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Abstract: A novel combination of titanium oxide (TiO2)/gold (Au)/multiwalled carbon nanotubes (MWCNTs) nanocomposite (NC)
was synthesised by sol– gel method. MWCNT functionalisation by modified Hummers method. TiO2/Au nanoparticles (NPs)
were synthesised by biological method using Terminalia chebula bark extract. MWCNT/TiO2/Au NC samples were characterised
by X-ray diffraction, ultraviolet–visible–diffuse reflectance spectra, microRaman, scanning electron microscopy and high-
resolution-transmission electron microscopy analyses. The photocatalytic performance of the obtained for NC toward the
decomposition of congo-red and the antimicrobial activity for inhibition of Gram positive (Bacillus subtilis, Streptococcus
pneumonia and Staphylococcus aureus), Gram negative (Shigella dysenderiae, Proteus vulgaris and Klebsiella pneumonia) and
fungal strains have been evaluated and the results are compared with positive control ampicillin. The metal and metal–oxide
NPs have a lower sorption capacity. The herbicidal bond to the tested CNTs by the combination of electron donor–acceptor
interactions and hydrogen bonds. In particular, the dispersion of NC and control of sodium borohydride, it has more efficient
effect on the photodegradation and antibacterial activity of positive control of ampicillin. The NC material has exhibited maximum
photodegradation and antibacterial activity results of zone of inhibition when compared with control samples.

1Introduction
The use of nanomaterials has been enormously increased in recent
years leading to the development of a new generation technologies
for environmental and public health production. The
nanotechnology has the potential to create novel and effective in
situ treatment technologies for the control of water pollution,
ground water remediation, portable water treatment and air quality
control [1]. Semiconductor and metal nanoparticles (NPs) are
attracting much attention because of their shape- and size-
dependent optical, electrical and catalytic properties [2]. The
properties of metal NPs are significantly influenced by the external
interactions with solid support materials and they acquire new
composite materials with novel catalytic properties. Photocatalysis
using semiconductor–metal nanocomposite (NC) materials and an
advanced oxidation or reduction process have been developed in
recent years [3]. Titanium oxide (TiO2) is the principal catalyst for
almost all types of photocatalysis reaction. However, it has
photoactive wavelengths of below 400 nm due to its relatively
large bandgap energy (3.2 eV). TiO2 has been widely applied in
heterogeneous photocatalysis inducing water purification [4–6],
hydrogen production [7–9] and air detoxification [10, 11], owing to
its high stability, non-toxicity and relative abundance [12].

The photocatalytic efficiency of TiO2 was successfully
enhanced by engineering the crystal structure [13–15]. TiO2 and
gold NPs (Au NPs) were found to be highly active for the catalytic
oxidation of carbon monoxide. The Au NPs act as an electron sink
during the photo-induced charge separation process at the TiO2 by
promoting the interfacial charge transfer process and reducing the
charge recombination rate. Hence, the TiO2–Au NC materials find
a wide range of applications in the photocatalysis [16–19], dye
sensitised solar cells [20], photo-electrochemical cells [21] and
sensors [22]. Carbon nanotubes (CNTs) represent advanced
materials due to their high surface area, good thermal stability and
resistance; have been proposed as compounds for enzymatic
sensors [23], DNA probes [22] and solid phase extraction [24].
Multiwalled CNTs (MWCNTs) are tubular graphene sheets, with
diameters of 2–100 nm, rolled up into concentric cylinders with a

layer spacing of 0.3–0.4 nm. CNTs, owing to their excellent optical
properties and electron transfer ability, have been widely reported
as an important substrate that can improve the photoactivity of
TiO2 [25]. CNTs play two important roles in a photocatalysis as a
photosensitiser that enables the photo-activation of TiO2 under the
visible (vis) light irradiation and as electron sinks that transfer the
electron away from the TiO2 particles after photo-excitation via the
CNT–TiO2 heterojunction. The electrons can subsequently trigger
the photo-reaction by formation of reactive radicals such as
superoxide radical ions O2 and hydroxyl radicals OH [26]. CNTs–
TiO2 composite exhibits great photocatalytic activity with excellent
vis light absorption and unique electron charge transfer ability.
MWCNT/TiO2 core–shell NC exhibits the potential photocatalyst
for reduction of CO2 into methane [27]. MWCNT/TiO2 NC
displays good antibacterial activity under the ultraviolet (UV) light
[28]. These composites were obtained most commonly using sol–
gel [28] and other approaches such as chemical vapour deposition,
functionalisation with titanium precursor [29] and solvothermal.

