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a b s t r a c t

A process of TiO2 photosensitization by coupling it with a narrow band gap semiconductor has been
investigated here. Distinct TiO2/Ag2S nanocomposites were prepared by a single-source decomposition
method. After sensitization, the TiO2 materials were evaluated as photocatalysts on the degradation of
aqueous phenol solutions. The experimental results show that the nanocomposites photocatalytic activ-
vailable online 31 March 2009
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ity is related with the existence of Ag2S over the TiO2 surface. The best catalytic results, for phenol
photodegradation, were obtained using a TiO2/Ag2S material with a surface Ti/Ag atomic ratio equal
to 2.40. With this material the complete photodegradation of a 0.20 mM phenol solution was achieved
within 90 min, which is considerably faster when compared with the use of TiO2. The occurrence of main
degradation byproducts was also investigated.
hotocatalysis
hotosensitizer

. Introduction

The treatment of industrial wastewaters for removing organic
ollutants is nowadays a very important aspect of environmen-
al technology. Consequently a growing interest in heterogeneous
hotocatalysis, as an advanced oxidation technique, has been
eveloped [1,2]. The use of nanocrystalline semiconductors as pho-
ocatalysts, to initiate interfacial redox reactions, have generated
reat interest, due to their unique physicochemical properties,
aused by their nanosized dimensions and large surface/volume
atios.

In this context, TiO2 has been investigated as the most promis-
ng photocatalyst for the treatment of pollutants, from water and
ir, since it has a reasonable photoactivity under ultraviolet light
rradiation (anatase, Eg = 3.2 eV), is not toxic, water insoluble, and
omparatively inexpensive. However the two major limitations for
ts wide practical application are the small percentage of photons of
he solar radiation, which has the required energy to photogener-

te electrons and holes, and their high charge recombination rate.
nother practical limitation is the photocatalyst removal; this prob-

em can be overcome by the use of supported or sub-micrometric
articles.

∗ Corresponding author. Tel.: +351 217500000; fax: +351 217500088.
E-mail address: ocmonteiro@fc.ul.pt (O.C. Monteiro).

010-6030/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2009.03.014
© 2009 Elsevier B.V. All rights reserved.

As a result, the development of visible light responsive-based
TiO2 photocatalyst, coupled with visible light sensitizers is an
important goal to achieve in this active research area. Metals [3],
non-metallic elements [4], dyes [5] or a second semiconducting
nanophase [6] have been used as sensitizers. Simultaneously, and
for the nanoscale coupled semiconductors, it can be expected that
the TiO2 photocatalytic activity will be significantly improved by
the enhancement of charge separation and minimization or inhibi-
tion of charge–carrier recombination [7,8].

Several methods have been reported concerning the photosen-
sitization of TiO2 by MxSy or MxOy nanoparticles for heterogeneous
photocatalysis [9], including CdS [10,11], Bi2S3 [11], WO3 [12] or ZnS
[13]. In this context, nanocrystalline Ag2S is a good candidate for
the photosensitization of TiO2 catalysts. Indeed, Ag2S has a direct
band gap of 0.9–1.05 eV, its conduction band (−0.3 eV) is less anodic
than the corresponding TiO2 band (−0.1 eV) and the valence band
(+0.7 eV) is more cathodic than the TiO2 valence band (+3.1 eV) [8,9].

On the basis of these considerations, in this work it is reported
for the first time, a study concerning the use of TiO2/Ag2S
nanocomposites, as photocatalysts in the phenol photodegrada-
tion, under UV–vis radiation. The synthesis of the nanocomposites

was achieved by a previously reported solution deposition method
[14,15], making use of silver (I) diethyldithiocarbamate as a single-
source for the Ag2S, and of TiO2 particles as growth substrates.
Phenol was used as a model organic pollutant, due to the negative
impact of its presence on several industrial wastewaters.

http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:ocmonteiro@fc.ul.pt
dx.doi.org/10.1016/j.jphotochem.2009.03.014


nd Ph

2

w
M

2

2

t
i
t
c

2

p
e
e
f
u
e
b
T
m

2

r
a
c
p
w
t
w
a
b
o
(

f

2

a
(
m
d
e
c
t
t
T
r
l
4
t

n
s
w
s
a
m

M.C. Neves et al. / Journal of Photochemistry a

. Experimental

All reagents were of analytical grade (Aldrich and Fluka) and
ere used as received. The solutions were prepared with Millipore
illi-Q ultra pure water.

