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Abstract: Nano-sized Y- Ag doped and co-doped TiO: particles were synthesized using the sol-gel
method and Ti(OBu)s as TiO, precursor. Their structural and optical properties were examined by
scanning electron microscopy (SEM), XRD, thermogravimetric-differential thermal analysis (TG-DTA),
FT-IR and UV-vis absorption spectroscopies. The photocatalytic activity of these materials was
investigated for the photodegradation of methylene blue (MB) as a model reaction under visible light
irradiation. Ground state diffuse reflectance absorption studies reveal that both Y and Ag dopant cause
deviations of the band gap to higher energies attesting that co-doping the TiO, with Y and Ag could
enhance the photocatalytic activity by delaying the electron-hole recombination by means of higher
energy band gaps. Co-doping TiO; at a level of 4% (Y, Ag) samples leads to a significant decrease in the
crystallite size of photocatalyst and containing both anatase and Ag/AgCl components. However, the
high photocatalytic performance is attributed to an efficient electron-hole pairs separation at the
photocatalyst interfaces in addition to localized surface plasmon resonance of Ag particles. The
development of these visible light- activated nanocatalysts has the potential of providing
environmentally benign routes for water treatment.
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1. Introduction

Various pollutants such as dyes, pesticides, insecticides and industrial chemicals made water unfit for
consumption (Ahmed et al., 2010; Hoffmann et al., 1995). These pollutants have been found to be
unwholesome to animals, human beings and the environment (Shahmoradi et al., 2011; Ahmed et al,,
2010; Binitha et al., 2009; Molinari et al., 2004). Hence, there is an urgent need to detoxify the hazardous
pollutants by an environmentally greener method. Among them, photocatalytic degradation has been
recommended as potential and the cheapest route to detoxify the various injurious organic compounds
(Atchudan et al., 2017; Jebakumar et al., 2016; Ibhadon and Fitzpatrick, 2013).

At the present time, titanium dioxide (TiO.) has been commercially used in many applications
including dye synthesised solar cells (DSSCs) (Liang et al., 2013), water splitting (Freitas et al., 2014),
self-cleaning (Murugan et al., 2013), and water purification (Nakata et al.,, 2012) due to its strong
oxidizing behaviour, good photocatalytic activity, chemical stability, and non-toxicity. When
illuminated by light of energies greater than the band-gap energy (3.2 eV), TiO2 shows strong oxidation
capacity, which can oxidize almost all organic compounds to CO: (Jingxiang et al., 2017). However, TiO»
suffers from a few critical issues to be applied as a photocatalyst. The absorption of solar light by TiO»
is limited due to its wide band gap which means that TiO, can be sensitive only to UV region that covers
less than 5% of the total solar spectrum. Another hurdle is that the recombination time of electron-hole
pairs is very short (~10? s) compared to the chemical interaction time (~10-3-10-8 s) between the TiO»
surface and adsorbed dyes or other molecules, which may pose certain constraints on the performance
(Lavanya et al., 2014). In order to overcome these difficulties, numerous efforts have been dedicated to
ameliorate the photocatalytic activity of TiO; such as doping with non-metal or metal ions, loading of

DOI: 10.5277/ ppmp19001



746 Physicochem. Probl. Miner. Process., 55(3), 2019, 745-759

noble metals and making composite with metal oxides (Slimen et al., 2015). Dopants may play a key
role in the photoreaction by synergistic reaction, which is essentially different from the role of one single
doping ion. To the best of our knowledge, there are few studies carried out on TiO, nanoparticles co-
doped with two kinds of ions.

