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Highlights:  

 Microwave-heating provides a fast, cost-effective and clean approach to synthesis of 
hybrid TiO2/functionalized MWCNT. 

 The mass ratio of f-MWCNT to TiO2 precursor influences the phase transformation 
and crystallite size of TiO2. 

 The crystalline phase of TiO2 is closely related to its photocatalytic activity 
 
Abstract. Decoration of a functionalized multiwalled carbon nanotube (f-
MWCNT) surface with titanium dioxide (TiO2) was designed to improve its 
photocatalytic degradation performance. Structural decoration was achieved by 
microwave heating at various mass ratios (1:2; 1:4; 1:8; 1:16 wt.%) of titanium 
(IV) isopropoxide as precursor. The hybrid structure of TiO2/f-MWCNT was 
characterized by scanning electron microscope and transmission electron 
microscope (TEM). The crystallite form of the TiO2 nanoparticles was further 
studied by X-ray diffraction (XRD) and HR–TEM. We report the conformation of 
high-density TiO2 coated on an f-MWCNT surface at a mass ratio of 1:16 wt.%. 
XRD analysis revealed a structural transformation from mixture phase (anatase–
brookite) at mass ratios of 1:2 and 1:4 wt.% to fully anatase phase for mass ratios 
of 1:8 and 1:16 wt.%. The transformation was also confirmed by selected area 
electron diffraction (SAED) and HR–TEM analysis. Our results showed that 
anatase phase plays a significant role in photodegradation activity.  

Keywords: anatase; brookite; f-MWCNT; microwave heating technique; photocatalytic. 

1 Introduction 

Carbon nanotubes (CNT) possess extraordinary mechanical, electronic, optical 
and thermal properties [1] due to their structure. These properties allow CNT to 
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be a functional material in various applications of nanocomposites, such as super 
capacitors, biosensors, tissue engineering and renewable energy, including solar 
cells and fuel cells [1-4]. 

Titanium oxide (TiO2) is one of many light-metal oxides that are active when 
used for solar energy conversion. This material is nontoxic, low-cost, thermally 
stable and possesses unique electronic and optical properties [5,6]. The phase 
composition of TiO2 nanomaterials is one of the factors that strongly influence 
their photocatalytic activity. Anatase of TiO2 has been largely used as active 
material for photocatalysis. It has a wide bandgap (3.2 eV) and more free 
electrons than rutile crystals [7]. Its quantum efficiency in photocatalytic 
reactions, however, is limited due to its large band gap and high rate of electron-
hole recombination. Therefore, it is necessary to expand the spectral absorption 
band of TiO2, to increase its photocatalytic efficiency.  

Currently deposition of metal or metal oxide onto CNT is a popular but 
challenging research area for various applications. Utilization of hybrid 
nanocomposites based on CNT [8-10] has been considered as a method to enlarge 
the absorption region of light harvesting materials for improving the overall 
efficiency of the photocatalytic process [11]. Multiwalled carbon nanotubes 
(MWCNT) with a large surface area are particularly suited for accepting electrons 
from TiO2, reducing the accumulation of electrons in the TiO2 nanoparticles 
[12,13], increasing electron transfer, and decreasing charge recombination [14].  

Procedures for synthesis of CNT/TiO2 have been commonly reported, including 
those using the sol-gel method [15,16], mechanical techniques [15,17], and 
hydrothermal techniques [18,19]. However, these methods are known to be time 
consuming, requiring multiple steps, to be costly due to high-temperature 
treatment, and to induce structural damages to the nanotubes. In this study, we 
present a fast, cost-effective and clean approach to the synthesis of 
TiO2/functionalized MWCNT (f-MWCNT) nanocomposites by microwave 
irradiation, which is regarded as a safe ‘green chemistry’ technique. Microwave 
irradiation allows rapid synthesis by effectively introducing energy to the system. 

2 Experimental Method 

2.1 Materials 

MWCNT was purchased from Chengdu Alpha Nano Tech Co. Ltd., with a purity 
of 95%, an outer diameter of 20 to 50 nm, and a length of about 5 μm. Titanium 
tetra-isopropoxide/TTIP (0.96 g/mL) as titanium precursor and methylene blue 
(MB) were purchased from Sigma Aldrich. Sodium dodecyl sulphate (SDS; 99%) 
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and ethanol were purchased from Merck as dispersant and reducing agent, 
respectively.  

