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Sol–gel silver hexatitanates as photocatalysts for the 4-chlorophenol
decomposition
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A B S T R A C T

Sodium hexatitanate (Na2Ti6O13) and silver-supported sodium hexatitanates were prepared by the sol–

gel and solid state reaction methods. Fibril structures and octagonal microbar hexatitanates were

obtained. Silver nanoparticles were incorporated into the sodium hexatitanate supports by the

deposition–precipitation technique. HRTEM (high resolution transmission electron microscopy) and

high angle annular dark field (HAADF) digital images showed silver particles with nanometric sizes

(5–7 nm). Eg band gap values around 3.3–3.2 eV were obtained in the solids. UV–vis–DRS spectra showed

in the visible region, the silver plasmon surface resonance which intensity was taken as an indirect way

to determine the enhanced photoactivity of the semiconductors. In the 4-chlorophenol photodecom-

position, it was found that the sol–gel silver fibril solid was more active (t1/2 = 57 min) than the silver

solid state microbars (t1/2 = 92 min). It is proposed that the highest photoactivity showed by the sol–gel

fibril preparation is an effect due to the formation of highly dispersed silver nanoparticles on the sol–gel

hexatitanate support.
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1. Introduction

Pesticides and dyes are the most common pollutants in
wastewater, and they are very resistant to conventional biode-
gradation treatments [1,2]; hence, alternative methods to destroy
them are important research subjects around the world. In this
way, the photocatalytic degradation using semiconductors as
catalysts has been shown as the most promising method for the
destruction of pollutants in water [3]. Among the semiconductor
catalysts, TiO2 is by far the most studied photocatalyst showing a
high performance for the destruction of polluting compounds [4,5].
Alternatively to TiO2, the new generation of photocatalytic
semiconductors like perovskite, showing a tunnel-like crystal
structure [6], emerges with promising results for the photocata-
lytic decomposition of organic compounds [7,8]. On the other
hand, alkali titanates with fibril structures that consist of titanium
oxide layers and interlayer cations have also been successfully
evaluated in the degradation of chloroform [9], 4-chlorophenol
[10] and the synthetic dyes, sulforhodamine and methyl orange,
under UV light irradiation [11,12]. In the present paper, the results
* Corresponding author. Tel.: +52 8183521983x221; fax: +52 8183760477.

E-mail address: vicenrg@hotmail.com (V. Rodrı́guez-González).
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for the photodegradation of 4-chlorophenol obtained with silver
nanoparticles deposited on fibril alkali titanates are reported.
Chlorophenol was chosen because it has been reported as an
organic molecule that presents a very high resistance to be
degraded [1,13]. Silver has been chosen because it has been
reported that is a metal that improves the photocatalytic activity of
TiO2 [14], and because it has never been studied as a photoactivity
promoter for the alkali titanates. The titanates were obtained by
the sol–gel method and solid state reaction. Silver was deposited
by using the deposition–precipitation method with NaOH. The
semiconductors were characterized by X-ray diffraction (XRD),
nitrogen adsorption, UV–vis spectroscopy, scanning electron
microscopy (SEM), energy dispersive X-ray spectroscopy (EDS),
high resolution transmission electron microscopy (HRTEM) and
high angle annular dark field (HAADF).

2. Experimental

2.1. Synthesis of sodium hexatitanate

Sodium hexatitanate (Na2Ti6O13) was prepared by the sol–gel
process and solid state reaction following the methods previously
reported [15], in brief; for the sol–gel synthesis, 38.5 g of titanium
butoxide (Aldrich, 98%) were added dropwise to a solution
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containing 8.7 mL of deionized water, 28 mL of ethanol and 3.7 g of
sodium tert-butoxide (Aldrich, 97%). The gelling solution was
placed under reflux for 72 h at 70 8C with constant stirring.
Afterwards, the obtained materials were dried at 100 8C for 12 h,
and then annealed in air at 710 8C for 5 h.

The solid state reaction was carried out by mixing Na2CO3

(Aldrich, 99%) and TiO2 (Aldrich, 99.8%), the required stoichiometry
for the formation of the sodium hexatitanate (Na2Ti6O13) was
taken into account. Prior to the solid state reaction, the mixed
precursors were decarbonated at 710 8C for 5 h. The homogenized
solid solution was placed into an electric oven; and then annealed
in air at 950 8C for 12 h, using a 1.3 8C/min heating rate.