Terminalia chebulla (T. chebulla) is a species of Terminalia,
native to southern Asia from India and Nepal East to southeastern
china and South to Sri lanka, Malaysia and Vietnam. Chemical
compounds present in T. chebulla bark extract such as gallic acids
called chebulin, other phenolic compounds including ellagic acid,
2,4- chebulyl-β-D glucopyranose, chebulinic acid, ethyl gallate,
punicalagin, terflavin A, terchebin tannic acid and luteic acid [30].
Hence, the present paper was aimed to synthesise TiO2–Au NPs in
the presence of T. chebulla as reducing agent. To the best of
authors knowledge, this is the first study on T. chebulla-based
TiO2–Au NPs.

In the present paper, MWCNT/TiO2/Au NC was synthesised by
sol–gel method and the mass ratio of MWCNT to TiO2/Au NPs
was 1:1 have been synthesised. Photocatalytic and antimicrobial
activity of MWCNT/TiO2/Au NC was also investigated.
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2Materials and methods
2.1 Chemicals and reagents

Titanium isopropoxide [C12H28O4Ti (97%)], hydrogen
tetrachloroaurate (III) trihydrate [HAuCl4.3H2O (99.9%)],
sulphuric acid (H2SO4), sodium nitrate (NaNO3), potassium
permanganate (KMnO4), congo-red (CR) dye were obtained from
Merck and Sigma-Aldrich chemicals (USA). All the solution was
prepared using double distilled (DD) water.

2.2 Collection of plant and bark extract preparation

The T. chebula bark were collected from Endangered Medicinal
Plants Conservation Center, Science Campus, Alagappa University,
Karaikudi, Tamil Nadu, India.

T. chebula bark extract was prepared by taking 10 g in 250 ml
Erlenmeyer flask with 100 ml of DD water and then boiled at 50–
60°C for 5 min, finally filtered using Whatman No. 1 filter paper.
The obtained bark extract was stored at room temperature for
further usage.

2.3 Functionalisation of MWCNT

MWCNT was functionalised according to the modified Hummers
method. Typically, 1 g of MWCNT and 0.5 g of NaNO3 were
mixed with 46 ml of concentrated H2SO4 (98%) in 250 ml conical
flask. The mixture was stirred for 1 h in an ice bath. Subsequently,
3 g of KMnO4 was added to the suspension under vigorous stirring.
The rate of addition was carefully controlled to keep the reaction
temperature lower than 20°C. After that, the mixture was removed
from the ice bath and stirred at 35°C for 1 h. Then, 46 ml of DD
water was slowly added with vigorous agitation. The diluted
suspension was stirred for 30 min. At the end, 10 ml of hydrogen
peroxide (30%) and 280 ml of DD water were added to the mixture
and centrifuged with 10% Hydrochloric acid and DD water for
several times. This washing process was repeated until the pH of
the solution became neutral. After dried at 60°C, functionalised
MWCNT was obtained as a grey powder.

2.4 Synthesis of TiO2 with au NPs

In a typical reaction, 25 ml of bark extract was diluted with 475 ml
of DD water. To the solution, 1 ml of (1 mM) Au chloride and 3 ml
of (0.01 mM) C12H28O4Ti were added dropwise. The mixture was
subjected to continuous vigorous stirring for 20 min. The colour
change was observed from white to pink. Then, the mixture was
allowed to continuous stirring at room temperature for 12 h. After
stirring, the solution was heated at 80°C with stirring. At the time
of colour change was observed from pink to coalescent red,
clusters deposited on the bottom of the beaker. Soon after the

reaction was stopped and prepared sample were collected and
calcinated at 400°C for 3 h.

2.5 Synthesis of MWCNT/TiO2/Au NC

The MWCNT/TiO2/Au NC was synthesised by sol–gel method. In
brief, 100 mg of functionalised MWCNT was dispersed in a 100 
ml of ethanol. The solution was allowed to continuous stirring for
2 h to achieve uniform dispersion. Then, the above calcinated 100 
mg TiO2/Au powder was added and the mixture was subjected for
sonication for 2 h. Followed by, the solution was allowed for
continuous stirring for 12 h at room temperature. After sonicating,
the solution was centrifuged several times and washed with DD
water and ethanol. The precipitate was dried overnight at 60°C.

2.6 Materials characterisation

The synthesised NC characterised by X-ray diffraction (XRD)
patterns were recorded using Bruker-AXS D8 ADVANCE with Cu
Kα radiation (λ = 1.54178 Ǻ) from 10° to 80° at the scan speed of
0.2 min−1, the operation voltage and current maintained at 35 kV
and 200 mA. UV–vis–diffuse reflectance spectra (UV–vis–DRS)
measured with a Hitachi U3010 spectrophotometer. Raman
spectrum was recorded using laser Raman microscope, Raman-11
Nanophoton Corporation, Japan. The morphology of the calcined
TiO2/Au NPs and MWCNT/TiO2/Au NC were examined by field
emission-scanning electron microscopy (FE-SEM, Model: Hitachi
S-4500). The particle size and crystalline nature were investigated
by transmission electron microscopy (TEM) and selected area
diffraction pattern (Tecnai Instruments), respectively.