.1. Materials synthesis

.1.1. Ag2S precursor [Ag(S2CN(C2H5)2)]
The metal dithiocarbamate complex was prepared by the reac-

ion of 13.5 mmol of Na[S2CN(CH2CH3)2] with 10 mmol of AgNO3
n water (100 mL) [15]. The obtained solid was isolated by filtra-
ion and washed with water. The purity of the metal complex was
hecked by IR and 1H NMR spectroscopies.

.1.2. TiO2 preparation
Nearly monodisperse spherical TiO2 (anatase) particles were

repared by the controlled hydrolysis of titanium tetraethoxide in
thanol as described by Maret and co-workers [16]. Thus 100 mL of
thanol was mixed with 0.4 mL of an aqueous solution of KCl 0.1 M,
ollowed by addition of 1.7 mL of Ti(OC2H5)4, at room temperature
nder magnetic stirring. The reaction ran over 8 h, yielding in the
nd a colourless colloid. The solid was collected on a millipore mem-
rane (0.25 �m) and then thoroughly washed with ethanol/water.
he crystalline phase anatase-TiO2 was obtained by thermal treat-
ent at 500 ◦C, during 4 h.

.1.3. TiO2/Ag2S nanocomposite synthesis
The nanocomposite particles were prepared as previously

eported [14,15], by adding drop-wise ethylenediamine (2.5 mL) to
n acetone solution (25 mL) containing 0.125 mmol of the Ag2S pre-
ursor (Section 2.1.1) and 0.125 g of the TiO2 particles previously
repared (Section 2.1.2). The suspension formed was then refluxed
ith stirring. The grey solids were collected for distinct reaction

imes and isolated by centrifugation and finally washed thoroughly
ith acetone. All the obtained powders were dried at room temper-

ture in a dessicator containing silica gel. Distinct materials have
een prepared for different reaction times, 1.5, 3, 5 and 7 h. For sake
f clarity the nanocomposite samples were identified as TiO2/Ag2S
reaction time).

For comparative proposes TiO2 P-25 from Degussa was also used
or the nanocomposites preparation.

.2. Photodegradation experiments

The photodegradation experiments have been conducted using
n Ace Glass refrigerated photoreactor [17]. The reaction vessel
250 mL) was made of borosilicate glass and suitable to accom-

odate an immersion well. The quartz immersion well, was a
ouble-walled, with inlet and outlet tubes for cooling. The inlet tube
xtends down the annular space and ensures the upward flow of
oolant from the bottom of the well upward to the outlet. The reac-
or had one angled joint for the sparger tube, one vertical joint for
he condenser and one Ace-Thread side arm for the thermometer.
he reactor bottom is flat to allow the use of a magnetic stirrer. The
adiation source was a 450-W medium-pressure mercury-vapour
amp (from Hanovia). Of the total radiated energy, approximately
0–48% is in the ultraviolet portion of the spectrum and 40–43% in
he visible.

Suspensions have been prepared by adding 50 mg of the

anocomposite powder into a 100 mL of 0.2 mM phenol aqueous
olution (0.05%, w/w), at pH 7. Prior to irradiation, the suspensions
ere stirred in dark conditions for 15 min. During irradiation, the

uspensions were sampled, at regular intervals, centrifuged and
nalysed by UV–vis spectroscopy and high performance liquid chro-
atography (HPLC).
otobiology A: Chemistry 204 (2009) 168–173 169