2.2. Silver nanoparticles stabilized on sodium hexatitanate

microfibers

Silver nanoparticles were deposited using the deposition–
precipitation method with NaOH (DP-NaOH). The annealed
sodium hexatitanate (Na2Ti6O13) was dispersed in 13 mL of a
7.42 � 10�3 M silver nitrate aqueous solution in order to obtain a
final Ag load of 0.5 wt.%. The suspension was heated at 80 8C, then a
solution of NaOH (0.5 M) was added until a pH of 9 was reached,
thus promoting the precipitation of AgOH on the titanate. The
synthesis was performed with vigorous stirring in the dark to avoid
the silver decomposition by light effects.

After the silver deposition on the titanates, the solids were
separated from the solution by centrifugation. Then, the solids
were washed several times with warm distilled water (50 8C) and
dried under vacuum for 2 h at 90 8C. Finally, the solids were
reduced with hydrogen (500 mL/min) at 200 8C for 2 h in a U glass
reactor equipped with a fritted plate with a diameter of 1.5 cm.

All the samples were stored at room temperature in a vacuum
desiccator in dark conditions in order to prevent light-induced
modifications. The silver semiconductors were identified as STSG
and STSS for the silver sodium hexatitanates prepared by the sol–
gel route and solid state reaction, respectively.

2.3. Characterization of silver nanoparticles over sodium hexatitanate

microfibers

The powder XRD patterns of the stabilized samples were
recorded at room temperature on a Bruker D8 Advance diffract-
ometer using Cu Ka radiation (with 2u ranging from 108 to 708).
The specific surface area of the solids was measured by nitrogen
adsorption at �196 8C using a Quantachrome Autosorb 3B
automatic instrument. The specific surface area was calculated
by the Brunauer–Emmett–Teller method (BET method). Before
the nitrogen adsorption, the catalysts were outgassed at 300 8C
for 12 h to remove adsorbed impurities. The UV–vis spectra
Fig. 1. XRD patterns for silver incorpo
(200–900 nm) of the solids were obtained with a Varian spectro-
photometer model Cary 100 (diffuse reflectance mode). Scanning
electron microscopy (SEM) observations were performed with a
JEOL 6490 LV electron microscope using semiquantitative energy
dispersive X-ray spectroscopy (EDS). The thermally treated
samples were also examined by TEM in a JEOL JEM-2010 FasTem
analytical microscope equipped with a Z contrast annular detector.
The powdered samples were dispersed in water and supported on
holey carbon coated copper grids. High resolution transmission
electron microscopy (HRTEM) and high angle annular dark field
(HAADF) digital images were analyzed using Digital Micrograph
Software from GATANTM. Histograms of the metal particle sizes were
obtained by measuring about 400–500 particles. The size limit for
the detection of silver particles was 1 nm. The mean particle size was
calculated from the following formula: =Snidi/Sni, where (ni) is the
number of particles with diameter (di).

2.4. Photocatalytic decomposition of 4-chlorophenol

The photocatalytic degradation of 4-chlorophenol (Aldrich,
98%) was performed with a standard Pen-Ray UV lamp
(UVP Products) with a typical l of 254 nm and intensity of
4400 mW/cm2. The photocatalytic tests were performed in a
home-made slurry reactor at room temperature. The lamp was
protected with a quartz tube and immersed in a cooled vessel
containing the reactant solution (150 mL with 50 ppm of 4-
chlorophenol (4-CP) and 150 mg of catalyst). In order to achieve
the saturation of dissolved oxygen and to assure the adsorption–
desorption equilibrium of the 4-CP on the semiconductor, the
suspension was maintained under magnetic stirring in the dark
for 60 min with a continuous flow of dry air (1 mL s�1). Then the
light source was turned on. The photoactivity degradation rate
was followed by measuring the intensity of the absorption band
of the 4-CP (224 nm) as a function of the irradiation time with a
UV–vis spectrophotometer. Each sample was filtered through a
0.45-mm nylon filter and monitored. For the photocatalytic
evaluation, aliquots of the solution were taken every 10 min. The
photocatalytic test was performed three times and the experi-
mental error bar was obtained.

3. Results and discussion

The XRD patterns for both hexatitanate powders (sol–gel and
solid state) show good crystallinity. In Fig. 1, the sodium
hexatitanate crystalline phase, Na2Ti6O13 (JCPDF 73-1398) can
be observed in both samples. It must be mentioned that during the
stabilization of the silver sodium hexatitanate samples, the color of
the powders changed from white to a grey tone, which is typical of
silver composites [16]. The surface specific area determined by N2
rated into sodium hexatitanates.