In this study, Y ions have been chosen as dopant because rare earths are extremely useful in various
applications due to their sharp, near monochromatic emission lines. Furthermore, the f-f transitions are
fairly insensitive to conditions such as temperature and the surrounding chemical environment (Ballato
et al., 1999; Hufner, 1978). The use of Rare earth ions such Ln = Eu, Pr, La, Pr, Nd (Parida and Sahu,
2008), as dopants for crystalline TiO, can lead to the incorporation of atoms/ions of these elements into
TiOz crystalline matrices, or to a surface modification. This can adduce a potential means to inhibit the
combination of photo electron-hole pairs, enlarge the light adsorption of the semiconductor and
therefore enhance the visible light photocatalytic activity. On the other hand, noble metal nanoparticles
such as Ag, Au and Pt exhibit plasmonic characteristics through electron transfer (Huang et al., 2016a;
Huang et al.,, 2016b; Huang et al., 2015). Among these noble metals, silver is mostly used because of its
low toxicity, bactericidal capability, relatively low cost compared to other noble metals. Recently,
localized surface plasmonic resonance (LSPR) of silver metals shows significant pledge in enlarging the
absorption scope of TiO, (Ruirui et al., 2018; Jiang et al., 2014). Unlike the traditional Ag/semiconductor
plasmonic systems, silver halide materials (AgX, X = Cl, Br and I) exhibit good stability even after the
preliminary decomposition into Ag® species under irradiation (Liu et al., 2013) and are, therefore, found
to be one of the most promising plasmonic photocatalysts (Cai et al., 2014) with stellar photocatalytic
performances under visible light irradiation (Hajjaji et al., 2018; Ma et al., 2016).

As an excellent conductor, Ag can availably capture photogenerated electrons and promote electron-
hole separation to restrain electron-hole recombination (Huijun et al, 2018; Wen et al., 2015).
Consecutively, this electron transferred from Ag to the conduction band of TiO: is captured by oxygen

turning into O, (An et al., 2016; Kowalska et al., 2010), which can oxidize organic molecules. Wang et

al. (2013) synthesized TiO. nanofibers modified by Ag/AgCl to promote highly efficient and stable
visible light photocatalytic activities for the degradation of 17-b-ethinylestradiol. Guo et al. (2012) found
that the modification of TiO» with Ag/AgCl obviously showed enhanced photocatalytic degradation
of 4-CP and photoreduction of Cr(VI) under visible light irradiation, due to the LSPR of Ag and the
coexistence of Ag and AgCl.

Although the SPR effect of silver and silver halide makes it feasible to synthesize a new type of active,
stable photocatalyst by combining the advantages of silver and silver halide nanoparticles with TiO,,
this combination may bring to the synergistic effect of SPR structural defects which will improve the
visible light induced photocatalytic performance.

In this paper, we report a detailed investigation into co-doping varying amounts of yttrium and
silver into TiO, powders aiming at an understanding on their effects on the structural orderliness,
nanocrystallinity and photocatalytic properties using three dyes aqueous solutions as model organic
pollutant under visible-light irradiation.

2. Experimental methods
2.1. Powder preparation

In this work, the preparation of the sample was conducted using sol-gel process. The experimental
process involved two steps: X% doped and co-doped samples were prepared using the following
materials: YCl3 - 6H2O, Ti(OBu)s and AgNO; (all of them from Aldrich) where X is the molar ratio (X =
(ng)/ (nm), with X=0.5, 1, 2, 3, 4, 5 and ng= nag or ny). In order to adjust the proportions of (Ag or/and
Y) and TiO; in a typical experiment for the synthesis of 3%, designated as 3% Ag doped TiOz, 3% Y
doped TiO; and 3% Y-Ag co-doped TiO; the values of X were set to: 3, 97, 0; 0, 97, 3 and 3, 94, 3,
respectively.

AgNOs; was dissolved in absolute ethanol with constant stirring to get a clear solution. Then, it was
added to YCl; - 6H,O dissolved in acetic acid, which act as a solvent and hydrolysis promoter. To this
mixture, a solution of Ti(OBu)4 was introduced progressively and kept under magnetic stirring at 80°C
temperature until gelation occurs. The final product was dried at 100 °C for 24 h and stored at room
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temperature for use as starting material in this study. This procedure gives rise mesoporous solids,
which are initially amorphous and crystallize upon further heating above 400°C within 2 hours.

2.2. Experimental techniques

Scanning electron microscopy (SEM) studies were performed using a Philips XL30 CP microscope
equipped with EDX (energy dispersive X-ray), Robinson, SE (secondary electron) and BSE (back-
scattered electron) detectors. The sample was placed on an adhesive C slice and coated with Au-Pd
alloy 10 nm thick layer.