2.3. Characterization

X-ray powder diffraction was performed using a Philips X-ray
diffractometer (PW 1730) with automatic data acquisition (APD
Philips v3.6B) using Cu K� radiation (� = 0.15406 nm) and work-
ing at 40 kV/30 mA. The diffraction patterns were collected in the
range 2� = 20–60◦ with a 0.01◦ step size and an acquisition time
of 2.5 s/step. A UV–vis spectrophotometer Jasco V560 was used for
monitoring the absorption of the phenolic solutions and the diffuse
reflectance spectra (DRS) of the powders, in the range 200–900 nm
at a scanning speed of 400 nm/min. The scanning electron micro-
scope (SEM) images and energy-dispersive X-ray spectroscopy
analysis (EDS) were carried out on a JEOL (JSM-35C) system operat-
ing at 15 keV. The X-ray photoelectron spectroscopy (XPS) spectra
were taken in CAE mode (30 eV), using an Al (non-monochromate)
anode. The accelerating voltage was 15 kV. The XPS spectra were
taken in CAE mode (30 eV), using an Al (non-monochromate) anode.
The accelerating voltage was 15 kV. The quantitative XPS analysis
was performed using the Avantage software. The relative atomic
concentration (Ax) was calculated using the following relation:

Ax = normalised peak area
Si normalised peak areas

× 100

where the subscript (x) refers to the quantified specie and the sub-
script (i) refers to the other species detected in the XPS spectra.
The normalised peak area was obtained by dividing the intensity of
the XPS peak of the species (after background subtraction) by the
sensitivity factor of the corresponding specie. The background sub-
traction was performed using the Shirley algorithm, which gives a
curve S shaped and assumes that the intensity of the background is
proportional to the peak area on the higher kinetic energy side of
the spectrum. The quantification was performed after peak fit. The
peak fit function used was a Gaussian–Lorentzian product func-
tion and the algorithm was based on the Simplex optimisation as
used in the Avantage software. The atomic absorption spectroscopy
(AAS) analyses were performed in a Pye Unicam spectrometer.
HPLC analysis were carried out on an Agilent 1100 Series LC chro-
matographic system (Agilent Technologies, Waldbronn, Germany)
equipped with the following devices: vacuum degasser, quater-
nary pump, autosampler, thermostated column compartment and
a diode array detector (DAD). Data acquisition was performed with
the software LC3D ChemStation (version A.08.03; Agilent Tech-
nologies). A Tracer Excel 120 octadecilsilica-A, 150 mm × 4.0 mm
column, with 5 �m particle size from Teknokroma (Spain) was used.
The injection volume was 20 �L with a draw speed of 200 �L/min.
The analysis was performed at 25 ◦C in isocratic conditions with a
flow of 1 mL/min, using a mobile phase consisting of a mixture of
50% of methanol and 50% of an aqueous solution of 0.1% phosphoric
acid. Phenol peak areas from the aqueous solutions of photodegra-
dation assays were compared with pure standard controls.

3. Results and discussion

3.1. Material characterization

The TiO2/Ag2S nanocomposites were obtained by the reaction of
the silver diethyldithiocarbamate complex with ethylenediamine
in the presence of TiO2 particles, for distinct reaction times. The
nanocomposite materials were characterized by SEM, XRD, XPS and
DRS. The composite powders were analysed by XRD (Fig. 1) and the
TiO2 anatase and Ag2S acanthite were the crystalline phases identi-

fied. EDS shows the existence of Ag and S peaks in all the samples.
However, for the TiO2/Ag2S(1.5 h) material, the confirmation of the
crystalline Ag2S phase, over the TiO2 surface was inconclusive. This
result suggests the presence of no-crystalline intermediate decom-
position compounds over the TiO2 surface, due to the reduced
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ig. 1. XRD pattern of the TiO2/Ag2S(3 h) nanocomposite material (*: TiO2 anatase
nd �: Ag2S acanthite).

ynthesis time. This fact was corroborated by the extremely pale
olour of this solid when compared with the samples obtained for
onger times (3, 5 and 7 h).