2.2 Microwave Synthesis of f-MWCNT/TiO2 Hybrids 

f-MWCNT was synthesized using a polyol procedure as reported by Yudianti, et 
al. [20,21]. TTIP (Ti[OCH(CH3)2]4) was dissolved in ethanol (50 mL) and then 
dispersed through ultrasonication for 3 h at room temperature [20]. The f-
MWCNT (10 mg) was dispersed in 50-mL ethanol containing SDS (5 mg) for 3 h 
at room temperature. The f-MWCNT solution was added drop-wise to the TTIP 
solution with stirring for 2 h. The mass ratios of the f-MWCNT/TTIP components 
are reported in Table 1. A hybridization reaction occurred under microwave 
heating, with energy introduced for 6 min, after which the suspended solution 
showed a color change from black and white to dark grey. After microwave 
heating, the f-MWCNT/TiO2 nanocomposite was annealed stepwise at 100 °C (24 
h) and subsequently calcinated at 500 °C (1h).  

Table 1 Composition of the f-MWCNT/TiO2 nanocomposites. 

Sample Materials hybrids Ratio (wt.%) 
A f-MWCNT:TTIP  1:2 
B f-MWCNT:TTIP 1:4 
C f-MWCNT:TTIP  1:8 
D f-MWCNT:TTIP  1:16 

2.3 Structure and Morphological Surface Analysis 

The morphological surface and distribution of TiO2 on the f-MWCNT surface 
were observed by SEM (JEOL JSM-IT300) at 15 kV and TEM (FEI Tecnai G2 
20 S-Twin) at 200 kV, respectively. The TEM samples were dispersed in ethanol, 
then dropped onto Cu-grid carbon before drying at room temperature. Chemical 
composition analysis was performed using XPS (JEOL JPS-9010) with an Mg 
Kα 1243.6-eV radiation source. We used sample D as representative of the 
nanocomposite materials for XPS measurement. Powder sample D was stuck on 
indium paste prior to performing the measurement.  

The nanocomposite structures with various mass ratios were characterized by 
XRD (PANalytical Empyrean Philips) using Cu-Kα with a wavelength (λ) of 1.54 
Ǻ at 30 mA and 40 kV.  The phase composition of TiO2 crystallite was 
characterized by XRD–Rietveld refinement and selected-area electron diffraction 
(SAED) analysis. The mean crystallite size was calculated with the highest peak 
using Scherrer’s equation for a given phase (q) and full width at half maximum 
(FWHM; β) after correcting the instrumental broadening with the following Eq. 
(1): 

 D = 0.89 λ /(β cos(q))                (1) 
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2.4 Photocatalytic Activity Test 

Photocatalytic activity was evaluated by measuring the decomposition of MB 
(10 µM) under UV irradiation. Commercially available UV light (15W, 
nm) was used in the experiment. A suspension was prepared by mixing 
1.2 mg of photocatalyst with 50 mL of MB solution. Before measurement, the 
suspension was magnetically stirred in a dark chamber until its absorbance 
became constant to ensure that physical adsorption would not play any role in 
reducing the concentration of MB. Changes of the concentration of MB were 
observed based on its characteristic absorption (At) at 658 nm using a UV-vis 
spectrometer. Thus, the photo-degradation efficiency was obtained with the 
following Eq. (2): 

 R = (Ao – At) /Ao × 100%  (2) 

3 Results and Discussion 

3.1 Morphological and Structural Analysis 

In general, the crystallographic structure of an inorganic constituent is analyzed 
by XRD. The diffraction patterns of the f-MWCNT (Figure 1) show two main 
peaks, which are the highest peaks as a carbon diffraction plane from (002) (2θ = 
26.1°) and a carbon diffraction plane from (100) (2θ = 44.3°) of the hexagonal 
structure (ICDD No. 00-075-1621). The diffraction patterns of the hybrid 
nanocomposites were observed from samples A-D when TiO2 coated the f-
MWCNT surface. Some of the diffraction peaks corresponding to the crystalline 
phases of TiO2 were comparable to those recorded for the standard crystals of 
anatase (ICDD No. 00-021-1272), rutile (ICDD 00-021-1276), and brookite 
(ICDD No. 00-029-1360). For samples A-D, the carbon diffraction of the f-
MWCNT peak at approximately 2𝜃 = 26.1° could not be clearly detected due to 
the possibility of overlapping with the high intensity of the TiO2 peak [22].   

