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Abstract Thin films of TiO,, TiO,-multiwalled carbon nanotubes (TiO,—
MWCNT), Fe-doped TiO,—~MWCNT (Fe-TiO,—~MWCNT), and Ag-doped TiO,—
MWCNT (Ag-TiO,—~MWCNT) supported on glass substrates were successfully pre-
pared by sol—gel drop coating method. MWCNTs were treated by H,SO, and HNO,
to oxidize graphitic carbon. The composites were characterized by scanning electron
microscopy (SEM), X-ray diffraction (XRD) analysis, Fourier-transform infrared
(FTIR) spectroscopy, and ultraviolet—visible (UV-Vis) absorption spectroscopy to
confirm their structure and optical properties. XRD patterns of all prepared films
exhibited (101), (004), (200), (105), (211), (204), (116), (220), (215), and (224)
planes of anatase-phase TiO,. A pronounced broad peak at ~3400 cm™! in the FTIR
spectrum of the MWCNT confirmed oxidation of some carbon atoms on the surface
of MWCNTs by HNO; and H,SO,. The photocatalytic and antibacterial activities of
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the prepared materials were tested under visible-light irradiation based on degrada-
tion of methylene blue (MB) dye in aqueous solution and reduction in the viable
count of Escherichia coli, respectively. Fe or Ag was doped into the TiO,-MWCNT
composites, lowering the bandgap and thereby enabling enhanced photocatalytic
activity in the visible-light region. Based on the MB photodegradation results, the
photocatalytic efficiency of the Fe-TiO,~MWCNT and Ag-TiO,~MWCNT com-
posites could be due to the following mechanism: (1) adsorption and photoinduced
electron absorption by MWCNT, and (2) electron trapping by Fe or Ag within the
TiO, matrix, in addition to the usual photocatalytic activity of TiO,. Moreover, as-
synthesized Ag-TiO,~MWCNT composite films showed outstanding antimicrobial
activity.

Keywords Nanocomposite - Antibacterial activity - Thin films - Catalysis -
Photocatalytic activity

Introduction

In recent years, extensive research has been conducted on heterogeneous photocat-
alysts. Titanium dioxide (TiO,) is one of the most commonly used photocatalysts
because of its low cost, nontoxicity, chemical stability, and resistance to chemical
corrosion and optical degradation [1-4]. It is a wide-bandgap (3.2 eV) semiconduc-
tor and excellent photocatalyst for degradation of a wide variety of organic and inor-
ganic substances [5]. Its capability for nonselective and complete mineralization of
dye pollutants has also been demonstrated, being due to production of hydroxyl radi-
cals (OH') and superoxide anions (O;) when TiO, absorbs UV radiation while in
contact with water and oxygen, according to the following widely accepted mecha-
nism [6]:
(a) Absorption of effective photons (hv > E, = 3.2 eV) by TiO,

TiO, + hv — hi, +e”
(b) Generation of O; and OH' by electron—hole pairs

H,0 +h, —» H* + OH

(OZ)ads te - 02_

(c) Oxidation of the organic reactant by successive attack by OH" and O3 radicals

Dye + OH — Dye* + H,0
Dye* +h, — Dye™ + CO,

Dye + O, — Dye™
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where Dye*, Dye**, and Dye*** denoted successive breakdown products of the dye
molecule. However, the photocatalytic efficiency of TiO, is low due to the high elec-
tron—hole recombination rate. Moreover, there are other drawbacks with use of sus-
pended TiO, powders, for instance difficulties associated with separation of the cata-
lyst from treated wastewater after each run [7]. Recently, various approaches have
been proposed to amend these difficulties; For example, TiO, particles have been
supported on different substrate materials [§—10] or transition-metal ions, namely
Co, Ag, Pt, Ni, Ce, and Fe, have been incorporated [11-16].

