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ABSTRACT: A new photocatalyst (Ag−S/PEG/TiO2) was synthesized by adding polyethylene glycol (PEG) to an eﬃcient
Ag−S/TiO2 photocatalyst, to obtain a photocatalyst that is highly active under visible light. In addition to Ag−S/PEG/TiO2,
Ag−S/TiO2 and pure TiO2 were prepared to compare their properties and activities. Speciﬁcally, the morphologies and microstructures of the nanophotocatalysts were characterized by means of powder X-ray diﬀraction (XRD), N2 adsorption−desorption
measurements, scanning electron microscopy (SEM), energy-dispersive X-ray (EDX) microanalysis, transmission electron microscopy
(TEM), UV−visible diﬀuse reﬂectance spectroscopy (DRS), photoluminescence (PL) spectroscopy, Fourier transform infrared
(FTIR) spectroscopy, and X-ray photoelectron spectroscopy (XPS). Moreover, to evaluate their activities, the synthesized powders
were used for the degradation of acid orange 7 (AO7) and methylene blue (MB) azo dyes in aqueous solution under low-voltage lightemitting diodes (LEDs) as the visible-light source. It was found that addition of PEG to Ag−S/TiO2 increases the photodegradation of
AO7 and MB by about 28.82% and 24.24%, respectively, in comparison with Ag−S/TiO2 without PEG addition.

1. INTRODUCTION
Heterogeneous photocatalysis using semiconductors is an eﬀective
and signiﬁcant method for the removal of many environmental
contaminants.1−3 Titanium dioxide (TiO2) is one of the most
eﬃcient semiconductor photocatalysts for environmental applications because of its high oxidizing power, nontoxicity, high stability,
low cost, resistance against photocorrosion and chemical corrosion,
and ability to mineralize refractory organic pollutants under
ambient pressure and temperature.4−6 However, because of the
large band gap of TiO2, it can be activated only upon irradiation
with photons of light in the UV domain (λ ≤ 387 nm for the
anatase phase). This fact limits the practical eﬃciency of TiO2 for
visible-light applications.7,8 Therefore, to utilize visible light for
TiO2 excitation, it is necessary to modify the nanomaterial to
facilitate visible-light absorption.
Several attempts have been made to shift the onset of TiO2
absorption from the ultraviolet to the visible region and make
the photocatalyst sensitive to visible-light irradiation.9 One of
the most eﬀective strategies is the doping of TiO2 with metal
ions10,11 and nonmetal elements.12,13 Although only metal doping
can create electron traps in the metal centers, it can reduce the
thermal stability of the resulting material.14 Therefore, to overcome
this drawback and also to increase the photocatalytic activity, doping
of a metal and nonmetal at the same time has been researched.15−17
Among metals and nonmetals, the doping of silver and sulfur
has been widely investigated.18−20 Although Sobana et al.21
observed that Ag doping increases the visible-light photodegradation performance, Gunawan et al.22 did not obtain the
desired result by modifying TiO2 through Ag doping. In addition,
it appears that doping with S makes an enormous improvement in
the performance of TiO2 photocatalyst.23,24 In this line of
investigation, Ag, S codoped TiO2 has been synthesized by a few
researchers. Hamal and Klabunde25 showed that a photocatalyst
based on silver and sulfur-doped TiO2 degrades acetaldehyde 10
© 2014 American Chemical Society