The SEM images of the TiO2/Ag2S nanocomposites, for different
eaction times are shown in Fig. 2. The TiO2 surface morphol-
gy, after 1.5 h of reaction, was identical to the original TiO2 (not
hown). The presence of small Ag2S islands at the TiO2 surface was

isualized after 3 h of reaction time. By increasing the preparation
ime (7 h), an increase on the TiO2 surface covering rate, with a
imultaneous Ag2S segregation occurrence, were observed. The XPS
nalysis of the grey solid, TiO2/Ag2S(3 h), was in agreement with the

ig. 2. SEM images of the nanocomposite TiO2/Ag2S prepared during (a) 1.5 h, (b)
h and (c) 7 h.
Fig. 3. Diffuse reflectance spectra of TiO2/Ag2S(3 h) and TiO2 materials. Inset: Diffuse
reflectance spectra of TiO2 and TiO2/Ag2S(1.5 h).

presence of a Ag2S phase over the TiO2 surface. A surface atomic
ratio Ti/Ag equal to 2.40 was obtained for this nanocomposite.

In order to check the visible photo-response of the
TiO2/Ag2S(3 h) and TiO2 materials, their diffuse reflectance
spectra (DRS) were measured. As shows in Fig. 3 the TiO2/Ag2S(3 h)
material reflects less radiation on the visible range than TiO2 alone.
This fact is related with the Ag2S presence, a semiconductor with
a direct band gap of 0.9–1.05 eV, over the TiO2 surface and is in
agreement with the results obtained by Weller and Hoyer [18]. This
result opens the possibility of using this nanocomposite material
as a photocatalyst on degradation processes with lower energetic
requirements when compared with TiO2. Fig. 3, inset shows the
diffuse reflectance spectra of the TiO2 particles and the same
particles after 1.5 h of synthesis. As can be observed, the DRS of
TiO2/Ag2S(3 h) did not present the characteristic TiO2 absorption
band (at 425 nm) and only a slight increase on the absorption at
450 and 350 nm was visualized. This result is in agreement with a
material presenting no absorption properties, on the visible range.
In these conditions the TiO2 is probably covered by a shell material
that inhibits completely the absorption of the core.

3.2. Phenol photodegradation

On a photocatalytic process, the adsorption characteristics of the
photocatalyst/pollutant system are considered important parame-
ters, since the photo-oxidation usually takes place at the catalyst
surface.

The TiO2 and TiO2/Ag2S ability to adsorb phenol was inves-
tigated in the absence of light. As reported by others [19], no
experimental evidence of the phenol adsorption was observed.

3.2.1. UV–vis analysis
Aiming to select the best photocatalyst for the phenol pho-

todegradation process, preliminary experiments were performed
by monitoring the phenol degradation reaction by UV–vis spec-
troscopy [20–22]. The phenol photodegradation in the absence of
catalyst (photolysis) was also evaluated. The solution absorbance
at 270 nm, typical phenol maximum absorption peak, was used as
reference for the photodegradation analysis.

Fig. 4 shows the absorption spectra of a 0.2 mM phenol solution,

after 120 min of irradiation, in the presence of distinct TiO2/Ag2S
nanocomposites. The absorbance at 270 nm of the initial solution
(0.2 mM phenol), is shown for comparison purposes.

The best catalytic activity, concerning the phenol photodegra-
dation, was obtained using the TiO2/Ag2S(3 h) nanocomposite. It
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ig. 4. Absorption spectra of a phenol solution (0.2 mM) after 120 min of pho-
odegradation using 0.50 g/L of different photocatalysts (optical path length = 1 cm).

an be seen (Fig. 4), that after 120 min of irradiation no peaks
elated with the phenolic compounds appear on its absorption
pectrum. On the contrary, using the same experimental conditions,
iO2/Ag2S(1.5 h) exhibit the lowest photocatalytic activity of all the
ested materials. This result can be explained by two main reasons.
irst, the DRS of the solid TiO2/Ag2S(1.5 h) shows a blue shift on
he absorption energy onset (from 425 to 350 nm) and a simulta-
eous decrease on the total absorbed energy when compared with
he TiO2 (Fig. 3, inset). In these circumstances the TiO2 photoac-
ivity was drastically reduced. In addition when a high particles
oncentration (with no catalytic properties) is used the suspensions
urbidity increases. In this situation the light penetration decreases,
s a result of an enhanced light scattering effect, and consequently
he photodegradation will be less effective [23,24].

