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before being supported on TiO,. Catalytic testing showed that 5 wt% Ag-TiO, gave the highest photodegra-
dation (94%) of 50 mg L' 2-chlorophenol (2-CP) at pH 5 using 0.375 g L~! catalyst within 6 h, while under
similar conditions, 1 wt% and 10 wt% Ag-TiO, only gave 75% and 78% degradation, respectively. Character-
ization results illustrated that the photoactivity was affected by the amount of Ag® and oxygen vacancies
which actas an electrons trap to enhance the electron-hole separation. While, the Ag—0—Ti bonds forma-
tion reduced the photoactivity. The degradation followed a pseudo-first order Langmuir-Hinshelwood
model where adsorption was the controlling step. Study on the effect of scavengers showed that the
hole (H*) and hydroxyl radical (OH*) play important roles in the photodegradation. The regenerated
photocatalyst was still stable after five cycling runs.
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1. Introduction

Hazardous chlorinated phenolic compounds are continuously
introduced into the environment through domestic and industrial
activities, thus representing a severe toxicological risk [1]. Among
these compounds, 2-chlorophenol (2-CP), which is widely used
in the pulp, paper, biocide, cleaning agent, dye, preservative and
pesticide industries, is known to have high toxicity and is also non-
biodegradable [2,3]. Therefore, in order to eliminate this harmful
pollutant from the environment, there are continuing studies on
appropriate abatement methods such as wet oxidative, ozonation,
oxidation degradation, hydrodechlorination, immobilization, and
membrane [4-6]. However, these methods experience a few weak-
nesses such as generating secondary products and producing large
amounts of sludge, in addition to being costly and time consuming
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[7-9]. Advanced oxidation processes (AOPs), which usually use a
heterogeneous photocatalyst semiconductor, have become a pop-
ular method for the removal of this recalcitrant pollutant [10-12].
In the presence of suitable light irradiation and a specific catalyst,
the hydroxylradicals (*OH) formed in the oxidation process become
the most important species in mineralizing the targeted pollutant
into stable inorganic compounds such as carbon dioxide and water
[13].

Various semiconductors have been used such as TiO;, ZnO, SnO,
a-Fe,03, CdS, and ZnS [14-16]. Among them, TiO, shows better
potential due to its strong oxidizing power, chemical-inertness and
long-term stability against photo and chemical corrosion. How-
ever, photocatalytic application of TiO, has been limited by its high
photogenerated electron-hole recombination rate, which hinders
photocatalytic efficiency. In order to overcome this shortcom-
ing, many strategies have been exploited including loading noble
metals such as Au, Ag, Pt, and Pd to constrain charge carrier recom-
bination and also act as electron acceptors [17]. Among them,
Ag is the most potential photocatalyst used in doping TiO,, due
to its property of delaying the recombination of photogenerated
electron-hole pairs, besides being less expensive compared with
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other noble metals [18]. The deposition of metallic Ag nanoparticles
(Ag®) onto TiO, may improve photocatalytic activity by facilitat-
ing effective charge separation that prevents rapid electron-hole
recombination [19]. In addition, photocatalysts consisting of Ag?
nanoparticles are more attractive than Ag halides due to the insta-
bility of Ag halides caused by photolysis, while Ag® nanoparticles
manage to smooth the separation of electron-hole pairs [20].

Indeed, various methods have used to synthesize Ag® nanopar-
ticles on TiO, supports by reducing Ag* to the metallic form,
including heat-induced reduction, reducing agents, photoreduc-
tion, ionic liquids and UV or gammaray methods [21-23]. However,
these methods require either high temperature or a long reac-
tion time to obtain the metallic Ag. Thus, it is necessary to find
a simple and rapid synthesis method to obtain the Ag®. Previ-
ously, we reported a simple in situ electrochemical method for
preparing various metal nanoparticles such as a-Fe; 03, ZnO, ZrO,,
and CuO supported on zeolites [24-28]. Besides the formation of
metallic nanoparticles, the incorporated metal ions in the sup-
port were also discovered during the electrolysis, resulting in
photocatalysts with high potential for efficient decolorization of
various dyes. Therefore, as an extension of the study, herein we
report preparing Ag supported on TiO, using a similar in situ
electrochemical method and its photoactivity toward degrada-
tion of 2-CP. The properties of the catalysts were characterized in
detail by XRD, FT-IR, Raman, UV-vis DRS, photoluminescence, sur-
face area analysis, TEM, FESEM-EDX and cyclic voltammetry. We
believe these new findings on a simple preparation method for
the formation of metallic Ag supported on TiO, in tandem with
incorporation of the Ag into the TiO, structure could contribute to
photodegradation strategies for various organic pollutants as well
as other reactions. The photocatalytic performance, kinetic stud-
ies, proposed mechanism and reusability of the catalysts are also
discussed.