times faster under visible-light illumination and 3 times faster
under UV-light illumination than the certiﬁed photocatalyst P25
TiO2. Consequently, it can be concluded that the presence of
sulfur and silver enhanced the visible-light photocatalytic activity of
the synthesized catalyst.
Another strategy to achieve a more eﬃcient photocatalyst is
the addition of polyethylene glycol (PEG) as a template, which
could increase the speciﬁc surface area and the visible-light
absorption of the synthesized photocatalysts.26,27 Addition of PEG
can introduce some extra trap states (impurity levels) within the
valence and conduction bands of TiO2.28 Chang et al.29 reported
that PEG suppressed the crystal growth and enlarged the speciﬁc
surface area of a photocatalyst. Moreover, this morphology
modiﬁcation by PEG addition was found to lead to an active
photocatalyst. Likewise, Shamaila et al.30 showed that the
photocatalytic degradation of phenol was noticeably enhanced
upon addition of PEG as a template to TiO2. Furthermore, Sun
et al.31 reported that PEG-modiﬁed TiO2 evolved 1.5 times more
hydrogen than the photocatalyst without PEG at the optimum
conditions. Hence, given the apparent advantage of PEG addition,
it is valuable and rational to investigate the enhancement of the
photocatalytic activity under visible-light irradiation of the eﬃcient
Ag−S/TiO2 catalyst using PEG.
Most researchers who have performed photodegradation
under visible-light irradiation have utilized high-voltage lamps as
the visible-light source. For example, 1000- and 500-W mercury
lamps, 500- and 300-W halogen lamps, a 690-W Xe lamp, and a
450-W OSRAM bulb have been used in some studies.32−35
In this work, low-voltage (3-W) light-emitting diodes (LEDs),
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eﬃciency was measured on a UV−vis spectrophotometer (PerkinElmer Lambda2S). X-ray photoelectron spectroscopy (XPS)
measurements were made using a Multilab 2000 XPS system
with a monochromatic Mg Kα source.
2.3. Evaluation of Photocatalytic Activity. Photocatalytic experiments were performed in a Pyrex glass for the
degradation of azo dyes under visible-light irradiation at room
temperature. Ten 3-W low-voltage LED lamps were used as the
visible-light source. Figure 1 shows the spectrum distribution of

which consume a much lower amount of electrical energy than
most lamps, were used as the visible-light source. Furthermore,
another important merit of the LED lamps is their narrow
irradiation wavelength distribution in the visible region.
In this study, a new photocatalyst (Ag−S/PEG/TiO2) was
synthesized by adding PEG to the eﬃcient Ag−S/TiO2
photocatalyst, to obtain a photocatalyst that is highly active
under visible light. In addition, Ag−S/TiO2 and pure TiO2
were synthesized with the aim of comparing the properties and
photocatalytic activities of the photocatalysts. Moreover, the
photodegradation of two azo dyes using these photocatalyst
under low-voltage LED lamps was investigated.