The XRD patterns were recorded using Siemens D5000 X-ray diffractometer. The powder X-ray
diffraction data were collected at ambient temperature over the range 10<20<60° by step scanning, using
20 increments of 0.02° to determine the crystallographic phases. The crystallite size was determined
from the broadening of corresponding X-ray spectral peaks by Scherrer formula (Qinghong et al., 2000):

L =KA/(Bcosb) @)

where L is the crystallite size, A is the wavelength of the X-ray radiation (CuK, = 0.15418 nm), K is the
usually taken as 0.89, and f is the line width at half-maximum height. This is the generally an accepted
method to estimate the mean crystallite size of nanoparticle.

Infrared spectra were recorded with a Varian 7000 FT-IR spectrometer with a DTGS coupled
detector. Samples were analysed in transmittance mode. Spectra were recorded at 1.0 cm! resolution in
the 4000-400 cm! range as a ratio of 16 single-beam scans of the sample to the same number of
background scans using dry air in the sample compartment. No baseline corrections were introduced.
The original samples were mixed with KBr (about 2% wt./wt.) and ground, with the use of an agate
mortar and pestle, to form a finely divided powder.

Differential thermal analysis (DTA) and thermo-gravimetric analysis (TGA) runs of the xerogels
were carried out in a SETARAM92 TGA-DTA. Samples were heated from 25 to 500 °C under synthetic
air (20% vol. of Oz and 80% vol. of Ny) at 5°C min-1.

Ground-state absorption studies were performed using all powdered samples, by means of an
OLIS14-VIS-NIR spectroscopy operating system with diffuse reflectance. The reflectance (R) from each
sample was obtained by scanning the excitation monochromator from 240 to 840 nm, and the remission
function F(R) was calculated using the Kubelka-Munk equation for optically thick samples (those where
no further increase of the sample thickness can change the experimentally determined R). The remission
function, according to Ferreira et al. (1998) is:

F(R) = (1-R)?/2R @

2.3. Photocatalytic activity measurements

This work reports on the synthesis of Y or/and Ag doped TiO nanoparticles using the sol-gel process,
and investigates their potential use as a photocatalyst for degradation under visible excitation. Three
different dyes: methylene blue (Color Index (CI): 52015), methyl red (CI: 13020) and methyl orange (CL:
13025) were used as model organic pollutants (Fig. 1) in aqueous solution. In each of the experiments,
0.05 g of catalyst and 50 cm? of approximately 104 mol L-! solutions of the organic dye were prepared.
Then finely powdered doped titanium dioxide was added as a photocatalyst and shaken vigorously to
form a homogenous mixture. In each case, the mixture was sonicated (bath sonicator) before irradiation
for 10 min to obtain highly dispersed catalysts. Before irradiation, solutions were maintained in the dark
for 1h in order to achieve the maximum adsorption of organic pollutant on the photocatalyst surface.
The degradation tests were carried out under irradiation by a halogen lamp of power 42 W (230 V) and
emitting light with A varying between 380 and 780 nm (Scheme 1).

The aqueous suspension was kept under magnetic stirring during the entire reaction period to
maintain the suspension homogeneity. At constant time intervals, 2 mL aliquots were sampled,
immediately centrifuged at 24000 rpm for 15 min to remove the TiO; particles, and then analyzed on a
Cecil UV-visible spectrophotometer. The UV absorbance of the solutes was measured at their
corresponding Auq.. Calibration curves were previously established for each solute studied here. A 54
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W Halogen lamp was used as visible light source. The use of a lamp assures a constant light output in
opposition to the fluctuation in solar intensity with season and time of
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1: Halogen lamp.

2:Incident visible light.

3: Cardboard chamber packed by aluminum.
4:Solution of MB + catalyst + magnetic bar.
5: Agitator.

6 : Support.