According to our XRD–Rietveld refinement, samples A-B contained mixed 
phases of anatase and brookite, represented by the highest diffraction plane (101) 
of anatase (at 2θ = 25.48°) and (111) brookite, respectively. This may 
coincidentally overlap with the lattice diffraction of the (002) hexagonal carbon. 
The two known titania phases, anatase (tetragonal) and brookite (orthorhombic), 
were obtained via XRD and Rietveld refinement. The shoulder peak of samples 
A-B disappeared when the TTIP concentration increased, and a gradual 
transformation to complete anatase could be observed with respect to diffraction 
planes of (101), (004), (200), (105), (211) and (204), which is in good agreement 
with the anatase standard ICDD 00-021-1272 [23].  
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Figure 1 X-ray diffraction patterns of the MWCNT-TTIP nanocomposites at 
different ratios: (A) f-MWCNT, (B) sample A, (C) sample B, (D) sample C, (E) 
sample D. 

For low mass ratio nanocomposites (samples A and B), anatase is the main 
contributor with approximately 71 and 89 wt.%, while brookite presents a small 
contribution of approximately 29 and 11 wt.%, respectively. The crystallite size 
was calculated using the Sherrer equation; the highest intensity was used for 
measuring the FWHM of the main peak. Gradual increase of the anatase-
crystallite size resulted in sizes of approximately 7.0, 7.5, 7.9 and 10.2 nm for 
samples A, B, C, and D, respectively. The brookite-crystallite size is also 
indicated for sizes of 6.25 and 10.5 nm, respectively, for samples A and B. X-ray 
analysis revealed that the structural transformation from mixed phase (samples 
A-B) to fully anatase phase (samples C-D) was influenced by the precursor 
concentration when all the samples were heated to 500 °C. Previous studies also 
demonstrated crystal transformation could be achieved via heating treatment 
[19,24] and acid-assisted hydrothermal treatment [25]. 

From the SEM images (Figure 2), the morphology of the hybrid f-MWCNT/TiO2 
showed different distribution levels of TiO2 nanoparticles on the f-MWCNT 
sidewall at different mass ratios of TTIP precursor. Sample A showed a 
continuous polymer matrix covering the nanotube network. Some agglomerated 
TiO2 particles can clearly be seen at a few different locations in the image. When 
the TTIP concentration increased, an aggregate of white TiO2 particles tended to 
grow randomly on the carbon fiber network and the continuous matrix 
disappeared (sample B). Nanoparticles growing on the surface of nanotubes 
thickens the nanotubes, which can also clearly be seen in the SEM image. 
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Figure 2 SEM images of TiO2 on the CNT sidewall with different mass ratios: 
(A) sample A, (B) sample B, (C) sample C, and (D) sample D. 

Moreover, TiO2-nanoparticles growing on the sidewall were observed in the TEM 
images (Figure 3). Deposition of TiO2 on the carbon support indicates a 
successfully formed hybrid structure. Samples B, C and D were selected as 
representative microscopic nanocomposites and compared with the f-MWCNT 
with a diameter of 32.0 nm.  

 
Figure 3 TEM images: (A) f-MWCNT, (B) sample B, (C) sample C, (D) sample 
D; SAED patterns of the MWCNT-TiO2 nanocomposites: (E) f-MWCNT, (F) 
sample B, (G) sample C, (H) sample D. 
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The TiO2 nanoparticles of sample B comprised a considerable number of 
heterogeneous structures with sizes of approximately 7.2 nm on average, which 
was less than those of other samples. An increase in the mass ratio of TTIP allows 
the nanoparticles to grow uniformly to an average size of 7.8 nm on the sidewall 
of the nanotube, as shown by sample C. Highly dense and large-sized spherical 
TiO2 nano-particles with a size of approximately 9.4 nm were observed in sample 
D. 