2. MATERIALS AND METHODS
2.1. Sample Preparation. TiO2 photocatalyst was
prepared by a sol−gel method using titanium tetraisopropoxide
(TTIP, ≥98%, Sigma-Aldrich) as the titanium source. 5 mL of TTIP
was added to 9.62 mL glacial acetic acid (Merck KgaA, Darmstadt,
Germany), and the mixture was stirred vigorously for 30 min until it
formed sol. Afterwards, appropriate amount of deionized water was
added dropwise to the sol. Again, the mixture was stirred vigorously
for 2 h. Then, the prepared solution was kept for a day at room
temperature in a dark area, after which it was gelated at 76 °C for
12 h and dried at 120 °C for 3 h. Finally, the dried gel was calcined
at 550 °C for 3 h. Ag−S/TiO2 (0.8% Ag, 1% S molar ratio) was
synthesized similarly to the above method, but in the sol-forming
step, the required volumes of AgNO3 and thiourea (as silver and
sulfur precursors, respectively) were dissolved in deionized water,
and this solution was added dropwise to the TTIP solution prepared in the ﬁrst step. To add PEG to Ag−S/TiO2, 2 g of polyethylene glycol (MW = 4000, Merck KgaA, Darmstadt, Germany)
was added to the TTIP solution prepared in the ﬁrst step. The other
steps were similar to those in the above process. It is worth noting
that the Ag- and S-doped sample is labeled Ag−S/TiO2 whereas the
Ag−S/TiO2 sample with PEG addition is labeled Ag−S/PEG/TiO2.
Moreover, pure TiO2 denotes the photocatalyst without any
modiﬁcation, neither PEG addition nor element doping.
2.2. Photocatalyst Characterization. The X-ray diﬀraction (XRD) analysis of the synthesized photocatalysts was
carried out on a Philips (X’pert Pro MPD) X-ray diﬀractometer,
employing Cu Kα radiation (wavelength 1.5406 Å) equipped
with a Ni ﬁlter over the range of 10−90° (2θ). The crystallite
sizes of the samples were calculated using the Scherrer equation
with the full width at half-maximum (fwhm).32
The speciﬁc surface area and pore volume of the samples were
determined from the nitrogen adsorption−desorption isotherms at
77 K using a Micromeritics ASAP 2101 instrument. The
morphologies of the modiﬁed photocatalysts and their particle
sizes were observed by ﬁeld-emission scanning electron microscopy
(SEM, Hitachi S4160) and transmission electron microscopy (TEM,
Phillips CM10). Energy-dispersive X-ray (EDX) spectra were also
obtained using the Hitachi S4160 scanning electron microscope.
Ultraviolet−visible (UV−vis) diﬀuse reﬂectance spectra
(DRS) were recorded with an Ava Spec-2048TEC Scan UV−
vis−near-infrared (NIR) spectrophotometer using BaSO4 as the
reference in the range of 380−750 nm. Photoluminescence (PL)
spectra of the samples were measured with a ﬂuorospectrophotometer (Cary Eclipse ﬂuorescence spectrometer) using the
300-nm line of a Xe lamp as the excitation source at room
temperature. The bond vibrations of powder samples were
analyzed by Fourier transform infrared (FTIR) spectrometry using
an ABB Bomem MB 100 spectrometer with KBr pellets over the
range of frequencies from 400 to 4000 cm−1. The degradation

Figure 1. Spectrum distribution of the visible-light source provided by
3-W LED lamps.

the visible-light source provided by the 3-W LED lamps. It
clearly demonstrates that the distribution of the lampirradiation wavelength was located in the visible region
(430 nm ≤ λ ≤ 500 nm). The distance between the lights
and the Pyrex glass was ﬁxed at 10 cm. During the reaction
process, oxygen was continuously bubbled through the mixture
so that the concentration of dissolved oxygen did not change. To
keep the lamps at a constant temperature during the photocatalytic
reaction, the lamps were cooled with an external fan at the light
box. Prior to light irradiation, the suspension was sonicated for
10 min. Subsequently, the mixture was magnetically stirred in the
dark for 30 min to reach the steady state of adsorption equilibrium
on the photocatalyst surface. Then, the lamps were turned on, and
degradation was performed for 2 h. Every 30 min, a sample was
taken. Each sample was centrifuged to extract solid particles. The
collected samples were used for analysis by UV−vis spectrometer,
which monitored the concentration changes of the pollutants
using their maximum absorption wavelengths. In this study, acid
orange 7 (AO7, Merck KgaA, Darmstadt, Germany) and
methylene blue (MB, Sigma-Aldrich) azo dyes were utilized to
measure the photodegradation activities of the synthesized photocatalysts. For each run, 0.1 g of photocatalyst sample was added to
the reactor containing 100 mL of 10 ppm AO7 or MB aqueous
solution (pH 3 for AO7 and pH 10 for MB). Figure 2 presents a
schematic diagram of the photocatalytic reactor.