2. Experimental
2.1. Reagents, material and apparatus

The TiO, powder catalyst JRC-TiO,-2 was supplied by the Catal-
ysis Society of Japan. The Ag and Pt plates of greater than 99% purity
were used as electrodes and were obtained from Nilaco, Japan. N,N-
Dimethylformamide (DMF), perchloric acid and hydrochloric acid
were purchased from MERCK, Malaysia and acetone was purchased
from HmbG Chemical. Naphthalene and tetraethylammonium bro-
mide solution were obtained from Fluka Chemical and methanol
was purchased from RPE Reagent pure Erba. Silver nitrate (AgNO3),
sodium hydroxide (NaOH) and hydrochloric acid (HCl) were pur-
chased from QREC™ and 2-CP from Alfa Aesar, Germany with
99% purity. Ammonium oxalate (AO) was obtained from Riedel-
De Haen AG Seelze-Hannover while isopropanol (IP) was supplied
by System®. Tetraethylammonium perchlorate (TEAP), which was
used as a supporting electrolyte in the electrolysis was prepared
accordance with the procedure reported in the literature [29].

2.2. Preparation of catalyst

Metallic Ag and Ag-TiO, catalyst were prepared by an elec-
trolysis method in accordance with the procedure reported in the
literature [30] (S1.1 and S1.2). The 1, 5, and 10 wt% Ag loaded onto
TiO, were prepared by adjusting the electrolysis time according to
the Faraday’s law. For comparison on catalytic performance, the
5wt% Ag-TiO, was also prepared by a photodeposition method
(S1.3).

2.3. Characterization

The crystalline structures of the catalysts were carried out using
a Bruker Advance D8 X-ray powder diffractormeter (XRD) with Cu
Ko radiation (A = 1.5418 A) at 20 angle ranging from 20° to 90°. The
morphological properties of the catalysts were examined by Trans-
mission electron microscopy (TEM, JEOL JEM-2100F). The catalysts
were ultrasonically dispersed in acetone and deposited on amor-
phous, holey carbon membranes. Field-Emission Scanning Electron
Microscopy was conducted to determine elemental composition
of samples using Energy Dispersion X-ray Spectroscopy (FESEM-
EDX, JEOL JSM-6701F). UV-vis diffuse reflectance spectra (UV-vis
DRS) were recorded in air at room temperature over a range of
wavelengths from 250 to 500 nm using a Perkin Elmer Lambda 900
UV/vis/NIR spectrometer with an integrating sphere. The chemical
functional groups present in the catalysts were identified by FT-
IR spectroscopy (Perkin ElImer Spectrum GX FTIR Spectrometer). IR
absorbance data were obtained over a range of wavenumbers from
395 to 4000 cm~.

Nitrogen adsorption-desorption isotherms were used to
determine the textural properties at liquid nitrogen tem-
peratures using a Micromeritics ASAP 2010 instrument. The
Brunnauer-Emmett-Teller (BET) and non-local density functional
theory (NLDFT) methods were used to calculate surface area and
pore distribution, respectively. Prior to measurement, all of the
samples were degassed at 110°C and 0.1 Pa. Raman spectrometer
were recorded using Bruker Senterra at room temperature using
10 mW for excitation from 785 nm laser diode with the acquisition
times were 10s with 2 time repeat. The photoluminescence (PL)
(JASCO Spectrofluorometer) (FP-8500) with 150 W Xe lamp as exci-
tation source was used to determine the photochemical properties,
electronic structure and optical of the catalysts.

A conventional three-electrode electrochemical cell was used
for the CV measurements, with a high surface area Pt counter elec-
trode and Ag/AgCl was used as reference electrode, powered by a
DY2113 potentiostat voltammetric analyser (Digi-Ivy, Inc.). The iso-
electric point (pHzpc) of the catalyst was performed using powder
addition (PA) method (S2), as described in the literature [14].