Nanocomposites based on carbon nanotubes (CNTs) are better candidate materi-
als that have attracted significant attention from researchers due to their ability to
adhere to semiconducting nanomaterials, thereby preventing aggregation and inhib-
iting electron-hole recombination. A large variety of CNT-based photocatalytic
materials such as TiO,-CNT nanocomposites prepared by modified sol-gel methods
have been reported recently [17, 18]. TiO, nanoparticles comodified with carbon
and Fe were prepared by thermal treatment of precursors at 500-800 °C in argon
atmosphere [19]. The resultant nanocomposites demonstrated notably enhanced
photodegradation of dyes through a photo-Fenton process, where hydroxyl radi-
cals are produced. It was reported that Ag-supported CNTs showed high electro-
catalytic activity for hydrazine oxidation [20], indicating that Ag catalyst may be
used to replace noble-metal catalysts such as Pt, Au, etc. [13, 21]. In addition, the
high activity of silver-ion-modified titanium dioxide suspensions for mineralization
of sucrose was mainly ascribed to presence of small silver particles on the titania
surface, rather than to trapping of electrons during reduction of silver ions [22]. The
enhanced reduction of oxygen through better electron—hole separation in Ag/TiO,
particles compared with pure TiO, particles increases the rate of sucrose minerali-
zation. Zhang et al. [23] also reported photoelectrocatalytic properties of Ag-CNT/
TiO, composite electrodes for degradation of methylene blue (MB), in which pres-
ence of silver ions is believed to retard e /h* recombination by serving as an elec-
tron sink (Schottky-barrier electron trapping) and to facilitate interfacial electron
transfer to dioxygen or other electron acceptors.

Recently, our group reported synthesis of a B/N-codoped TiO, composite that
showed good photocatalytic performance for degradation of MB under visible light
[7]. To the best of the authors’ knowledge, Fe- or Ag-doped TiO,—~MWCNT com-
posites have not been synthesized to date. Therefore, in this research, we focused
on synthesis of Fe-TiO,-MWCNT and Ag-TiO,—~MWCNT composite thin films
using a sol-gel method and compared their photocatalytic efficiency under visible-
light irradiation. The advantageous influence of the combination of each dopant and
MWCNT in the TiO, structure was explored. The structural, morphological, and
optical properties of the prepared samples were analyzed in detail. The antibacte-
rial activity of the synthesized nanocomposites against E. coli bacteria was also
explored.
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Experimental
Materials

Titanium(IV) isopropoxide (TIP) (>97.0 %, Sigma Aldrich) and triethylamine
(TEA) (=299 %, Sigma Aldrich) were used as TiO, source and stabilizer, respec-
tively. Soda lime glass microscope slides (1” X 3") were used as substrate. Ferrous
sulfate (99.5 %) and silver nitrate (99.8 %) (Merck, Germany) were used as Fe and
Ag source. MB was purchased from Merck, Germany. All reagents were of analyti-
cal grade and used without further purification.

Visible-light chamber

The chamber consisted of a rectangular glass box with dimensions of
16" x 10" x 12", with an upper open slide, which was covered by a removal hard-
board. The inner side of the box and hardboard were covered with aluminum foil to
maximize the light intensity. A water inlet and outlet were used to maintain cool-
ing water flow. A visible-light source (200 W, tungsten lamp) was also applied on
the cover for light irradiation in the box. The distance between the dye solution and
visible lamp was 20 cm. The water flow was controlled by a pump. A schematic dia-
gram of the reactor is shown in Fig. 1.

Functionalization of MWCNT

MWCNT (1.0 g) were immersed in 40 ml mixed solution of concentrated sulfuric
acid and nitric acid with volume ratio of 1:1 [24]. The mixture was then refluxed at
70-80 °C for 5 h to obtain dark-brown suspension and cooled naturally to room tem-
perature. The MWCNT were filtered and washed with distilled water until the pH
of the filtered solution reached about 6—7. The product was then dried at 80 °C in a
vacuum oven for 8 h and kept for further use.

/l Cooling Fan
Tungsten Lamp

Dye Solution

Photocatalytic
thin film

N

Water

Magnetic stirrer

Water

Fig. 1 Schematic diagram of visible-light degradation chamber
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Fabrication of thin films

TiO, thin films were synthesized per previous procedure [7]. Briefly, 1.0 ml TIP was
added to 6.67 ml anhydrous ethanol under vigorous stirring, then 0.24 ml TEA was
added as stabilizer, followed by stirring at 200 rpm for 2—3 min (solution A). A sec-
ond solution was prepared separately by mixing hydrochloric acid (0.60 ml), water
(0.10 ml), and anhydrous ethanol (6.67 ml) using a magnetic stirrer at 200 rpm
(solution B). The two solutions were then mixed dropwise and stirred vigorously
for 60 min. The total volume of the solution was maintained at 16 ml by adding
ethanol. The resulting TiO, sol was transparent, quite stable, and highly sensitive
to the amount of TEA and water. The sol was then aged for 24 h and used for film
preparation.