Scheme 1. Photocatalytic reactor using a halogen lamp as a source of irradiation
3. Results and discussion

3.1. EDX analysis

EDX observations have been carried out for 4% (Y,Ag) co-doped TiO, sample calcined at 400°C. As
shown in figure Fig. 2, the EDX analysis confirmed the presence of all the desired elements even those
used at a small level: O, Cl, Ti, Ag and Y. Additionally, one can show that, in the 4%(Y, Ag) co-doped
TiO: photocatalysts, the Ag amount is slightly higher than that of CL It can be inferred that the surface
atomic ratio of silver to chlorine was higher than the stoichiometric ratio in AgCl (1:1), indicating
probably the existence of Ag on the surface of our sample.

3.2. XRD characterization

XRD was used to investigate the phase structure of the prepared samples. XRD patterns of the
Y doped and Ag doped titania with different concentrations, after calcinations at 400°C, are
superimposed in Fig. 3. The XRD pattern of pure TiO, Y doped TiO. and Ag doped TiO. powders
shows seven distinctive TiO, reflections corresponding to the anatase tetragonal structure (I4;/amd)
(Sanchez et al., 1996). No peak due to rutile or other titania phase can be detected in all samples.
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Fig. 2. The energy dispersive X-ray spectra of 4% (Y, Ag) co-doped TiO,, calcined at 400°C

Aanatase

5%Y

4%Y

e

I(a.u.)

2%Y

1% Y

J

undoped TiO,

|

L

A

(). AR

0.5% Y A A
A

NSO N

T T
10 15 20

T
25

T T T
30 35 40

T
45

T
50

60

==

I(a.u.)

0.5% Ag

(b) A

T
40

A Ap

T
50

T T T T
30 35 45 55 60

2 theta (°)

2 theta (°)

A :anatase
*:AgCl
5%(Ag,Y)

4%(Ag,Y)

2%(Ag,Y)

I(a.u.)

.

L

1%(Ag.Y)

0.5%(Ag.Y)

undoped TiO,

T T T T T T T T T
15 20 25 30 35 40 45 50

2 theta (°)

10

Fig. 3. XRD patterns of undoped, (a) X% Y doped TiO (X=0.5, 1, 2, 4 and 5), (b) X% Ag doped TiO, (X=10.5,1, 2,4
and 5) and (c) X% (Y,Ag) co-doped TiO, (X=0.5, 1, 2, 4 and 5) calcined at 400°C

Figure 3c shows the diffractogram of (Y,Ag) co-doped TiO, samples calcined at 400 °C. At this
temperature anatase is the only observed phase for 0.5%, 1% and 2% (Y,Ag) co-doped samples.
However, the diffractogram of 4% and 5% (Y, Ag) co-doped TiO. powders show four additional peaks.
All of them are attributed to cubic AgCl phase (JCPDS No.85-1355). Moreover, a careful analysis of the
diffractogram of two samples reveal the presence of another small reflection at 44.6° assigned to
Ag-containing phase. The presence of Ag and AgCl ultimately did not modify the position of the main
reflection (101) of the anatase phase. Compared to pure TiO, the XRD reflections of doped and co-doped
TiO, samples have the same positions, suggesting that Ag* and Y3+ did not enter TiO crystalline lattice
to substitute Ti**. lonic radius and calcinations temperature are two important parameters, which
strongly influence the ability of the dopant to enter into the TiOz crystalline lattice to form stable solid
solution. If the ionic radius of the doping ion is much larger, the substitution process can be suppressed
(Jun and Jimmy, 1998). The relatively huge difference between the Ti¢* (0.64 A) radius and those
corresponding to Y3+ (0.95 A) and Ag+ (1.15 A) rationalize that such substitution with Agtand Y3*
couldn’t occur. They are adsorbed at the surface of the TiO; particles. On the other hand, the widening
of the reflections can be due to a systematic decrease in grain size. The average size of crystallites
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determined by Sherrer formula of Y doped, Ag doped and (Y,Ag) cdoped TiO; are illustrated in Table
1.

Table 1. Crystallite size of the Y-Ag doped and co-doped TiO: anatase samples

Doping rate Dopants Crystallite size (nm)

0% - 25
Y 20
0.5% Ag 19
Y-Ag 16
19 Y 13
Ag 18
Y-Ag 15
Y 12
2% Ag 17
Y-Ag 13
Y 9
4% Ag 16
Y-Ag 7

Y
5% Ag 13
Y-Ag 8

It is clear from all these results that the presence of dopants Ag or/and Y inhibit the growth of TiO»
particles and justify the decreasing of anatase grain size, especially for 4% (Y,Ag) and 5% (Y,Ag) co-
doped TiO, sample.