SAED patterns corresponding to the crystallographic structure of the hybrid 
nanocomposite are shown in Figures 3 (E, F, G and H). Spot-diffraction patterns 
of individual f-MWCNT can be observed in Figure 3E. Spot-diffraction patterns 
related to the multi-wall structure, which is perpendicular to the nanotube axis, 
were identified. The spot distribution provides information about the inter-layer 
distances between the f-MWCNT walls. The ring spot diffraction patterns from 
samples B, C, and D reveal crystal transformation from mixed to fully anatase 
phase. A polycrystalline structure is indicated by diffused spotting at low 
concentrations, which gradually transforms to a state of high crystallinity with 
high brightness of the spot pattern (sample D). This trend suggests that the mass 
ratio between f-MWCNT and the precursor affects the crystallite size and phase 
of TiO2. Similarly, phase transformation can be observed with respect to the mass 
ratio of TiO2 and benzoic acid [26]. Another discussion is related to the effect of 
molar ratio on the photocatalytic activity of TiO2 thin film [27,28]. 

From HR-TEM image (Figure 4), the inter-planar spacings of sample B were 
3.541 and 3.568 Å, which corresponds to the d101 of tetragonal TiO2 (anatase). 
Inter-planar spacings of 3.480 and 3.512 Å were identified from sample B, which 
correspond to the d111 and d120 of orthorhombic TiO2 (brookite).  

 

Figure 4 HR–TEM images of the TiO2/f-MWCNT nanocomposite: (A) sample 
B; (B) sample C. 

This is in accordance with the XRD profile of sample B, in which mixed phases 
were observed. Furthermore, the particle sizes and their distribution were 
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statistically measured using the Image-J software. We obtained average particle 
sizes of 7.17 ± 2.01, 7.88 ± 1.99 and 9.38 ± 1.77 nm for samples B, C and D, 
respectively. These particle sizes are also in agreement with the XRD–Rietveld 
refinement of TiO2 anatase. 

3.2 UV-vis Spectroscopy Analysis 

Photocatalytic activities of the TiO2/MWCNT nanocomposite were studied using 
UV absorption, photodegradation efficiency, and kinetic rate constant (Figure 5). 
As control, MB degradation was also included, representing the absorption 
spectra of dyes under UV light irradiation without photocatalytic material (Figure 
5(a)). Changes in absorbance at 658 nm as the wavelength of MB characteristic 
peaks were used to observe progressive dye decomposition by increasing the 
exposure time up to 120 min.  Prior to photodegradation measurement, changes 
in the spectra due to physical adsorption were also investigated. As illustrated in 
Figure 5(d), after dark conditioning, there was a decrease in the At/A0 ratio for 
samples A, B, C by about 15, 5, and 33%, respectively. This indicates a strong 
influence of f-MWCNT’s ability to adsorb MB molecules. MB molecules can be 
adsorbed through π-π stacking interactions of the aromatic groups. Meanwhile, 
from Figure 5(d), sample D did not show dye absorption after dark conditioning. 
The constant At/A0 for sample D is attributed to dense growth of TiO2 on the f-
MWCNT’s surface, reducing the accessibility of dye molecules to be adsorbed 
by the f-MWCNT.  

 

Figure 5 UV-vis absorption spectra for sample without photocatalyst (a), sample 
B (b), and sample D (c). Adsorption and photodegradation of MB (d) and kinetic 
rate constant and degradation efficiency (e and f) of the photocatalyst samples. 
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In Figure 5(e), the kinetic plots of ln (A0/At) against time of irradiation (t) of all 
samples show a gradual increase in rate constant from 8 to 32 x10-4 min-1 for 
samples A-C. The value spiked to the highest rate constant (83 x10-4 min-1) in 
sample D. This trend could be related to the predominant existence of pure 
anatase phase and massive growth of TiO2 particles on the f-MWCNT surface for 
sample D. Since the rate of MB degradation via heterogeneous photocatalytic 
degradation is determined by the fraction of the catalyst surface covered by 
synthetic dye [29], a high kinetic rate constant would also result in an increase in 
photodegradation efficiency. Form Figure 5(f), sample D showed adequate 
photodegradation efficiency at about 61 %, compared to only 15% for sample A. 
The dominance of anatase phase in the photoactivity is similar to a previous 
study, which found that anatase exhibited two times higher catalytic activity 
compared to rutile phase [30]. In addition, according to Carrera, et al. [31], 
anatase is thermodynamically stable at sizes of less than 11 nm. Regarding this, 
sample D had a particle size of 9.38 nm.  