The transparent sol was usually stable for 3 weeks. TiO, thin films were prepared
by drop coating method, in which the amount of coating material can easily be con-
trolled within a fixed surface area, as well as the film thickness. Prior to the coat-
ing process, soda lime silica glass substrates (microscope slides) with dimensions of
10 mm X 60 mm X 1.5 mm were ground using a commercial bench grinder (model
ST-150) followed by cleaning in potassium dichromate and dichloromethane solu-
tion. Finally, the abrasive substrates were rinsed with alcohol and distilled water,
then dried at 100 °C.

TiO, gel films were obtained by coating an appropriate volume of precursor solu-
tion onto the glass. The coated substrates were pretreated at room temperature, then
annealed for 20 min at 200 °C. Finally, the film was vapor treated in the vapor of
boiling water for 30 s to remove loosely bonded particles. The coating process was
repeated two times to prepare thick (~4 pm) film, followed by annealing at 500 °C
for 2 h in a muffle furnace (JSMF-30T, Korea).

Thin films of TiO,-MWCNT, Ag-TiO,—~MWCNT, and Fe-TiO,—-MWCNT were
prepared using a similar method (‘“Fabrication of thin films” section) by separately
dissolving 0.5 mg/ml MWCNT and 5 wt% ferrous sulfate or 5 wt% silver nitrate in
anhydrous ethanol then rapidly adding to the mixture of solution A and solution B,
respectively. These are denoted as CT, SCT, and FCT, respectively. Here, the total
volume of solution was also maintained at 16 ml by addition of ethanol.

Characterization

Composite films based on TiO, were characterized using a range of analytical tech-
niques. The morphology of the prepared films was investigated by scanning electron
microscopy (SEM, JSM-7600F, Japan). XRD patterns were recorded using an X-ray
diffractometer (XRD, D8 ADVANCE, Bruker, Germany) with Cu K, radiation
(4 =0.15418 nm) at 40 kV and 40 mA over the 26 range from 10° to 90° at room
temperature. Fourier-transform infrared (FTIR) spectra of functionalized MWCNTs
were recorded using a Shimadzu dxp 400 (Japan) from KBr disks of about 150 mg
containing approximately 2 % sample prepared shortly before recording the spectra
in the range from 400 to 4000 cm™" at resolution of 4 cm™!. UV-Vis spectra in the
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wavelength range of 200—-800 nm were obtained using a UV—-Vis spectrophotometer
(UV-1800, Shimadzu, Japan).

Photocatalytic studies

The photocatalytic activity of the films was studied using degradation of MB dye as
a model pollutant in the visible-light chamber shown in Fig. 1. The TiO, thin films
were placed in a beaker containing 200 ml 5 x 107® M MB, then irradiated by tung-
sten lamp. After irradiation for 30, 60, 90, 120, 150, 210, and 240 min, the residual
concentration of MB was determined by UV-Vis spectrophotometer (UV-1800, Shi-
madzu, Japan). The photodegradation efficiency of the thin films was calculated as

Efficiency (%) = (Cy — C,)/Cy X 100 = (A, — A,) /A, X 100, 1)

where C, and A, are the concentration and absorbance at 664 nm of the MB solu-
tion after irradiation for time ¢, and C, and A are the concentration and absorbance
at 664 nm of the MB solution before irradiation. Kinetic models were employed to
analyze the data obtained during photodegradation by the prepared samples.

The first-order model was used to analyze the data obtained during the first pho-
todegradation cycle of the prepared catalytic thin films [25], generally expressed as

log(C,/Cy) = —kt, )

where C; and C, are the concentration of MB at irradiation time zero and ¢, respec-
tively, and £ is the first-order rate constant.