3Results and discussion
3.1 XRD analysis

In XRD analysis, three samples express similar patterns, which
indicated the presence of Functionalized Multiwalled Carbon
Nanotubes (FMWCNT), TiO2/Au and MWCNT/TiO2/Au NC
materials and compared with the Joint Committee on Powder
Diffraction Standards Card: 41487, 21-1272 and 04-0784 (Fig. 1).
The XRD patterns exhibited at (002), (101), (100), (200) and (105)
planes are indicates the presence of TiO2 /Au and MWCNT/
TiO2 /Au NC material. The crystalline size of the NC material was
found to be 8.9 nm. The TiO2 NPs were found to be in anatase
phase. 

3.2 UV–vis–DRS analysis

The synthesised NPs were characterised using UV–vis–DRS
spectral analysis and it reveals that MWCNT/TiO2/Au NCs
exhibited a strong absorption peak at 304 nm for TiO2, 254 nm for
MWCNT and strong peak at 545 nm indicates the presence of Au
NPs (Fig. 2). The continuous absorption band in the range of 400–
800 nm is caused by the addition of carbon materials. Through the
change of this kind of carbon materials affects the shape of the
absorption curve. Red shift to higher wavelength was observed in
the absorption edge of MWCNT/TiO2/Au NCs, which may be
attributed to electronic interaction between CNT and TiO2. 

3.3 Raman analysis

The Raman spectrum of MWCNT/TiO2/Au NC exhibited
characteristic peaks at 1334 and 1560 cm−1 (Fig. 3). The D-band
peak at 1325 cm−1 is attributed to the disordered graphite structure
(or) sp3 hybridised carbon of the NT and the high-frequency G-
band peak at 1560 cm−1 represent to the splitting of the sp2

hybridised carbon atoms (Fig. 4). The relatively increased R value
(ID/IG), which is the intensity of the D-band at 1334 cm−1 G
divided by the intensity of the G-band at 1580 cm−1 of the
functionalised carbon atoms. The manifestation of strapping
Eg mode at 144 cm−1. 

Fig. 1 XRD image of
(a)MWCNT, (b)TiO2–Au NPs, (c) MWCNT/TiO2–Au NC
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3.4 SEM analysis

The surface morphology of the TiO2/Au NPs and MWCNT/
TiO2/Au NC samples calcined at 400°C and examined via SEM
analysis (Fig. 5). TiO2/Au NPs were visualised to near spherical
shape. The MWCNT/TiO2/Au NC sample TiO2/Au NPs that
wrapped up around MWCNT. The diameter of the NC and NPs
were measured to be in the range of 40–60 nm. 

3.5 TEM analysis

The clear morphology and particle size of the calcined NCs were
demonstrated by TEM analysis. The particle size was measured
and it is in the range of 10 nm (Fig. 6). The calculated d-spacing
values are corresponding to the h k l planes of (002), (101), (100)
and (200) and also they are well associated with the XRD results. 

3.6 Photocatalytic activity

The photocatalytic degradation of CR over the FMWCNT, TiO2–
Au NPs and NC was investigated. TiO2–Au photocatalyst was
illuminated with photons having energy greater than the bandgap
energy, the photons will excite electron from the valance band of
the TiO2 into the conduction band (CB). The holes in the valance
band were met with OH− and produce hydroxyl radicals.
Therefore, the targeted pollution adsorbed on the surface of the
catalyst was oxidised by .OH. However, the excited electron–hole
pairs may instead recombine [31]. The MWCNT act as a good
electron acceptor and thereby facilitate the separation of the
electron–hole to prevent their recombination. The mechanism of
photocatalytic activity is valance band electrons (e−) of titania,
under the vis light irradiation are excited to CB, creating holes (h+)
in the valence band (VB). Normally, these charge carriers quickly
recombine and only fraction, resulting in low reactivity. However,
when TiO2 was modified by the MWCNT/TiO2/Au NC, the
photocatalytic activity was enhanced. UV–vis spectroscopy was
used to monitor the change in photocatalytic degradation of CR
under vis light illumination (Fig. 7). C is the concentration of CR
after vis light irradiation time and C0 is the initial concentration of