3.3. Thermal analysis study

Figure 4 shows the TGA-DTA curves of dry 4% (Y,Ag) co-doped TiO: xerogel, respectively. It can be
found that there are mainly two steps during the weight loss process. The first step corresponds to a
weight loss of about 7% at the temperature range from the room temperature to 140 °C accompanied by
a small decalescence band at 73 °C in the DTA curve, which is originated mainly from the reorientation
and evaporation of adsorbed water. The second weight loss is observed in the temperature domain
250-450 °C corresponding in the DTA curves in one releasing thermal peak at 350 °C. It can be attributed
to different phenomena: (i) the removal of structural hydroxyls, which will increase the number of
bridging oxygens, (ii) the thermal oxidation of organic groups and (iii) the phase transition of TiO;
xerogel from amorphous to anatase and the formation of AgCl phases in the 4% (Y,Ag) co-doped TiO».
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Fig. 4. TG-DTA curves of 4% (Y, Ag) co-doped TiO; xerogel
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3.4. FT-IR studies

FTIR studies were performed in order to determine the presence of functional groups as well as to study
the structural changes in the TiO, semiconductor after incorporation of dopants. Figure 5 presents the
FT-IR absorption spectra in the 400-4000 cm! region, for the 4% Y-Ag doped and co doped TiO»
samples, annealed at 400°C. The presence of OH groups and water at the surface of the system is
evidenced by the appearance of a broad band at about 3440 cm! accompanied by another peak around
1630 cm? for all samples. They are from Ti-OH stretching modes. However, it can be seen through the
increase in the intensity of the band around 1632 cm? that addition of AgCl to TiO,in 4% (Y,Ag)
enhanced the concentration of OH radicals on TiOz surface. These titanol groups can establish hydrogen
bonds with organic pollutants, improve the adsorption and enhance the photodegradation
performance. The stretching vibration of -CH, of the residual butyl titanate appeared at 1162 cm (Li et
al., 2013). All the samples show a shoulder at 980 cm™. This is attributed to the anatase Ti-O bond
(Tayade et al., 2007), which is formed during gelation at room temperature itself. The undoped sample
shows tow peaks at 520 and 663 cm?, which is the characteristic peak of titania. But in the case of Y-Ag
doped and co-doped TiO, samples these peaks are shifted to a large frequency that exists between
410 and 900 cm?, which may be due to the formation of Ti-O-Ag and Ti-O-Y (Vargas et al., 2015).

3.5. Ground state diffuse reflectance spectra

Ground state diffuse reflectance spectra were used to probe the band structure (or molecular energy
levels) in the materials since UV-vis light excitation creates photogenerated electrons and holes. The
UV-vis reflectance band edge is a strong function of nanoparticle titania cluster size, which can be
attributed to the well-known quantum-size effect for semiconductors (Zhou et al., 2006). The
corresponding UV-vis diffuse reflectance spectra of the pure TiO. and (Y,Ag) co-doped TiO, samples
are superimposed in Fig. 6. The reflectance edge shifts toward shorter wavelengths for (Y,Ag) co-doped
TiO, powders compared to undoped spectra. This indicates an increase in the band gap energy of TiO»
(Table 2). These results are compatible with the existence of very small nanoparticles in the powders,
leading to strong quantum confinement effects responsible for the high energy gaps (Xue et al., 2012).
The band gap energy values for the different samples were calculated according to the transformed
Kubelka-Munk function (Simmons, 1975).