Antibacterial activity study

The antibacterial activity of all the composite thin films was investigated using the
antibacterial drop-test method [26]. The size of all films used in this experiment
was 25 mm X 25 mm. Diluted E. coli suspension (250 pl) prepared in physiological
saline suspension was spread on the surface of each film followed by irradiation by
tungsten lamp at room temperature. After 60 min, the bacteria were washed from the
surface of the film using 16 mL sterile physiological saline into a sterilized conical
flask. Then, 25 pl of each suspension was spread on a nutrient agar plate and incu-
bated at 37 °C for 24 h to determine the viable bacterial count. The reported values
are averages of three similar independent experiments.

Results and discussion

Morphology of photocatalytic thin films

SEM images showing the surface morphology of the bare-TiO,, TiO,~MWCNT
(CT), Fe-TiO,~MWCNT (FCT) and Ag-TiO,-MWCNT (SCT) films are shown in

Fig. 2. All the samples were annealed at 500 °C for 2 h. Significant cracking was
observed on the surface of all films. The different types of cracking observed might
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Fig. 2 SEM images of a bare-TiO,, b CT, ¢ FCT, and d SCT

be due to the different thermal expansion coefficient mismatch between bare-TiO,,
CT, FCT, and SCT versus the glass substrate. Such cracking might increase the
surface area available for catalytic reaction. The morphology of the films is com-
parable to that of B/N-doped TiO, films prepared on glass substrate, as previously
reported by our group [7]. The lack of observation of MWCNT by SEM may be due
to their lower concentration compared with TiO,. However, the presence of carbon
and dopant atoms was observed by energy dispersive X-ray spectroscopy (EDS). A
representative EDS spectrum is shown in Fig. 3, and the atomic percentage of each
atom is summarized in Table 1. The higher amount of oxygen observed is due to the
use of silica glass (SiO,) as substrate.

XRD analysis

XRD patterns depicting the crystalline structure of bare TiO,, CT, SCT, and FCT
films are shown in Fig. 4. For the TiO, and composite catalysts, all the sharp peaks
observed in the XRD patterns at 260 = 24.6°, 36.9°, 47.2°, 52.4°, 53.7°, 61.1°,
66.8°, 68.6°, 73.6°, and 80.8° correspond to (101), (004), (200), (105), (211), (204),
(116), (220), (215), and (224) planes of anatase-phase TiO,, respectively. Note that
the characteristic peaks of CNTs are barely observable in the patterns of all the
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Fig. 3 EDS spectrum of Ag-TiO,~-MWCNT (SCT) thin film

Table 1 Elemental analysis of

S ! Ti (at. t. t. A t. F t.
bare-TiO,, CT, FCT, and SCT Amp-e i@% O@% C@% Aglt%) Felt%)

composite thin films BareTiO, 11.32 88.68 _ _ _
CT 15.17 79.97 4.68 - -
FCT 25.99 70.32 2.97 0.72
SCT 8.05 88.43 3.42 0.10 -

composite catalysts. This is due to the overlap between the main CNT peak at 25.9°
with the main peak of anatase TiO, at 24.6° [27]. There was no observable shift in
the XRD patterns among the bare TiO,, CT, SCT, and FCT films. This may be due
to the very small amount of doping of Ag and Fe, as shown in Table 1.

The mean crystallite size was calculated from the full-width at half-maxima of
the (101) peak of anatase TiO, using the Debye—Scherrer formula:

_ Ka
"~ Bcosd’

where 4 is the wavelength of Cu K irradiation (4 = 0.15418 nm), K is the Scher-
rer constant (K = 0.89), @ is the diffraction angle, and p is the full-width at half-
maximum [28]. The calculated average crystallite size of the composites was 11.40,
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Intensity (a.u.)

2-theta (degree)

Fig. 4 XRD patterns of a bare-TiO,, b CT, ¢ FCT, and d SCT

11.01, 12.50, and 9.87 nm for TiO,, CT, FCT, and SCT, respectively. The smaller
crystallite size observed on silver ion doping can be explained by distortion of the
crystal structure in the presence of the dopant. Santos et al. [29] observed the same
phenomenon after silver ion doping. However, the presence of Fe species slightly
increased the crystallite size, which was never been seen by previous researchers
[30]. This anomalous observation is still under investigation in our current research.
The XRD spectra did not exhibit any distinct reflections for silver or iron species,
indicating good dispersion of the dopants in the TiO, [29].