2.4. Photodegradation of 2-chlorophenol

The photoactivity of the catalysts was tested on the degrada-
tion of 2-CP. The photocatalytic experiments were performed in a
batch reactor fixed with UV lamp (4 x 9W; 254 nm) and cooling sys-
tem. A 0.375g L1 catalyst was added to 200 mL 2-CP solution with
a desired concentration and stirred for 1h in the dark to achieve
adsorption-desorption equilibrium before being exposed to light
radiation for 6 h. To ensure the accuracy, each set of experiment
was performed three times. The initial pH and concentration of
2-CP solution were at pH=5 and 50 mg L1, respectively (S3).

3. Result and discussion
3.1. Physicochemical properties of the prepared catalyst

The XRD patterns of metallic Ag, TiO, and Ag-TiO, with differ-
ent levels of Ag loading are shown in Fig. 1. A series of characteristic
peaks was observed for Ag® at 38.12° (111), 44.31° (200), 64.45°
(220), 77.41° (311) and 81.55° (222) (Fig. 1A and B/a) that was
consistent with peaks typical of metallic silver (JCPDS file no. 01-
087-0717).Fig. 1B/b shows the diffraction peaks of the TiO, anatase
phase (JCPDS file no. 00-004-0477) with peaks at 25.4°(101), 36.9°
(103), 37.8° (004), 38.5° (112), 48.2° (200), 53.9° (105), 55.3°
(211), and 63.2° (204). The XRD patterns of the Ag-TiO, cata-
lysts (Fig. 1B/c—e) were similar to those of TiO, alone (Fig. 1B/b),
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Fig. 1. XRD diffractrograms of (A) metallic Ag prepared by electrochemical method;
and (B) (a) metallic Ag, (b) TiO2, (c) 1 wt% Ag-TiO,, (d) 5 wt% Ag-TiO; and (e) 10 wt%
Ag-TiO;. Insert figure shows the XRD diffractogram at 26 — 43-50°.

indicating the introduction of Ag did not have much of an effect
on the structure of the catalyst [28]. However, the peak intensity
of TiO, seemed to decrease with increasing Ag loading. This was
most probably due to the good distribution of Ag on the surface
of the TiO, [31]. Diffraction spectra of Ag distributed on the TiO,
could not be observed in either the 1 or the 5wt% Ag-TiO, cata-
lysts. The diffraction spectrum of Ag was clearly observed on the
10wt% Ag-TiO, (inset Fig. 1B/e), which showed a weak peak at

Table 1
Textural properties of catalysts.

20=44.5°, signifying the Ag® particles were widely dispersed on
the TiO, support [32]. In addition, increasing Ag loading seemed
to shift the TiO, diffraction peak at (10 1) toward a slightly lower
angle, from 25.44° to 25.30° (figure not shown). This phenomenon
is most probably due to the introduction of Ag causing shrinkage of
some of the TiO; crystallite planes, resulting in disordering of the
crystallinity of the TiO, [33,34]. In addition, the value of d, 91 was
found to increase with increasing Ag loading, also suggesting an
interaction between Ag and TiO-, (Table 1). The particle sizes of the
Ag? and TiO, were found to be 37 and 31 nm, respectively, which
were calculated by the Debye-Scherrer equation (S4) based on the
major peak at 20=38.12° (11 1) for Ag® (Fig. 1A), and at 20 =25.35°
(101) for TiO, (Fig. 1B/b).

The adsorption branches of the isotherm for pore size distri-
bution of the catalysts were derived by the NLDFT method and
the results are shown in Fig. 2. Fig. 2A shows the pore distribu-
tion of Ag®, which demonstrate that its pore diameter was in the
range of 1.56-7.59 nm with an average of 3.66 nm. The inset fig-
ure in Fig. 2A shows the pore distribution of TiO,. It was observed
that the Ag-TiO, catalysts illustrated multiple pore size distribu-
tions, with two major peaks at 3.66 and 32.7 nm, representing the
pore diameters of the Ag® and TiO,, respectively (Fig. 2B). Increas-
ing the loading of Ag onto TiO, increased the number of 3.66 nm
pores while decreasing the 32.7 nm pores. The surface area and pore
volume of the catalysts also decreased with increased Ag loading
(Table 1), suggesting possible pore blockage on the TiO, [27]. The
increase in pore size after the addition of 5 wt% Ag may due to the
larger crystallites aggregating and merging some of the pores [21].
However, the pore size seemed to be drastically decreased by the
addition of 10wt% Ag, this may due to agglomerated Ag particles
covering the TiO, pores.