The analysis of the results reveals that the values of the energy gap depend on the co-doping levels.
Ground state diffuse reflectance absorption studies for the nanopowders show that the (Y,Ag) co-
dopant causes deviations of the band gap to higher energies (Table 2) revealing that doping the TiO»
withY and Ag could enhance the photocatalytic activity of the sample, while delaying the electron-hole
recombination by means of higher energy band gaps. Moreover, an additional broad absorption is
observed, for 4% and 5%(Y,Ag) co-doped sample, in the visible region of 450-650 nm, which could be
due to surface plasmon resonance of the Ag nanoparticles produced by the photoreduction of AgCl
(Jingxiang et al., 2018; Liang et al., 2015).
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Fig. 5. FTIR spectra of undoped, Y-Ag doped or co-doped TiO, samples annealed at 400°C
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Fig. 6. DR spectra of undoped and co-doped TiO; with Y and Ag

These experimental results are in agreement with the data reported by Yin et al. (2016), indicating
that AgCl phase present in 4% and 5%(Y,Ag) co-doped sample has potential ability for photocatalytic
decomposition of organic contaminants under visible light irradiation. The analysis of the results
reveals that the values of the energy gap depend on the co-doping levels. Ground state diffuse
reflectance absorption studies for the nanopowders show that both the Y and Ag dopant cause
deviations of the band gap to higher energies (Table 2) revealing that doping the TiO, with Y and Ag
could enhance the photocatalytic activity of the sample, while delaying the electron-hole recombination
by means of higher energy band gaps.

Table 2. Energy gaps of undoped, Y and Ag co-doped TiO:

Samples Eg (eV)
Undoped TiO» 3.18
0.5%(Y,Ag) 3.42
4%(Y,Ag) 3.51
5%(Y,Ag) 3.46

3.6. Photocatalytic degradation

Given the serious health risks associated with the presence of dyes in the environment, predominantly
in the aqueous phase, and taken into account results obtained by ground state diffuse reflectance, it
should be emphasized that using Y-Ag doped and co-doped TiO, which have an important absorption
in the visible light as photocatalysts can be very interest. To identify the role of each chemical species a
comparison on the photocatalytic efficiency of single doping and co-doping materials, under visible
light excitation was investigated using three model organic dye pollutants.

As shown in Fig. 7, MB cannot be degraded in the absence of catalyst and under dark. Additionally,
in the presence of undoped TiO,, 78 % of the MB remained in the solution after 12 h of exposure, attesting
the low photocatalytic activity of this sample under visible irradiation. Doping TiO. with Y or Ag
notably affects the photocatalytic activity. However, the largest catalytic effect is observed in the
presence of 5% Ag for which the residual concentration of MB attained 39% after 12 h of visible light
irradiation. One should note that, all of the samples used in the present study are in the anatase form,
their photocatalytic activities differ considerably. This rules out the assignment of the difference in the
degradation efficiency to the structural properties. However, this result can probably be explained by
the fact that, using sol-gel approach, the Ag dispersed on the TiO; surface, favoring its surface
enrichment and yielding low average distances between the Ag particles and the TiO» ones (Bo-Kyung
et al., 2018; Bouattour et al., 2010).



753 Physicochem. Probl. Miner. Process., 55(3), 2019, 745-759

On the other hand, using Y and Ag as co-doping elements leads to higher photocatalytic
performances (Fig. 7c). One can evoke the contribution of the adsorption at the surface of the
photocatalyst to account for the drop in the solute concentration with time. However, this hypothesis
could be ruled out given the low conversion attained in the dark with a concentration ratio reaching
only 93% for MB in the presence of 4% (Y,Ag), which indicated that there was no degradation when
irradiation was absent. As shown in Figure 7c the highest activity was not observed for pure anatase
but for 4% (Y,Ag) sample which is composed of two phases: TiO; anatase and AgCl as proved by XRD
analyses. Nanoparticles of Ag were also evidenced. In the presence of this photocatalyst, a strong
improvement of the photocatalytic activity was noticed with complete MB degradation after 12 h of
exposure to visible irradiation. This results suggest that some synergism between anatase and Ag/AgCl
exists leading to faster degradation rates of MB.