3. RESULTS AND DISCUSSION
3.1. Characterization of the Synthesized Photocatalysts.
3.1.1. XRD Analysis and Brunauer−Emmett−Teller (BET)
Measurements. XRD patterns of pure TiO2, Ag−S/TiO2, and
Ag−S/PEG/TiO2 samples are presented in Figure 3. All Bragg
peaks of the three samples can be well indexed to the phase of
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listed in Table 1. As can be seen, pure TiO2 had the lowest
surface area and pore volume (i.e., 33 m2·g−1 and 0.10 cm3·g−1,
respectively). After the TiO2 had been doped with silver and
sulfur, the surface and pore volume enhanced to 53 m2·g−1 and
0.13 cm3·g−1, respectively, similar to values that were reported
in previous studies.38,39 Moreover, as a more important result,
addition of PEG dramatically increased the BET surface and pore
volume of the photocatalyst (i.e., 68 m2·g−1 and 0.19 m3·g−1,
respectively) compared to the values for the sample without
PEG addition. Indeed, the porous structures of Ag−S/PEG/
TiO2 were formed by PEG combustion during calcination. PEG
started to decompose at around 250 °C in air, and a calcination
temperature of 550 °C caused removal of PEG from the
photocatalyst.40,41 This burning of PEG during calcination led
to a photocatalyst with a porous and rougher surface. The more
porous structure resulted in the higher speciﬁc surface area of
the photocatalyst.
3.1.2. SEM, TEM, and EDX Analyses. Figure 4 shows SEM
images of the modiﬁed TiO2 samples synthesized with and
without PEG addition. According to this analysis, the average
particle sizes of both samples were almost equal (∼20 nm),
with some nanoagglomerates.
Figure 5 shows TEM images of the doped photocatalysts.
The photocatalysts have a cube-like shape. According to this
ﬁgure, Ag−S/TiO2 and Ag−S/PEG/TiO2 have average sizes
of 19 ± 3 and 16 ± 3 nm, respectively. After PEG addition to
Ag−S/TiO2, it can be seen that the nanoparticles maintained
their original crystalline morphology, but their size decreased
slightly.
Figure 6 presents the EDX analyses of Ag−S/PEG/TiO2 and
Ag−S/TiO2. According to these analyses, the presence of
Ag and S in the structure of the photocatalysts is conﬁrmed.
Despite the low doping amount of silver, a peak was observed for both samples. Therefore, the silver was distributed uniformly in the photocatalyst structure. In addition,
Ag−S/PEG/TiO2 showed higher peaks for C and O in
comparison with Ag−S/TiO2. This extra amount of carbon
and oxygen came from unburned PEG during calcination,
which remained in the synthesized Ag−S/PEG/TiO2 photocatalyst.
3.1.3. DRS and PL Spectroscopy. Figure 7 presents the DR
spectra of pure TiO2, Ag−S/TiO2, and Ag−S/PEG/TiO2
photocatalysts. The pure TiO2 absorption is often exhibited
in the UV region; however, for the modiﬁed TiO2 samples, a
noticeable shift of the optical absorption edges toward the
visible-light region occurred. The visible-light absorption for

Figure 2. Schematic diagram of the photocatalytic reactor.

Figure 3. XRD patterns of diﬀerent samples calcined at 550 °C (A =
anatase).

anatase. As can be seen, the low doping degree with Ag and S
(i.e., Ag, 0.8%; S, 1% molar ratio) led to a light shifting of the
anatase (101) peak to higher angles, which is in accordance
with previous investigations.31,36 Compared to pure TiO2, the
modiﬁed samples exhibited a new peak at 2θ = 45°, indicating
the good dispersion of Ag within the crystal matrix of TiO2.37
Moreover, according to the Scherrer equation, the average
crystal sizes of pure TiO2, Ag−S/TiO2, and Ag−S/PEG/TiO2
were 34, 21, and 19 nm, respectively.
The Brunauer−Emmett−Teller surface areas and pore volumes of
the pure TiO2, Ag−S/TiO2, and Ag−S/PEG/TiO2 samples are

Figure 4. SEM images of the photocatalysts synthesized using the sol−gel method and calcined at 550 °C: (a) Ag−S/TiO2, (b) Ag−S/PEG/TiO2.
Scale bars: 200 nm.
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Figure 5. TEM images of (a) Ag−S/TiO2 and (b) Ag−S/PEG/TiO2. Scale bars: 20 nm.