The morphology and metal distribution of the catalysts were
then examined by TEM and FESEM analyses, and the images are
shown in Fig. 3. Fig. 3A shows a TEM image of TiO,, indicating
translucent, irregularly shaped particles in the range of 20-40 nm. A
TEM image for 5 wt% Ag-TiO, is shown in Fig. 3B, in which the dark
dots most probably represent Ag® nanoparticles that are well dis-
persed across the surface of TiO, and may also be incorporated into
this support. A similar observation has been reported in the litera-
ture with regard to the incorporation of Ag nanocrystals into TiO,
[35]. The FESEM image of 5wt% Ag-TiO, catalyst and EDX map-
ping of Ag-TiO, catalysts with different Ag loadings are shown in
Fig. 3D-F, respectively. Fig. 3C shows the irregular shapes of 5 wt%
Ag-TiO,, while the distribution of Ag particles on the surface of
the TiO, is illustrated by the red dots in Fig. 3D-F, which seem to
increase with increasing Ag loading. Fig 3F highlights a few spots
of clustered red dots, signifying agglomerations of Ag® nanoparti-
cles on the TiO, surface. This result supports the BET surface area
analysis (Table 1), which showed the decrease in surface area with
increasing Ag loading on TiO,. It has also been reported in the litera-
ture that the atomic silver clusters were eliminated by aggregating
into larger silver particles upon calcination at 773 K [32]. The insert
tables in Fig. 3D-F confirm the percentage by weight of Ag loaded
on the TiO,, approximately 1, 5 and 10 wt%, respectively.

Catalyst Surface area (m?/g) Pore volume (x10-2 cm?3/g) Pore size (nm) dspacing (A) Band gap (eV)"
Ag 0.75 0.49 3.78 2.35¢ 3.80
TiO, 10.5 10.2 32.6 3.49° 3.30
1 wt% Ag-TiO, 15.2 11.2 32.7 3.51P 3.30
5wt% Ag-TiO, 134 8.96 35.0 5.52° 3.30
10wt% Ag-TiO; 10.8 5.60 3.78 5.53P 3.30

2 dypacing At (111).
b dypacing at (101).

¢ Band gap calculated using Kubelka-Munk (K-M) spectrum when plotting the fx_m = (hc/A)? vs. hv.
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Fig. 2. (A) Pore distribution of the metallic Ag. Insert figure show the pore distribution of TiO,; (B) Pore distribution of (a) 1 wt% Ag-TiO-, (b) 5wt% Ag-TiO, and (c) 10 wt%

Ag-TiO,.

The catalysts were then subjected to FT-IR analysis and the spec-
tra are shown in Fig. 4A. Three moderate bands were observed at
3420, 2390, and 1604 cm~"! that are attributed to O—H stretching,
CO,, and the O—H bond of the hydroxyl group, respectively [36,37].
A strong band at 535cm~! was assigned to the Ti—O—Ti bond of
the TiO, anatase phase. The intensity of this band decreased with
increasing Ag loading, indicating possible disturbance of the TiO,
framework by the Ag species [38]. Next, the catalysts’ chemical
bonds and symmetry molecules in the fingerprint region were fur-
theridentified using Raman spectrometry (Fig. 4B and C). The bands
at624,498,382.5,182,and 138.5 cm~! are characteristic of the TiO,
anatase phase, while no rutile phase was observed because char-
acteristic bands at 605, 425, and 245 cm~! were absent [39]. This
resultisin agreement with the XRD data. The Ti—O stretching mode
was reflected in bands at 624 cm~! (Eg) and 498 cm~! (A1), while
Ti—O—Ti bending type vibrations appeared at 382.5cm™! (B1g) and
138.5cm~! (Eg) [40]. The addition of Ag decreased the TiO, band
and also shifted the band at 138.5-143.5cm™!, signifying a reso-
nant Raman effect due to the interaction between Ag and TiO; [41].
This result is in agreement with the FT-IR results, which indicated a
possible interaction between the Ag and TiO,. A band correspond-
ing to Ag was not detected in the FT-IR spectra but, significantly,
a new peak was observed in the Raman spectra at 97 cm~! in the
Ag-TiO, catalysts that corresponded to a Ag lattice vibration mode
[42]. The intensity of these peaks was inversely proportional to
the increasing Ag loading. These observations supported the XRD
and FT-IR data and also changes in particle size determined by the
Debye-Scherrer equation that confirmed the interaction between
Ag and TiOs. In order to define the actual structure of Ag-TiOo,
the broad band at 535cm~! was further confirmed by Gaussian
curve-fitting to provide evidence of Ag® formation (Figs. S1 and
S2).