FTIR analysis

Figure 5a, b show the FTIR spectra of pure and acid-treated functionalized
MWCNT, respectively. The FTIR spectrum of pure MWCNT showed a weak broad
peak at ~3400 cm™!, corresponding to O-H stretching of moisture absorbed from
the environment. The acid-treated MWCNT showed a pronounced broad peak at
~3400 cm™! due to oxidation of some carbon atoms on the surfaces of the MWCNT
by HNO; and H,SO, [24]. The FTIR spectra of the composites are not shown
because they provide no useful information other than broad Ti—O-Ti stretching
below 1000 cm™.

UV-Vis absorption spectroscopy

Figure 6 compares the UV-Vis absorption spectra of thin films of bare-TiO,, CT,
FCT, and SCT. The absorption by the catalysts in the visible-light region increased
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Fig. 5 FTIR spectra of a pure MWCNT, and b functionalized MWCNT
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Fig. 6 UV-Vis absorption spectra of a TiO,, b CT, ¢ FCT, and d SCT thin films

800

after Fe or Ag doping, decreasing in the following order: SCT > FCT > CT > bare-
TiO, in the wavelength range of 400-800 nm. This clear red-shift (indicated by the
dotted arrow) in the absorption onset reveals narrowing of the bandgap of TiO, by
Ag or Fe doping. The reason why the most intense peak was observed for SCT is
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the surface plasmon resonance of silver [28]. Moreover, the red-shift observed after
doping was significantly higher compared with that of CT or bare-TiO,.

The general relationship between the bandgap energy E, (eV) of TiO, and its
wavelength A (nm) is given by the following equation:

E, = 1240/A.

From the above equation, it follows that, the higher the wavelength of maximum
absorption 4 (nm), the narrower the bandgap E, (eV). The estimated bandgap energy
was 2.93, 2.67, 2.38, and 2.01 eV for TiO,, CT, FCT, and SCT, respectively. This
result indicates that incorporation of iron or silver dopant into titania caused a
remarkable reduction in the bandgap energy that induced a red-shift of the photo-
excitation response to the visible region. It is generally accepted that most transi-
tion-metal energy levels lie between the valance and conduction band of titania [5].
Therefore, an electronic transition from Fe** or Ag™ energy levels to the conduction
band of titania is considered to be the main reason for this reduction in the bandgap
energy and shift of the absorption response to the visible-light region.

Photocatalytic activity

It is well known that MB is one of the most hazardous organic dyes present in waste-
water, causing serious environmental problems. MB has already been recognized
as a standard dye in the research field of photocatalysis. We therefore studied the
photodegradation of this due under visible-light irradiation to evaluate the photo-
catalytic activity of the prepared catalysts. A typical representation of absorption
behavior is shown in Fig. 7, displaying the changes in the absorbance profile of MB
solution in presence of SCT under visible-light irradiation. The maximum absorp-
tion characteristic peak is observed at wavelength of 664 nm. The intensity of the
peak reduced quickly with increasing duration of visible-light irradiation. Figure 8
shows the MB photodegradation efficiency of the prepared catalysts, with SCT
exhibiting the highest photocatalytic activity under visible-light irradiation.

The kinetic rate constant (k, min~') was calculated and is presented in Fig. 9. The
photocatalytic degradation of MB obeyed pseudo-first-order reaction kinetics [25].

Antibacterial activity

The antibacterial activity of the thin films was investigated against E. coli. The
reduction in the viable count of E. coli on the nanocomposite thin films under visi-
ble-light irradiation is shown in Fig. 10.