On the other hand it is interesting to observe that the phenol
bsorption peak increases with increasing TiO2/Ag2S reaction time
3, 5 and 7 h). This result suggests that an increase of Ag2S over the
iO2 surface, and therefore a consequent decrease of the solutes
ccess to the surface, can be directly linked with the photocatalytic
ctivity of the TiO2.
Concerning the above results, the phenol photodegradation was
erformed in the presence of TiO2/Ag2S(3 h). Fig. 5 shows the spec-
ra of a 0.2 mM phenol aqueous solution, for different irradiation
imes, in the presence of TiO2/Ag2S(3 h). A clear decrease on the
70 nm absorbance peak, characteristic of the phenol existence

ig. 5. Absorption spectra of a phenol solution (0.2 mM) for distinct photodegrada-
ion times: t = (a) 0 min, (b) 30 min, (c) 60 min, (d) 75 min, (e) 90 min and (f) 120 min,
sing 0.50 g/L of TiO2/Ag2S(3 h) as photocatalyst. Inset: Absorption spectra of phe-
ol, hydroquinone (HQ), benzoquinone (BQ), resorcinol (ROH) and catechol (COH)
queous solutions (optical path length = 1 cm).
otobiology A: Chemistry 204 (2009) 168–173 171

[25], was observed with the increase on the irradiation time. Simi-
lar spectra behaviour has been obtained for all the materials tested,
including TiO2. These spectra are considerably different from the
ones recorded during the photolysis process, where a considerable
increase on the 270 nm absorbance peak was observed, for the ini-
tial times of photo-irradiation. This previous observation has been
reported by others researchers [22], and has been attributed to an
initial and very fast formation of phenol photodegradation main
byproducts (e.g. catechol, resorcinol, hydroquinone and benzo-
quinone) which absorbs on the same wavelength region of phenol.
Regarding these facts, one can predict the existence of a pathway for
the TiO2/Ag2S catalysed phenol photodegradation, that is different
of the photolysis process.

A more detailed analysis of Fig. 5 shows, for the initial times
of irradiation, a slight decrease and enlargement on the 270 nm
absorbance peak. A simultaneous increase on the 245 and 288 nm
absorbance peaks was also observed. The enlargement of the
270 nm absorbance peak can be associated with the presence of
both catechol and resorcinol, with maximum absorption peaks at
275 and 273 nm respectively (Fig. 5, inset). On the other hand the
increase of the absorbance at 245 and 288 nm can be attributed
to the presence of benzoquinone, which absorbs at 246 nm, and
hydroquinone which has the maximum absorption peak at 288 nm
(Fig. 5, inset).

A comparative analysis of the photocatalytic performances of
TiO2 and TiO2/Ag2S(3 h) concerning the phenol degradation reveals,
for both materials, a continuous decrease on the phenolic com-
pounds, during the 120 min of photo-irradiation (Fig. 6, curves a
and b). Considering these experimental results, one can say that
phenol photocatalytic degradation is faster using TiO2/Ag2S(3 h)
than TiO2. The enhancement of the TiO2 visible light absorption,
consequence of the photosensitization, associated with an elec-
tron trapping phenomena by the nanocrystalline Ag2S is the most
probable mechanism to explain these results.

For comparative proposes, TiO2(P-25), from Degussa, and a
TiO2(P-25)/Ag2S(3 h) samples were also tested for the phenol
photodegradation. Although this was not the main goal of this
work it is possible to conclude that, under identical experi-
mental conditions, the TiO2(P-25) was a better photocatalyst
for the phenol photodegradation compared with the TiO2 and
TiO2/Ag2S(3 h) prepared samples. However, the photosensitized
TiO2 (P-25) with Ag2S, the TiO2 (P-25)/Ag2S(3 h) was the material

presenting the best photocatalytic activity from all the mate-
rials tested. This result allows us to conclude that the TiO2
photosensitization process, independently of the type of TiO2
used leads to a material with enhanced photocatalytic perfor-
mance.