Taken into account the different component of the system and owing to the plasmon response effect,
Ag?° particles propels the 4% (Y,Ag) sample to absorb visible-light, which has been demonstrated by
UV-vis DRS analysis. Plasmonic enhancements and facile charge transfer resulting from the assistance
of metallic Ag are proposed to explain the high photocatalytic activity of the 4% (Y,Ag) co-doped TiO»
photocatalysts. In previous studies (Qi et al., 2014; Wang et al., 2013), it has been demonstrated that the
plasmonic effect of Ag® particles plays a very important role in producing high visible light
photocatalytic activity due to the oscillation of surface electrons. Additionally, the rich conduction band
(CB) electrons of noble metals can enhance the reducibility of the sample, resulting in a decreased
recombination opportunity of electrons and holes (Pham et al., 2014). In particular, the excellent
conductivity of Ag nanoparticles greatly promotes interfacial charge transfer kinetics among Ag, AgCl,
and TiO».
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Fig. 7. Evolution of the concentration of MB vs time in the presence of (a) TiO. doped with Y-doped, (b) TiOx
doped with Ag and (c) TiO, co-doped with Y and Ag under visible light excitation
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This study demonstrates that an optimal amount of 4% (Y,Ag) co-doping can effectively increase the
photocatalytic performance of TiO; and will promote the photocatalytic degradation of MB. The effect of
these phases in the 4% (Y,Ag) co-doped TiO: catalyst on the photocatalytic efficiency under visible light
excitation was also investigated using methyl orange and methyl red as a model pollutants. However,
a careful analysis of Fig. 8 reveals that the better photodegradation performance is observed for MB
compared to methyl orange and methyl red. In fact, after 12 h exposure, the residual concentration ratio
attains about 44, 37 and 1% for methyl red, methyl orange and methyl blue, respectively. The
degradation rate of the first two organic dyes, using 4% (Y,Ag) co-doped TiO. powder as photocatalyst,
is quite low as compared to MB. These results can be explained by the fact that the conversion profile is
dependent on the structure of the organic pollutant. The higher efficiency observed for the MB is
probably a consequence of the high adsorption capacity of this compound on 4% (Y,Ag) catalyst which
is the prerequisite step for the occurrence of the degradation process (Gaya et al., 2008).
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Fig. 8. Evolution of the residual concentration of the organic dye vs. time, in the presence of TiO» co-doped with
4% (Y,Ag) under visible irradiation

3.7. Kinetic study

Kinetics of the degradation reaction of aqueous solution of MB pollutant was also investigated. Indeed,
the photodegradation results of photocatalyst obey pseudo-first-order kinetics over the time period
investigated and the slope equals the apparent degradation rate constant (Ky). This is in an agreement
with the generally observed Langmuir-Hinshelwood mechanism. It basically relates the degradation
rate and reactant concentration C, in water at time . When the adsorption is relatively weak and/or the
reactant concentration is low, the system can simplify to a pseudo- first-order kinetics with an apparent

first-order rate constant
Ln(C/Coj - K, xt 3)

where G is the initial organic dye concentration. For all catalysts, plotting In(C/Cy) vs. reaction time ¢
yields a straight line, and the slope is the apparent rate constant. Table 3 show the apparent rate
constants Ky, and regression coefficients R? for the photodegradation of MB in the presence of Y doped,
Ag doped and (Y,Ag) co-doped TiO» catalysts. From the data reported in Table 3, the trend in the value
of Ky is in line with the enhancement in the photocatalytic activity. Kinetics of MB degradation, in
presence of 4% (Y,Ag) co-doped TiO; catalyst, leads to a Ky, value of 0.348 h-2.

This value is very high as compared to those observed for the others catalysts attesting the fast MB
decolorization in presence of this catalyst. This result confirmed the improved efficiency in
photocatalytic activity observed by adding Ag/AgCl to TiO..
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Table 3. Apparent first-order rate constant Ky, and correlation coefficient R2for photodegradation of MB by
undoped and (Y,Ag) doped TiO; under visible light excitation.