Figure 6. EDX analysis of the modiﬁed TiO2 nanophotocatalysts obtained from two diﬀerent regions for each sample: (a,b) Ag−S/TiO2, (c,d) Ag−
S/PEG/TiO2. Panels b and d show the S and Ag peaks at higher magniﬁcation.

Ag−S/TiO2, and Ag−S/PEG/TiO2 were estimated using the
equation43

Ag−S/TiO2 and Ag−S/PEG/TiO2 was associated with the
doped elements. Dopants might create a level between the
valence and conduction bands and narrow the band gap. This
means that the small amount of the dopants might be
incorporated into the lattice of TiO2 and the dopant’s level
appeared between the valence band and the conduction band of
titanium dioxide.42 The band-gap energies (Eg) of pure TiO2,

Eg =

hc
λ

(2)

where Eg is the band-gap energy (eV), h is Planck’s constant,
and c is the velocity of light (m/s). Moreover, λ is the
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Table 1. Summary of Properties of the Synthesized
Photocatalysts
sample

crystallite
sizea (nm)

surface areab
(m2·g−1)

pure TiO2
Ag−S/TiO2
Ag−S/PEG/TiO2

34
21
19

33
53
68

pore
volumec
band-gap
(cm3·g−1) energyd (eV)
0.10
0.13
0.19

3.05
2.39
2.23

a

Calculated by the Scherrer equation. bObtained by BET analysis.
Obtained from the volume of N2 adsorbed at a relative pressure (p/p0)
of 0.984. dCalculated using the DRS ﬁgure by eq 2.

c

Figure 8. Photoluminescence emission spectra of pure TiO2 and Ag−
S/PEG/TiO 2 photocatalysts measured at room temperature
(excitation wavelength = 300 nm).

Figure 7. DR spectra of pure and modiﬁed TiO2 samples prepared by
the sol−gel method and calcined at 500 °C.

wavelength (nm) corresponding to the intersection point of the
horizontal axis and the tangent line to the absorbance curve of
the spectra (at the point where the slope of the absorbance
curve suddenly varies). Utilizing the equation, the band-gap
energies of pure TiO2, Ag−S/TiO2 and Ag−S/PEG/TiO2 were
calculated as 3.05, 2.39, and 2.23 eV, respectively. These results
clearly illustrate that the modiﬁed TiO2 samples can be used in
visible-light irradiation for photocatalytic degradation.
Photoluminescence (PL) emission spectroscopy was used to
investigate the eﬃciency of charge-carrier trapping, migration,
and transfer, which can provide information about the
separation and recombination of photoinduced carriers, surface
structure, and surface defects.44,45 Figure 8 shows the PL emission
spectra of the pure TiO2 and Ag−S/PEG/TiO2 samples recorded
in the wavelength range of 300−600 nm with an excitation wavelength of 300 nm. This ﬁgure illustrates the similar curve shapes
for all samples in the range of 330−430 nm with diﬀerent
intensities. The higher PL intensity of the doped sample
indicates a higher oxygen vacancy content associated with the
dopant elements. This oxygen vacancy could create local levels
within the valence and conduction bands and decrease the band
gap of the modiﬁed TiO2 samples (see Figure 9).44
A comparison between the PL spectra of the modiﬁed TiO2
and pure TiO2 in the range of 430−550 nm indicates
completely diﬀerent patterns for the prepared photocatalysts.
In contrast to pure TiO2, the doped TiO2 samples exhibit
strong and broad PL signals. This signal conﬁrms the presence
of local levels within the valence and conduction bands. As a
result, Ag−S/TiO2 and Ag−S/PEG/TiO2 can be excited under

Figure 9. Schematic diagram of the energy levels within the
conduction and valence bands of the modiﬁed photocatalysts.