Fig. 6. Phenolic compounds degradation (%) (by UV–vis analysis), using TiO2 (a) and
TiO2/Ag2S(3 h) (b) as photocatalyst. Phenol degradation (%) using TiO2/Ag2S(3 h) as
photocatalyst (c) obtained by HPLC-DAD analysis.
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In addition, the UV–vis spectra of the irradiated solutions,
sing TiO2 (P-25) (supplementary material—Fig. 8) and TiO2(P-
5)/Ag2S(3 h) as photocatalysts, were similar but different from the
nes obtained using TiO2 and TiO2/Ag2S(3 h) (Fig. 5). The hydro-
uinone/benzoquinone ratio seems to be higher when the Degussa
aterials were used. This fact suggests a different mechanism for

he phenol photodegradation process.
In face of these preliminary results, additional work must be

one in order to understand the mechanistic differences between
heses catalysts and to decide which is the best photocatalyst.

.2.2. Phenol byproducts identification
In order to identify and quantify the phenolic compounds during

he phenol photocatalytic degradation process HPLC measure-
ents from the reaction solutions, have been performed. The HPLC

ata obtained during the phenol photodegradation in the presence
f TiO2/Ag2S(3 h), shows the complete phenol disappearance after
0 min of irradiation (Fig. 6, curve c). After this time, only phenol
egradation byproducts were present in solution, and were subject
f photodegradation.

The main intermediates in phenol photocatalytic degradation
rocess have been experimentally identified by other authors
26,27] as hydroquinone, catechol, benzoquinone and resorcinol,
epending on the mechanism. In the present work, the identifi-
ation of the phenol photodegradation intermediates, after 30, 60
nd 90 min of photo-irradiation in the presence of TiO2/Ag2S(3 h)
as been performed by HPLC. The results show that the major

ntermediates were catechol and benzoquinone with the highest
oncentration level after 30 min of irradiation. After 120 min, the
PLC analyses showed the existence of vestigial quantities of these
ompounds (catechol and benzoquinone) in solution. The presence
f hydroquinone and resorcinol has not been detected for the sam-
les analysed. These results are in agreement with the previous
nes obtained by the UV–vis spectra qualitative analysis, for the
henolic compounds photodegradation.

.2.3. Photocatalyst stability
In order to check the photochemical stability of the

iO2/Ag2S(3 h) nanocomposite the solid and the solution have
een analysed after being submitted to photo-irradiation. Due
o the ability of silver ions to be reduced and adsorbed on the
iO2 surface, the XRD of the solid, after being used on the pho-
odegradation process, was performed. The XRD patterns (see
upplementary material) only show the existence of the TiO2
nd Ag2S crystalline phases with a slight change on the peaks
ntensity. A slight red shift on the photocatalyst band gap, after
hoto-irradiation, was also observed. These results may be related
ith a small increase on the crystallite dimensions due to a possible
hoto-irradiation activation process. The Ag2S photo-stability was
lso confirmed by AAS. No traces of Ag have been detected in
olution.

Considering the good results obtained for the use of TiO2,
fter photosensitization with Ag2S, on the phenol photodegra-
ation process, under UV–vis radiation, it is possible to propose
hese materials as potential phenol photocatalysts under solar light
rradiation. Concurrently the photocatalytic degradation of others
ollutants, using these materials are now in progress in our labo-
atory.

. Conclusions
In this work the photosensitization of TiO2 with Ag2S, by a
hemical deposition method, has been performed. The photo-
atalytic behaviour of the obtained materials was investigated,
or the first time, on a pollutant degradation process. The
iO2/Ag2S nanocomposite materials have shown better phenol

[

[

otobiology A: Chemistry 204 (2009) 168–173

photocatalytic activity than TiO2. In the conditions of our exper-
iments the best phenol photocatalyst was TiO2/Ag2S with a
Ti/Ag atomic ratio equal to 2.40. The complete photodegrada-
tion of a 0.2 mM phenol solution was achieved, using 0.05%
(w/w) of this nanocomposite material, in 90 min. The evalua-
tion of the main phenol degradation byproducts was also carried
out.
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