The optical absorption properties of the catalysts were investi-
gated using a UV-vis diffused reflectance spectral technique. Fig.
S3A demonstrates that all the catalysts had absorption in the ultra-
violet region, exhibiting a band edge at 350 nm, except for the Ag®
spectrum that displayed an adsorption edge at 320 nm. The absorp-
tion bands below 370 nm was observed for TiO, and the Ag-TiO,
catalysts, which assigned as charge-transfer from the valence band
to the conduction band, while the Ti—O bond was detected in the
UV region at 400-600 nm [43]. The band gap (Table 1) of Ag (3.8 eV)
was higher compared to the Ag-TiO; catalyst (3.3 eV), verifying the
band gap was reduced after being supported with TiO,.

In order to confirm the synthesis route of the Ag-TiO, catalysts,
the reduction of naphthalene was measured by cyclic voltammetry
in 0.1 M TEAP-DMF using an Ag/AgCl reference electrode [44]. The
result is shown in Fig. S3B. It was confirmed that the Ag* was
reduced (Fig. S3B/b) subsequent to naphthalene (Fig. S3B/a) in the
DMF solution. Thus, in parallel with previous studies [24,28,30], it
is proposed that dissolved Ag ions from the Ag anode were reduced
by the naphthalene radical anions produced at the cathode to form
the zero-valence Ag (inset Fig. S3B). In addition, the Ag* might also
undergo cation exchange with the Ti%* to form Ti—O—Ag bonds as
elucidated by the XRD, FT-IR and Raman data [25,28]. Thus, the
novelty of the present work is related to the straight forward and
simple electrochemical preparation method for Ag® nanoparticles
as well as incorporation of the Ag ions within the TiO, support,
which provides an optically interesting material.

3.2. Photocatalytic testing on the degradation of 2-chlorophenol

3.2.1. Performance of the catalysts

The photocatalytic performance of Ag?, TiO, and 5 wt% Ag-TiO,
was studied with respect to the degradation of 2-CP and the results
are shown in Fig. 5. All catalysts were stirred for 1 h in the dark to
achieve adsorption-desorption equilibrium before being exposed
to UV-light radiation for 6h (Fig. 5A). In order to compare the
efficiency of Ag® supported on the TiO, prepared by the current
in situ electrochemical method (IS), the 5wt% Ag-TiO, were also
prepared by the conventional photodeposition (PD) method, in
which the Ag ions were reduced to Ag® under UV irradiation for
3 h subsequent to the addition of TiO, [23]. While, Fig. 5B shows
the performance of all catalysts under dark and UV-light condition.
It could be observed that all the catalysts showed better perfor-
mance under UV-light irradiation compared to being in darkness.
In addition, photocatalytic degradation under visible light (data not
shown) resulted in a negligible decrease in the 2-CP concentra-
tion (<22%) during 6 h of irradiation, indicating the importance of
UV-light to the reaction. Photocatalytic degradation of 2-CP using
5wt% Ag-TiO, (IS) showed the highest percentage (94%), followed
by 5wt% Ag-TiO, (PD) (81%), TiO, (62%) and Ag (48.5%), signifying
the importance of the synergistic effect of Ag and TiO, in the sys-
tem. This result also demonstrated that the Ag-TiO, prepared by
the current electrochemical method has higher activity compared
to the PD method.
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Fig. 3. TEM image of (A) TiO, and (B) 5 wt% Ag-TiO,; FESEM image of (C) 5 wt% Ag-TiO,; EDX mapping of Ag on (D) 1 wt% Ag-TiO,, (E) 5 wt% Ag-TiO, and (F) 10 wt% Ag-TiO,.
Insert table shows elemental analysis of catalysts. (For interpretation of the references to color in the text, the reader is referred to the web version of the article.)