visible-light irradiation. These results clearly conﬁrm the DRS
analysis and band-gap calculations for the modiﬁed samples.
3.1.4. FTIR Spectra. The FTIR spectra of the pure TiO2,
Ag−S/TiO2, and Ag−S/PEG/TiO2 samples are presented in
Figure 10. For all three samples, three absorption peaks located
around 3430, 1630, and 475 cm−1 appeared. The peaks at 3430
and 1630 cm−1 can be assigned to the stretching and bending
vibrations, respectively, of surface −OH groups.46−48 The peak
at 475 cm−1 shows Ti−O stretching vibrations, which can be
attributed to the formation of anatase TiO2 nanoparticles.46,47
Also, there is no peak around 608 cm−1 corresponding to rutile
TiO2.47 This result conﬁrms the XRD pattern, which indicated
only the anatase crystal phase for all samples. Compared with
Ag−S/TiO 2 , Ag−S/PEG/TiO 2 exhibited peaks around
1465 cm−1 indicating −CH2 bending vibrations, due to the
low amount of unburned PEG during calcination as conﬁrmed
in the EDX analysis.49 In contrast, the spectra of the modiﬁed
photocatalysts (Ag−S/TiO2 and Ag- S/PEG/TiO2) do not
show any bands corresponding to silver and sulfur oxide. This
might be because the contents of incorporated silver and sulfur
were very low (Ag, 0.8%; S, 1% molar ratio); therefore, the
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intensities of the bands related to Ag−O−Ti and S−O−Ti were
also very low. A shift of Ti−O peaks to higher wavenumbers
occurred for Ag−S/TiO2 and Ag−S/PEG/TiO2 photocatalysts.
This shift could be due to the size decrease of the nanoparticles,
which occurred because of the addition of PEG.50
3.1.5. XPS Results. The XP spectra of Ag−S/PEG/TiO2 are
presented in Figure 11. The C 1s peak at 289.5 eV was used
for calibration. The XPS peaks show that Ag−S/PEG/TiO2
powder contained Ti, O, Ag, S, and C, in accordance with the
EDX analysis.
Several previous studies reported that, if thiourea were
used as a sulfur precursor, the substitution of Ti4+ by S6+ and,
consequently, the doping of TiO2 with S would be highly
likely.51−53 From Figure 11b, the binding energy of S 2p was
observed to be at 168 eV, which should be assigned to S6+.
Therefore, it can be concluded that the lattice titanium sites of TiO2
were substituted by S6+ and formed a new energy band structure.
Figure 11c shows the XP spectrum of Ag 3d, which consists
of two major peaks at 373.2 and 367.1 eV, corresponding to
the binding energies of Ag 3d3/2 and Ag 3d5/2, respectively,

Figure 10. FTIR spectra of (a) pure TiO2, (b) Ag−S/TiO2, and (c)
Ag−S/PEG/TiO2 photocatalysts prepared by the sol−gel method and
calcined at 550 °C.

Figure 11. XP spectra of Ag−S/PEG/TiO2 photocatalyst: (a) overall, (b) S 2p, (c) Ag 2p, and (d) Ti 2p.
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TiO2, the modiﬁed photocatalysts showed signiﬁcant increases
in the AO7 and MB photodegradation rates, as illustrated in
Figure 12. According to this ﬁgure, the degradation eﬃciencies
of AO7 and MB using Ag−S/TiO2 were about 4 and 4.8 times
greater, respectively, than the degradation eﬃciencies of these two
dyes using pure TiO2. This behavior could be explained by the
eﬀect of Ag and S as dopants. Ag in the photocatalyst can operate
as electron traps, increasing the electron−hole separation and the
subsequent transfer of the trapped electron to the adsorbed O2
acting as an electron acceptor.21,57 Moreover, doping of sulfur
could help to narrow the band gap, decreasing the crystallite size
and controlling the crystallization.58,59 In addition, according to
the DRS analysis, the absorption edge of TiO2 doped with silver
and sulfur moved strongly to longer wavelengths in comparison
with that of pure TiO2 and made excitation by LED visible-light
irradiation sensible.
Furthermore, as a key result, addition of PEG to Ag−S/TiO2
caused a 28.82% increase in AO7 degradation and a 24.24%
increase in MB degradation in comparison with the eﬃcient
Ag−S/TiO2 catalyst. Although the two modiﬁed samples had
almost equal particle sizes, this diﬀerence in photocatalytic
activity can be explained in terms of the larger surface area of
Ag−S/PEG/TiO2 photocatalyst, as determined by the BET
analysis.60,61 Furthermore, addition of PEG might cause a
decrease of the band-gap energy, which led to an enhancement
of the photocatalytic activity.62