Fig. 2. UV–vis spectra of sodium hexatitanates after the incorporation of silver

nanoparticles.
Fig. 3. Kubelka–Munk UV–vis spectra of sodium hexatitanates after the

incorporation of silver nanoparticles.
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physisorption for both hexatitanate preparations was less than
10 m2/g and does not varies after the incorporation of the silver
nanoparticles.

UV–vis spectra of the silver sodium hexatitanates are presented
in Fig. 2. Very similar band gaps of 3.20 and 3.22 eV for the STSG
and STSS samples were obtained. These values are in the same
order of the band gap for the hexatitanates (Table 1). As for the UV–
vis–DRS spectra obtained via the Kubelka–Munk function (Fig. 3),
the absorption bands where found shifted to 3.46 and 3.52 eV for
Fig. 4. SEM images for: (a) sol–gel silver loaded sodium hexatita
the sol–gel hexatitanates, and solid state preparations, respectively
(Fig. 2). Silver surface plasmon resonance (SPR) absorption bands
can also be seen in the UV–vis spectra at 540 and 494 nm for the
sol–gel and solid state preparations, respectively. SPR is observed
on silver nanoparticles smaller than 7.0 nm when they are
supported on low specific surface area solids, forming closer
nanoclusters [17]. A study about the size effect of Ag nanoparticles
on surface plasmon resonance [18] reported that the absorption
band of silver nanoparticles was less broad and displaced to the
nates and (b) solid state silver loaded sodium hexatitanates.



Table 1
Textural and semiconductor properties of silver-sodium hexatitanates.

Hexatitanate TSG TSS STSG STSS

Eg (eV) 3.26 3.30 3.20 3.22

Eg (eV) K–Ma – – 3.46 3.52

Main band SPRb

Absorbance/K–M (nm/eV)

– – 540/2.5 494/2.3

Ag particle size (nm) – – 5.5 6.5

a Kubelka–Munk function.
b Surface plasmon resonance absorption.
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visible region as the size of the silver nanoparticles decreased.
However, in a recent study on gold nanoparticles deposited by a
similar method on different supports, the SPR absorption was
found to be more important when the gold particle size was
increased [19].

With the aim to disclose particle size effects on the SPR induced
by the DP-NaOH preparation method, SEM–EDS and HAADF–STEM
observations were performed. The SEM images (Fig. 4) show the
microstructural morphology of silver loaded sodium hexatita-
nates. The silver loaded sol–gel hexatitanates show homogenously
distributed microfibers with a mean size of about 0.2 mm � 3 mm.
For the solid state preparation, hexatitanates showing octagonal
microbars of 0.4 mm � 5 mm are observed. By using semiquanti-
tative energy dispersive X-ray spectroscopy (EDS) in both
materials, the peak denoting the presence of silver was identified
but with a very low intensity (0.5 Ag wt.%). HRTEM of the STSG
sample shows egg-shaped silver nanoparticles (5.2 nm � 7.8 nm)
deposited over the hexatitanate (Fig. 5). From Fig. 5a, the lattice
fringes coincide with the interplanar spacing for Na2Ti6O13

(d1 1 1 = 3.325 Å JCPDF 73-1398). A selected cylindrical microfiber
is shown in Fig. 5b, where some silver nanoparticles over the
microfiber (d = 125 nm) can be distinguished. In the HAADF–STEM
mode, silver nanoparticles with a mean size of 5.5 nm can be seen
(Fig. 5c). For the STSS silver loaded-microbar sample, the size of the
microbars was about 5 mm in length and 0.5 mm in diameter
(Fig. 6a–c). The mean particle size of the silver nanoparticles was
around 6.5 nm.

In the photodecomposition of 4-CP all the catalysts followed
pseudo-first-order kinetics and the apparent rate constant was
calculated by plotting ln(C0/C) versus time. The slope of the plot
represents the apparent rate constant K (Table 2). The correspond-
ing activities are reported as t1/2 in Table 2. The photocatalytic
decomposition of 4-CP using TSG and TSS hexatitanates reaches
after 160 min in irradiation photodecomposition percentages of 87
and 78%, respectively. For the STSG sample the photodecomposi-
tion increases to 95%, meanwhile, with the STSS sample, a
photodegradation similar to that of the hexatitanate support
(72%) was observed (Figs. 7 and 8). This behavior can be explained
by the fact that the intensity of the silver SPR absorption for the
STSG samples was lower than that obtained with the STSS samples
(Figs. 2 and 3). As it was previously mentioned for silver metallic
nanoparticles showing analogous particle sizes, the differences in
Fig. 5. Silver loaded sodium hexatitanate HRTEM image (a), and STEM Z contrast

images for the STSG semiconductor (b and c).