3.2.2. Effect of pH and catalyst dosage

The pH of solution is an important controlling parameter in eval-
uating an aqueous phase for photocatalytic reaction. In this study,
the effect of pH on the degradation of 2-CP by 5wt% Ag-TiO, was
investigated by varying the pH values from 3 to 9. The results are
presented in Fig. 6A. The greatest degradation was obtained at pH
5, with 94%, while degradation at pH 3, 7 and 9 was 75%, 67.9% and
67.3%, respectively. This result could be explained by the ampho-
teric performance of the catalyst, which is based on its zero point
charge (pHzpc). The pHzpc was found to be at pH 6.3 (inset Fig. 6A);
thus, below this pH value the catalyst surface would be positively
charged and attracted the negatively charged 2-CP, and vice versa
[45,46]. This may explain the highest degradation at acidic condi-
tion rather than alkaline.

The effect of 5 wt% Ag-TiO, catalyst dosage was also studied in
the range of 0.19-0.75gL~! and the results are shown in Fig. GB.
Degradation of 2-CP was increased up to 94% with increasing cata-
lyst dosage up to 0.375 gL~1, but further addition of catalyst seemed
reduce the degradation. This is because the higher the catalyst
dosage, the higher the number of active sites that could absorbed
more photons and 2-CP [26,47,48]. However, an excess dosage led
to the turbidity of suspension in the solution, which reduced the
light penetration and impeded the photocatalytic process [49].

3.2.3. Effect of Ag loading on TiO,

The amount of Ag loading on TiO, was examined, ranging from
1to 10 wt¥% (Fig. 7A). The 5 wt% was found to be the optimal amount
of Ag loading, giving 94% degradation, while the capability of the
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Fig. 7. (A) Effect of metallic Ag loading on TiO, for degradation of 2-CP (a) 1 wt% Ag-TiO,, (b) 10 wt% Ag-TiO, and (c) 5wt% Ag-TiO,; (B) PL spectra of (a) TiO, (b) 1wt%
Ag-TiO; (c) 5wt% Ag-TiO, and (d) 10 wt¥% Ag-TiO, with the excitation wavelength of 325 nm. Insert figure shows the PL spectra of metallic Ag (C,.cp=10mgL-!, pH=5,

W=0.375gL"1,t=6h,30°C).

catalysts was decreased both for 10 wt% (78%) and 1 wt% (75%). The
charge separation of the TiO, improved with increased Ag load-
ing may increase the rate of electron transfer to dissolved oxygen,
resulting in better photocatalytic activity [50]. However, further
addition of metallic Ag may act as a recombination center and it
demonstrated by PL spectra (Fig. 7B). In addition, light penetration
into the TiO, surface for 10wt% Ag-TiO, might be less com-
pared to 5 wt% Ag-TiO, due to agglomerated Ag particles blocking
some of the TiO, pores (Fig. 2B), thus reducing the activity of the
catalyst.

Fig. 7B shows PL spectra of the catalysts under the excita-
tion wavelength of 325 nm. The intensity of the PL spectra of the
parent TiO, catalysts decreased considerably with the addition
of Ag, reflecting the enhanced charge pair separation that led to
the increased photoactivity of the catalysts (Fig. 5) [51]. However,
sometimes this phenomenon seems to be incompatible, wherein
further addition of Ag® may act as a recombination center that is
detrimental to the photocatalytic activity [40]. This may explain
why the percent degradation of 10 wt% Ag-TiO, was less than that
of 5wt% Ag-TiO, (Fig. 7A). The band at 420 nm is attributed to the
surface recombination transition, whereas the bands at 460 nm and
540 nm are corresponding oxygen vacancies [52].It can be seen that
the band intensity at 540 nm is much higher for 5 wt% Ag-TiO, com-
pared to 1 wt% and 10 wt% Ag-TiO,, indicating that 5 wt% Ag-TiO,
has the greatest number of surface oxygen vacancies, which act
as electron traps that inhibit the electron-hole pair recombination
process [53]. Inrelation to the XRD, FT-IR and Raman results, 5 wt%
Ag-TiO, contained the highest Ag® content compared to 1 wt% and
10wt% Ag-TiO,, which played the key role in the photodegrada-
tion. The smaller number of oxygen vacancies in 10 wt% Ag-TiO,
could be explained by isomorphous substitution of Ag in the TiO,
structure leading to occupancy of the TiO, surface as elucidated by
the surface area analysis results (Table 1).