CR before light irradiation. CR, which has a major absorption peak

Fig. 2 UV–vis–DRS image of FMWCNT, TiO2–Au NPs and MWCNT/TiO2–Au NC (NC)
 

Fig. 3 Raman analysis of TiO2–Au NPs
 

Fig. 4 Raman analysis of MWCNT
 

Fig. 5 SEM images of
(a) MWCNT, (b) TiO2–Au NPs, (c) MWCNT/TiO2–Au NC
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at 439 nm, is one of the most common organic pollutions in
industrial waste water. About 40% degradation were observed,
when CR + sodium borohydride (NaBH4) was applied. This is
because of the slow recombination between CB electrons and VB
holes in pure NaBH4, whereas 50 and 60% of photocatalytic
activity was observed in FMWCNT and TiO2–Au NPs,
respectively. However, after introducing MWCNT/TiO2/Au NC,
the activity is remarkably enhanced and increased up to 87%. The
kinetics of photocatalytic degradation of CR solution was
investigated using a 2 mM initial concentration. A linear
relationship between ln (C0/C) and time (ln C0/C = kt) was
obtained. MWCNTs are similar to that of graphite, 4.7 eV,
depending sensitively on the number of layers. TiO2 NPs are in
intimate contact with MWCNTs, the relative position of the
MWCNT CB edge permits the transfer of electrons from TiO2
surface, allowing charge separation, stabilisation and
recombination. The excited electrons can be shuttled freely along

the conducting network of MWCNTs and subsequently transfer to
the surface to react with water and oxygen to yield hydroxyl
radical, which would oxidise CR. Electrons excited by high-energy
photons were transferred into the CNTs, and holes remained on the
TiO2 to form OH· species, and then participated in the subsequent
redox reactions. The outstanding electron accepting and trapping
properties of CNTs helped retard or curb the recombination of
electron–hole pairs, leading to formation of much more radical
species [32, 33]. The NC exhibited better performance for the
photodegradation of CR than the FMWCNT and TiO2–Au NPs.
This may be caused by the high surface area of the MWCNT,
which can facilitate the separation of electron–hole pairs at
MWCNT/TiO2–Au interfaces. This indicates that the
photocatalytic degradation of CR follows pseudo-first-order
kinetics. Finally, photocatalytic activity of MWCNT/TiO2/Au NC
was achieved. Even though, photocatalytic activity of

Fig. 6 TEM images of
(a, b) MWCNT, (c, d) TiO2–Au NPs (e, f) MWCNT/TiO2–Au NC
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MWCNT/TiO2 and TiO2/Au has been reported [32, 33]; this is the
first report on photocatalytic activity of MWCNT/TiO2–Au NC. 

3.7 Antimicrobial activity

The antimicrobial activity of ampicillin, FMWCNT, TiO2–Au and
NC against human and plant pathogenic bacterial and fungal strains
were investigated (Fig. 8, Table 1). Antimicrobial properties zone
of inhibition viable bacterial and fungal result was reasonably
expectable because either CNTs (or) TiO2 have antimicrobial
properties as reported before [28]. Several recent studies suggest
that peptide or lipid NTs can penetrate through cell membranes

because of their cylindrical shape and high aspect ratio and lead to
cell death. Owing to similarities in geometry, functionalised CNTs
were also able to penetrate cell membranes. Interestingly, results
from molecular dynamics stimulations can be used to explain the
higher antimicrobial activity of smaller diameter CNT in
comparison with that of large diameter and concentrations of CNT.
Most of the studies have calculated that the main mechanism for
the death of microbial effect of TiO2 photocatalysis was HO. attack
and lipid peroxidation reaction [34]. These antifungal results
suggest the NCs samples may affect cell functions and finally
cause the increase of nucleic acid contents. 

4Conclusions
In this paper, MWCNT/TiO2/Au NC was synthesised by simple
sol–gel method and the synthesised NC was characterised by XRD,
UV–vis–DRS, Fourier transform infrared spectroscopy, SEM and
TEM analyses. XRD analysis exhibited the formation of MWCNT,
TiO2/Au and MWCNT/TiO2/Au NC phases. UV–vis–DRS
exhibited a red shift on absorption edge toward vis region in the
NC. The synergistic effect emanates from the intimate contact
between the MWCNT and TiO2–Au NPs as evidence from the
SEM and high-resolution-TEM images. Photocatalytic
performance and antimicrobial activity of the NC against CR and
bacterial and fungal strains under the vis light irradiation revealed
the NC improves the photocatalytic and antimicrobial properties.
This photocatalyst structure was unique and novel, which efficient
catalytic performance was demonstrated by the photocatalytic
decomposition of organic pollutions.
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