Table 2
Photoactivity and kinetic parameters for the 4-chlorophenol degradation over silver

sodium hexatitanates.

Titanate %Ca t1/2
b (min) Kc (min�1 g�1)

Photolysis 69 100 –

TSS 78 96 0.0072

STSS 72 92 0.0075

TSG 87 76 0.0091

STSG 95 57 0.0122

a % of conversion of 4-CP at 160 min.
b Half time at 160 min.
c Kinetic rate constant.
the intensity of the SPR absorption could only be explained by the
effect of the interaction between neighboring particles. On the
STSG sample, the silver metallic particles are highly dispersed and
neighboring effects do not significantly contribute to the intensity



Fig. 6. Silver loaded sodium hexatitanate semiconductor HRTEM images (a), STEM Z

contrast images for the STSS semiconductor (b and c).

Fig. 7. Photocatalytic degradation of 4-chlorophenol as a function of time for the

STSS semiconductor.

Fig. 8. Photocatalytic degradation of 4-chlorophenol as a function of time for the

STSG semiconductor.
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of the SPR absorption. In the case of the STSS photocatalysts, the
silver particles are closer on the support showing an increase in
the SPR absorption intensity. The high intensity of the band on the
silver SPR absorption is produced by the delocalization of electrons
in the metal bulk and a possible reflectivity of the irradiated light
during the photocatalytic process could be present. Thus, the
different silver SPR absorptions showed by both samples certainly
is an effect of the method used for the preparation of the
hexatitanate supports. By the solid state method, large microbars
were formed and then closer silver clusters were obtained,
whereas by means of the sol–gel method, narrow fibers were
formed and hence the silver nanoparticles are largely dispersed.
These results are of great importance because this is the first time
that it is assumed that the closeness of the neighboring silver
nanoparticles plays a major role in the photodegradation of
chlorophenol. Among the various metallic properties, the deloca-
lization of electrons in bulk metals allows light reflectivity and SPR
absorption. Both the reflectivity and silver SPR absorption effects
are not present in high dispersed metallic nanoparticles smaller
than 6 nm. Then, the surface plasmon resonance absorption
intensity will be an indirect way to determine the photoactivity
improvement promoted by the nanoparticles.

The 4-chlorophenol photodecomposition using sodium hex-
atitanates has been recently reported [10]. In such article the
authors used a UV lamp with a 365 nm light source. In the
present work, a UV lamp with a 254 nm light source was used. In
Ref. [10] the photodegradation of a solution containing
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1.0 � 10�4 M of 4-chlorophenol was carried out. In our case, a
solution with 3.8 � 10�4 M was used. With these very different
experimental work conditions, the comparison between both
photocatalytic systems cannot be established. However, with our
photocatalysts we reached 95% of 4-cholophenol converted in a
time lower than 3 h, meanwhile in the referred article the
authors required more than 3 h to degrade a solution with a
lower concentration of the organic pollutant. Thus the presence
of silver deposited on the hexatitanates notably improved the
photocatalytic efficiency.

4. Conclusions

Sodium hexatitanates (fibrils or microbars) were obtained
depending on the method used in their preparation, sol–gel or solid
state reaction respectively. XRD data as well as electron micro-
scopy observations confirm the formation of the Na2Ti6O13

crystalline solid. For silver loaded hexatitanates, surface plasmon
resonance absorption with different intensities was obtained. For
the SG sodium hexatitanate, the SPR absorption was broad and
with low intensity, meanwhile the SS preparation showed a
SPR with high intensity. It is showed that the sol–gel silver
sodium hexatitanate fibrils are more active (t1/2 = 57 min) in
the 4-chlorophenol photodegradation than the silver sodium
hexatitanate microbars synthesized by the solid state reaction
(t1/2 = 98 min). It is assumed that the photoactivity enhancement
found in the SG silver solid was due to the highly dispersed silver
nanoparticles formed on the hexatitanate fibril semiconductor.
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