3.2.4. Kinetic studies

The degradation efficiency of the catalyst also depends on the
initial concentration of the substrate. Table 2 demonstrates that the
degradation of 2-CP was decreased with increasing initial concen-
tration. An increase in initial concentration could inhibited light
penetrating to the surface of the catalyst and thus reduced the for-
mation of the hydroxyl radicals that play such an important role
in the degradation. Herein, the degradation rates of 2-CP were also
studied using the Langmuir-Hinshelwood (L-H) model [54] over

5wt¥% Ag-TiO, catalyst and the linear plot of In(Cy/Ct) vs. irradia-
tion time are shown in Fig. 8. All the plots can be roughly fitted
to a straight line, indicating the photocatalytic degradation fol-
lowed pseudo-first-order kinetics models [24]. Table 2 shows that
the kapp decreased with increasing initial concentration, demon-
strating the system was favorable at low concentration [26]. The
values of k; (reaction rate constant) and K; 4 (adsorption coefficient)
were found to be 0.238mgL-!min~! and 0.038Lmg~!, respec-
tively, signifying the adsorption of 2-CP was the controlling step
in the process [28]. A comparison study on photodegradation of 2-
CP over various photocatalysts tabulated in Table 3 clearly shows
that the Ag-TiO, is quite comparable to other metal oxide catalysts.

3.2.5. Proposed reaction mechanism

In order to study the mechanism of the photodegradation, the
importance of two active species, hole (H*) and *OH were investi-
gated by using AO and IP as scavenging agents, respectively [11].
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Fig. 8. Photodegradation kinetics of 2-CP using 5wt% Ag-TiO, at different initial
concentrations(a) 10mgL~",(b)20mgL~",(c)30mgL-',(d)50mgL-',(e)70 mg L'
and (f) 100mgL-" (pH=5, W=0.375gL"1, t=6h, 30°C).
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Table 2

Percentage degradation at different initial concentrations of 2-CP and pseudo-first-order apparent constant values for 2-CP degradation using 5wt% Ag-TiO, (pH=5,
W=0375gL"!,t=6h,30°C).

Initial 2-CP concentration, Co Degradation (%) Reaction rate, kapp(x 103 min~') Initial reaction rate, ro(x10~2 mg L~ min~1)
10 94.0 7.5 7.5
20 75.5 3.8 7.6
30 73.5 3.5 10.5
50 70.8 33 16.5
70 67.4 3.1 21.7
100 66.7 2.8 28.0
Table 3
Comparison of photocatalytic activity of 2-CP over various catalysts.
Catalyst 2-CP initial conc. (mgL-1) Dosage (gL1) Contact time (h) Decolorization (%) Ref.
CS/CoFe;04 25 1.0 4 95.4 [55]
CNT/TiO, 25 0.1 4 20 [56]
Zr0,-doped ZnCo,04 50 1.0 3 70 [57]
N-doped TiO, 10 0.02 6 91 [58]
TiO, 50 1.0 3 50.5 [59]
IL-FeOOH 50 0.30 8 85 [11]
Ag-TiO, 10 0.375 6 94 This study

Both resulted in rather low degradation percentages of 64% and [61]. At this time, the Schottky barrier was formed from the charge-
72% (Fig. 9A) when using AO and IP, respectively, demonstrating transfer process between TiO, and Ag particles, which acts as an
the important role of H* and *OH in the degradation process. Conse- electron sink [40]. This barrier would improve the charge separa-
quently, the mechanism of the reaction is proposed to be as follows tion and inhibit electron-hole recombination, which then increases
(Fig. 9B): UV-light irradiation leads to an excitation of electrons the concentration of photogenerated holes at the catalyst surface
from the TiO, valence band (VB) to its conduction band (CB), leav- [19]. The trapped electrons on the Ag had good fluidity, participat-
ing behind holes in the VB [60]. The photoexcited electrons in the ing in the reduction of O, molecules to produce superoxide anion

