surface (Fig. S10(a)). However, those
plasmonic hot electrons near the Fermi surface involves in a direct
excitation to the conduction band of the semiconductor (Fig. S10(b))
[59]. We speculate that it is achieved by semiconductor defect-plasmon
interaction following a quantum tunneling process. The recent studies
of Xue et al. [60], Tan et al. [61], and Naldoni et al. [62] have de-
monstrated the defect-mediated plasmonic excitation from metal to a
semiconductor. Our XPS study has shown that Ti** content in Au-TiO,
is 8.1% and in Ag-TiO, this concentration is 10.3%. The Ti** states
have an energy distribution up to 0.8-1 eV below the conduction band
edge of TiO, [63]. Therefore, the low energy hot electrons near the
Fermi surface can migrate to the metal-semiconductor interface and
undergo quantum tunneling to the defect states [64,65]. The plasmon-
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defect interaction activates defect electrons and triggers their excitation
to the conduction band of TiO,. One primary criterion for efficient
quantum tunneling is to reduce the depletion layer width. Because of
the lower position of Fermi level of Au and Ag than that of the con-
duction band edge position of TiO,, the electrons will flow from
semiconductor to metal. It leads to a negative charging on the metal
surface and formation of a depletion barrier at the metal-semiconductor
interface. The excess cationic Ti®" on the TiO, surface can neutralize
the accumulated negative charge on the plasmonic metal leading to a
narrowing of the depletion width [65]. A narrowed depletion layer
width increases the possibility of quantum tunneling of the plasmonic
electrons from the near Fermi surface to the conduction band. Once the
free electrons populate the surface of TiO,, they form hydroxyl and
superoxide radicals. These radicals interact with the surface adsorbed
RhB/phenol leading to its degradation.

3.5.2. Ag-TiO,—CN and Au-TiO,-CN

Next, we discuss the mechanism of superior photocatalytic activity
displayed by Ag-TiO>—CN and Au-TiO,-CN ternary hybrids. The pic-
torial representation of this process is shown in Fig. 12. Along with hot
electron generation and injection, the interfacial charge transfer is an
additive for the enhanced photocatalytic activity in the three compo-
nent plasmonic photocatalyst. Those hot electrons acquiring sufficient
energy to cross the Schottky barrier can pass on to the semiconductor.
The rest of the low energetic electrons near the Fermi surface are ex-
cited to the conduction band of TiO, via the intermediate defect states.
The electrons from CB of TiO, transfer to the CB of CN, which possesses
an extended 2D network of C, N bondings, as depicted in Fig. 12. CN
nanosheets absorb a portion of visible light below 470 nm. In the het-
erostructure Ag or Au is in contact with CN also. Thus, under visible
light exposure, a strong plasmonic field accumulates at the interface of
metal-TiO, and metal-CN as well, as shown in Fig. 12. The active op-
tical field could facilitate electronic excitation from VB of CN to the
nitrogenated defect states in CN, which finally got transferred to the CB
of CN under visible light. Thus, once shifted to CN, the electrons could
easily transport to a distant position over the 2D surface away from the
interface, thus reducing the carrier recombination probability. The
electrons residing on the surface of CN generate superoxide radicals,
interact with RhB and phenol, and results in their decomposition.

Thus, the enhancement of photocatalysis in the binary system is due
to the hot electron injection from Ag (or Au) to TiO,. We believe that
the increase in photocatalytic activity in the ternary composites is due
to the hot electron injection either through quantum tunneling or via
the intermediate states. This is assisted by the interfacial charge transfer
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Ti3+ states

Fig. 12. Schematic illustration of photocatalysis in Ag-TiO2-CN: (1) Plasmonic
hot electrons with energy above the Fermi level cross the Schottky barrier and
migrate to the conduction band (CB) of TiO,. (2) Direct excitation of the hot
electrons near the Fermi surface (Eg) to the CB of TiO, by activating Ti®* states.
(3) Activation of Ti®* or nitrogenated defect states via the plasmonic field at
the Ag-TiO, or Ag—CN interface. (4) Electron and hole migration at the junction
between TiO, and CN and formation of superoxide and hydroxyl radicals. These
active radicals finally involve in RhB degradation.
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from TiO, to CN. Photoresponse study in the absence of external bias
provides direct evidence of the contribution of interfacial charge
transfer and hot electron injection mediated photocatalysis in the
ternary systems.

4. Conclusions

In summary, our results show that ternary plasmonic HS of
Ag-TiO>—CN and Au-TiO,-CN are quite efficient photocatalysts as
compared to the binary hybrids of Ag-TiO, and Au-TiO, in the effective
removal of RhB and phenol from water under the illumination of visible
light. Uniformly dispersed Ag (Au) NPs have small inter-particle se-
paration of ~3.4 nm (~4.7 nm), as revealed by TEM analysis and thus
may possess numerous plasmonic hot spots in the system. In binary
hybrids, these plasmonic hot spots region activate direct hot electron
injection from plasmonic metal to conduction band of TiO, or via the
intermediate defect states present in TiO,. In the ternary HS of
Ag-TiO>—CN and Au-TiO-,—CN, the hot electron injection and the in-
terfacial charge transfer from TiO, to CN is evidenced by photoresponse
study selectively excited with plasmonic wavelengths, as suppresses the
carrier recombination and accelerate the rate of photodegradation of
pollutants. The most efficient photocatalyst, Ag-TiO>—CN shows more
than 6-fold enhancements in the photodecomposition rate of RhB/
phenol over pristine TiO, and more than 7-fold increase over pristine
CN. The interfacial charge transfer and hot electron injection mediate
the enhanced photocatalysis in the ternary heterostructures.
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