It is clearly seen that the reduction of E. coli was very high in case of the
Ag-TiO,—~MWCNT composite film compared with TiO,. This may be due to various
reactive oxygen species (O,, OH™, H,0,, etc.) generated on the photocatalyst by vis-
ible-light irradiation. Cell death of E. coli through breakdown of the cell membrane
structure may occur due to lipid peroxidation under the influence of such reactive
species [31]. Moreover, the antimicrobial properties of silver compounds and silver
ions have been historically recognized and used in a wide range of applications for
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Fig. 7 Variation of UV-Vis absorption spectra of MB solution by SCT film at different time intervals
(see “Photocatalytic studies” section for experimental conditions)
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Fig. 8 Variation of photocatalytic degradation (% efficiency) of methylene blue dye over TiO,, CT, FCT,
and SCT films versus irradiation time (min)

disinfecting medical devices and in home appliances for water treatment. It is also
reported that silver exerts an antibacterial function itself [32]. For our case, it can
be assumed that Ag acted as an antibacterial agent as well as a dopant in the TiO,
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Fig. 9 Pseudo-first-order kinetics of degradation of methylene blue dye over TiO,, CT, FCT, and SCT
films versus irradiation time

Fig. 10 Colony-forming units (CFUs) of E. coli after visible-light irradiation for 60 min: a without cata-
lyst, and in presence of b bare-TiO,, ¢ CT, d FCT, and e SCT composite thin films

matrix. Our results indicate that the synthesized Ag-TiO,—~MWCNT composite film
showed outstanding antimicrobial activity (Fig. 11).
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Fig. 11 Antibacterial efficiency: a without catalyst, and with b bare-TiO,, ¢ CT, d FCT, and e SCT thin
films

These results reveal that the Ag—-TiO,—~MWCNT nanocomposite could be used as
an effective growth inhibitor of E. coli, representing a potential alternative to con-
ventional chemicals for application as a stable photocatalyst in simultaneous waste-
water treatment and disinfection for environmental protection.

Proposed degradation mechanism

The mechanism of the photocatalytic activity of the metal (Ag or Fe)-doped
TiO,~MWCNT photocatalysts is presented schematically in Fig. 12.

Illumination of pure TiO, with visible light causes excitation of electrons from
the valence to conduction band, creating electron—hole pairs (¢ /h™). In case of pure
titania, only a small quantity of these e /h™ pairs take part in the photocatalytic reac-
tion due to their rapid recombination, resulting in lower activity for MB dye degra-
dation. Incorporation of metals (Fe, Ag) and CNT in the TiO, matrix can prevent
such rapid recombination of e /h* pairs, resulting in improved efficiency. The high
degradation efficiency of the metal (Ag or Fe)-doped TiO,/CNTs photocatalysts is
attributed to the bandgap decrease on metal doping and high adsorption capacity
of the CNT. These results show that the SCT nanocomposite thin film may show
enhanced effects for MB degradation catalyzed by TiO, as well as adsorption of MB
by CNTs. Based on the data presented above, the SCT composite thin film showed
enhanced MB degradation compared with pure TiO,, CT, or FCT under visible-light
irradiation. This result suggests that doping Ag in TiO, with CNTs increased the
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Fig. 12 Proposed photocatalysis mechanism of metal-doped TiO,—~MWCNT photocatalyst under visible-
light irradiation

photocatalytic activity under visible-light irradiation, which can be ascribed to not
only electron acceptance and good absorbance by CNTs, but also improved charge
(e~/h*) separation via trapping of photoelectrons. This improved efficiency of the
composites is in good agreement with results presented previously [33], where it
was also mentioned that MWCNT can act as good electron acceptors under visible-
light irradiation. In addition, the Ag and Fe dopants also act as electron-trapping
materials by inhibiting e /h* pair recombination [34, 35].

Conclusions

New kinds of composite photocatalysts were successfully prepared by coupling
MWCNT with silver- or iron-doped TiO, via a facile two-step sol-gel route at low
temperature. The experimental results reveal dye degradation efficiency of 40.39,
47.66, 55.45, and 58.27 % for the TiO,, CT, FCT, and SCT films, respectively, under
visible-light irradiation for a maximum of 240 min. The SCT photocatalyst had
smaller crystalline size and larger surface area than bare-TiO,. A synergistic effect
on the photocatalytic degradation of MB was observed for the SCT and FCT com-
posite catalysts, which exhibited higher photocatalytic activity than CT or bare TiO,.
Therefore, addition of a suitable amount of MWCNT and silver or iron to TiO, can
greatly improve its photocatalytic activity and expand the spectral response range to
the visible-light region. In addition, SCT also clearly acted as a strong disinfectant
for use in environmental protection applications.
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