CB are then transferred to the Ag® nanoparticles, leading to pho- radicals (O,*~). The O,*~ finally reacted with H* in the water to
ton absorption because the Fermi level of Ag? is less than that TiO, produce HOO* before generating the OH®, while the holes in the
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Fig. 9. (A) Photodegradation efficiencies of 2-CP in the presence of hole scavenger and ¢OH scavenger using 5wt% Ag-TiO;; (B) proposed mechanism of Ag-TiO, for
photocatalytic reaction; and (C) proposed mechanism pathway for degradation of 2-CP (C,.cp=10mgL-!, pH=5, W=0.375gL"!, t=6h, 30°C).
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Fig. 10. Regeneration study of 5wt% Ag-TiO, on degradation of 2-CP
(Co-cp=10mgL-!, pH=5, W=0.375gL"", t=6h,30°C).

VB were positive enough to oxidize water or absorbed OH~ on the
TiO, surface to generate OH* that degrades the 2-CP.

According to the literature [62], the degradation of 2-CP
involved several steps and the mechanism is proposed as in Fig. 9C.
The addition of OH*® to the aromatic moiety (a) led to a forma-
tion of chlorodihydroxycyclohexadienyl radical (CIDHCHD). The
introduction of OH* to ortho position followed by Cl-abstraction
(b) resulted in catechol, while introduction to para position fol-
lowed by H-abstraction (c) led to 2-chlorohydroquinone. Besides,
direct reaction of 2-CP with the hole (d) generated a positive rad-
ical, which then converted into CIDHCHD after nucleophilic water
addition (e), or chlorophenoxyl radical after deprotonation (f). Next,
the chlorophenoxyl formed a quinonic derivative in the presence
of dissolved O, (g). The subsequent aromatic intermediates from b,
c and g underwent further oxidation to produce ring opening and
aliphatic products such as carboxylic acid, which then finally led to
total degradation of 2-CP to CO, and H,O0.

3.2.6. Regeneration of the catalyst

A series of repeat experiment was carried out to investigate
the stability of the 5 wt% Ag-TiO, in the photodegradation of 2-CP
(Fig. 10). It was determined that after five repetitions the catalyst
was still active with only a slight decrease in the percent degrada-
tion from 93.3% to 79%. The decrease in photocatalytic efficiency
may be due to the heat treatment, which causes the catalyst to
aggregate and thus results in a decrease in its surface area [63].
Hence, it can be stated that the 5wt% Ag-TiO, is quite stable as a
photocatalyst and did not deactivate during degradation.

4. Conclusion

In conclusion, Ag® nanoparticles supported on a TiO, catalyst
was prepared by a direct in situ electrochemical method which
operated under mild conditions. The physicochemical properties
of the Ag-TiO, were studied using XRD, FT-IR, Raman, UV-vis DRS,
photoluminescence, surface area analysis, TEM, FESEM-EDX and
cyclic voltammetry. The XRD, FT-IR, Raman and surface area anal-
yses verified that Ag® as well as incorporated Ti—O—Ag species
were formed on the TiO, structure. The bare TiO,, and 1, 5 and
10 wt% Ag-TiO, gave 62, 75, 94, and 78% of photodegradation of 2-
CP, respectively. The amount of distributed Ag® as well as oxygen
vacancies on the surface of TiO, seemed to play important roles
in the degradation that affected the electron-hole separation rate.

Thus, the 5wt% Ag-TiO, which has the highest content of Ag® as
well as the greatest number of surface oxygen vacancies attaining
the highest degradation. For the case of 10 wt% Ag-TiO,, the longer
the electrolysis time, the more isomorphous substitution occurred
to form additional Ti—O—Ag bonds while decreasing the amount of
Ag0 and number of oxygen vacancies on the surface of the TiO,, thus
reduced the degradation efficiency. The kinetics studies demon-
strated that the photodegradation of 2-CP followed a pseudo-first
order Langmuir-Hinshelwood model where adsorption was the
controlling step in the process. The regenerated photocatalyst was
still stable after five cycling runs. It is believed that this direct in situ
preparation method of metal could contribute to the synthesis of
any catalyst for various applications, particularly for photocatalytic
degradation of various organic pollutants.
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