and may indicate silver incorporation into the TiO2 crystal
matrix.54,55
The eﬀects of Ag and S doping could be studied in more depth by
investigating the Ti 2p XP spectrum (Figure 11d). The binding energies of Ti 2p1/2 and Ti 2p3/2 were found to be 464.7 and 458.5 eV,
respectively, or shifted to higher binding energies in comparison
with those of pure TiO2.56 These shifts are due to the substitution
of Ti4+ by S6+, as well as the decrease of the electron density around
the Ti4+ ions when TiO2 is doped with Ag+ ions. This result conﬁrms the doping of silver and sulfur in the TiO2 nanoparticles.
3.2. Photocatalytic Activity for Dye Degradation. To
investigate the photocatalytic activities of the synthesized
materials, the photodegradation of acid orange 7 (AO7) and
methylene blue (MB) using low-voltage LEDs as a visible-light
source was performed at room temperature. The degradation
eﬃciencies are summarized in Table 2. Compared to pure
Table 2. Summary of Photodegradation Eﬃciencies of AO7
and MB under Visible-Light Irradiation
sample

AO7 degradation (%)

MB degradation (%)

pure TiO2
Ag−S/TiO2
Ag−S/PEG/TiO2

15.98
62.37
91.19

11.16
53.27
77.51

4. CONCLUSIONS
In this article, with the aim of approaching a highly active
photocatalyst under visible light, PEG was added to the eﬃcient
Ag−S/TiO2 photocatalyst for the ﬁrst time. In this way, a new
photocatalyst (Ag−S/PEG/TiO2) was synthesized, and the
eﬀects of PEG addition to Ag−S/TiO2 on the photocatalyst
properties and activity were investigated. In addition to Ag−
S/PEG/TiO2, Ag−S/TiO2 and pure TiO2 were prepared to
compare their properties and activities. XRD analysis indicated
that all samples were made up of the homogeneous anatase
crystalline phase and also that doping of Ag and S caused a
decrease of the crystallite size. BET measurements showed a
higher surface area and pore volume for Ag−S/PEG/TiO2 than
for Ag−S/TiO2, due to the burning of PEG during calcination.
Moreover, SEM analysis conﬁrmed the porous and rougher
surface of Ag−S/PEG/TiO2. DR and PL emission spectra
conﬁrmed the presence of local levels within the valence and
conduction bands that could decrease the band-gap energy of
the doped photocatalyst.
The photodegradation results illustrated that the degradation
eﬃciencies of AO7 and MB using Ag−S/TiO2 were about 4
and 4.8 times greater, respectively, than the degradation eﬃciencies
of these two dyes using pure TiO2. Furthermore, in comparison to
the Ag−S/TiO2 photocatalyst, the Ag−S/PEG/TiO2 photocatalytic degradation eﬃciencies of AO7 and MB increased by
28.82% and 24.24%, respectively, under LED visible-light
irradiation, because of the eﬀect of PEG on the modiﬁcation of
the Ag−S/TiO2 structure. All in all, the characterization analysis
and degradation tests lead to the conclusion that Ag−S/PEG/
TiO2 is a new highly active photocatalyst for photodegradation
under visible light. Moreover, the utilization of PEG was
conﬁrmed to be an eﬃcient technique for improving photocatalytic performance and could be an important method for the
future modiﬁcation of photocatalysts.

Figure 12. Photocatalytic degradations of (a) AO7 and (b) MB under
visible-light irradiation for 2 h.
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