Doping rate Dopants Kapp X 103 (h1) R2
0% - 21 0.99
Y 21 0.99
0.5% Ag 23 0.98
Y-Ag 31 0.97
1% Y 25 0.98
Ag 26 0.99
Y-Ag 32 0.98
Y 30 0.99
2% Ag 27 0.99
Y-Ag 35 0.99
Y 31 0.99
3% Ag 30 0.98
Y-Ag 146 0.97
Y 50 0.99
4% Ag 34 0.97
Y-Ag 348 0.99
Y 62 0.99
5% Ag 75 0.98
Y-Ag 125 0.98

3.8. Reuse of photocatalyst

The aptitude of a photocatalyst to be reused is one of the most important parameters which determine,
from an economical point of view, the potential exploitation of a material in practical systems for water
treatment. To examine the repeatability of the photocatalytic activity, the 4% (Y,Ag) co-doped TiO»
sample was used for three consecutive photodegradation cycles. The concentration of the MB was
measured after 12 h exposition to visible irradiation (Fig. 9). After each decomposition reaction, the TiO»
powder was separated and used again in the same conditions. It can be seen from Fig. 11 that the
photocatalytic efficiency decreases slightly after three degradation cycles of degradation. It is worthy to
note that the reused powder was used without washing or any purification treatment. The residual
concentration of MB attained 1, 11 and 17 % after three degradation cycles. This result may be explained
by the formation of some by-products and their accumulation on the active surface sites of the
photocatalyst, thus making the active site on the surface less available.

I 4% (Y,AQ)

cycle 1 cycle 2 cycle 3

Fig. 9. Evolution of the residual concentration of the MB after 12 h, in the presence of 4% (Y,Ag) co-doped TiO;
under visible light excitation
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3.9. Mechanism of electron transfer in 4% (Y,Ag) co-doped TiO: catalyst

The surface plasmon resonance character of metallic Ag, Ag® can absorb visible light, and the absorbed
photon will lead efficiently to the separation of electron and hole charges. The AgCl present in the
system also acts as a hole acceptor (Yao and Liu, 2014). In fact, the holes transferred to the AgCl surface,
results in the oxidation of Cl- ions to Cl° atoms (Cui et al., 2013). The formed Cl°, participates as reactive
species for the oxidation of dye molecules. Meanwhile, more holes with strong oxidation power in the
VB can be trapped by OH- to form hydroxyl radicals, which participates in the MB degradation. On the
other hand, the plasmon induced electrons of Ag nanoparticles are transported to the CB of TiO, (Liang
et al., 2014) and trapped by absorbed O» to produce Oy, which is the active specie in the degradation
reaction of pollutant. All of this result can explain the high performance of Ag/AgCl-TiO
photocatalysts under visible light irradiation. A schematic illustration of effective separation and instant
scavenging of photoexcited electron-hole pairs in the Ag/AgCl-TiO: is presented in Scheme 2.

Visible Light

TiO,

AgCl

Degraded

Cl’  Dyes

Scheme 2. Photocatalytic mechanism behaviuor of 4% (Y,Ag) co-doped TiO, sample under visible light
irradiation

It is important to precise that visible-light absorption of dye molecules can also contributes in the
photocatalytic process since photo-excited electrons can be efficiently transferred from dyes to TiO,. As
a result, the dyes are converted to a cationic radical (dye* *), and "O. radical specie were easily formed
by the adsorbed oxygen, through capturing electrons from the conduction band of the catalyst. The'O»-
can react with surface adsorbed H>O to form H>O, which is ultimately converted to *OH (Turkten and
Cinar; 2017).

4. Conclusion

In the present work, Y-Ag doped and co-doped TiO, particles were successfully prepared and their
photocatalytic performance under visible irradiation was investigated using MB as a model pollutant.
Y-Ag co-doped TiO: increased the energy band gap of the semiconductor, simultaneously, the electron/
hole recombination is delayed by means of the higher band gap.

Results showed a significant enhancement of the photocatalytic activity, especially, for 4% (Y,Ag)
co-doped TiO, samples, with very small nanoparticles, containing both anatase and Ag/AgCl catalyst.
This improvement is attributed to the existence of a synergistic effect between anatase and Ag/AgCl
leading to a better separation between photogenerated electrons and holes. The high photocatalytic
activity of the 4%(Y,Ag) co-doped TiO, compound results from efficient electron-hole pairs separation
at the interfaces and role of localized surface plasmon resonance of Ag particles formed on AgCl
particles in the degradation reaction.
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