3.2.1 X-Ray Photoelectron Spectroscopy Analysis 

In addition, the TiO2/f-MWCNT surface was observed by TEM, and the binding 
energies of the nanocomposite elements were verified by other techniques. XPS 
measurement analysis is a technique to identify the binding energy of elements 
that exist within the nanocomposite (Figure 6). We used sample D as 
representative for the nanocomposite materials. Based on the spectrum scan, the 
nanocomposites contained C, O and Ti elements consisting of C 1s, O 1s and Ti 
2p regions. The C 1s spectrum was deconvoluted into complex peaks at 284.5, 
285.9, 286.3 and 289.1 eV, which were assigned to (C–C), (C–O), (C=O) and (–
COOH) groups, respectively. Oxidation of MWCNT resulted in reactive groups, 
i.e., (C–C), (C–O), (C=O) and (–COOH) on polar surfaces, which are ideal for 
adsorbing TiO2 nanoparticles. The ethanol used during the synthesis facilitates 
the adsorption of precursor on the f-MWCNT, where nucleation and 
crystallization of TiO2 nanoparticles occurs on the f-MWCNT’s surface. 

The existence of reactive groups on the f-MWCNT’s surface causes TiO2 
binding, such as a thin layer covering the f-MWCNT’s surface. –COOH 
functional groups on the f-MWCNT’s surface may have reacted with the–OH 
groups on the Ti precursor through esterification to form O=C–O–Ti bonds.  XPS 
spectra of a narrow scan of the O 1s region are shown in Figure 6B. The O 1s 
region can be deconvoluted into three different peaks. The peak at around 530.1 
eV is attributed to the Ti–O–Ti bond of TiO2, which means that the chemical state 
of the oxygen is the same as the chemical state of the main lattice oxygen in TiO2. 
The other peaks were located at around 531.9 eV and were assigned to the binding 
energy of the C=O and hydroxyl group of C-OH at around 533 eV. Figure 6C 
shows two typical peaks located at binding energies of 459.2 eV and 464.8eV, 
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which were assigned to Ti 2p3/2 and Ti 2p1/2, being in agreement with the value 
of Ti4+ in the TiO2 lattice [32]. It was observed that two peaks of Ti 2p were 
slightly shifted up compared with pure TiO2.  

 

Figure 6 Deconvoluted XPS spectra of (A) C 1s, (B) O 1s, (C) Ti 2p, and (D). 
Deconvoluted XPS spectra of the Ti 2p region for sample D. 

Theoretically, the TiO2 bonding energies (Ti2p 3/2 and Ti2p 1/2) are centered at 
458.4 and 464.2 eV with their difference being 5.8 eV [33]. The shifting indicates 
that the Ti atom present in TiO2 coated f-MWCNT has a different chemical 
environment compared with Ti present in pure TiO2. This is probably due to 
strong interaction between the TiO2 and the f-MWCNT through Ti-O-C 
formation. A small positive displacement was observed, suggesting that the 
electronic interaction between the TiO2 and the f-MWCNT substrate has a close 
interaction with the nanotubes and the TiO2 [34]. Combining the XPS spectra and 
the fitting curves of C 1s and O1s indicated the presence of Ti-O-C bonds in the 
Ti-O area. The TiO2 coating the f-MWCNT’s surface indicates that there was 
good interaction between the TiO2 and the f-MWCNT through Ti-O-C bonds, as 
found previously by Cong Ye, et al. [35]. In this case, interfacial charge transfers 
of TiO2/f-MWCNT nanocomposite are very likely to occur, wherein f-MWCNT 
inhibits the electron-hole recombination. 

4 Conclusion 

In this study, we successfully synthesized a hybrid nanocomposite of f-MWCNT-
TiO2 by microwave heating irradiation. The weight ratio of f-MWCNT-TTIP 
precursor is crucial in controlling the TiO2 crystal size and phases. A high ratio 
of TTIP results in large-size and dense growth of TiO2 particles on the f-
MWCNT’s surface. The results showed that anatase significantly influenced the 
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photocatalytic activity. The TiO2-f-MWCNT nanocomposite had strong 
interaction through Ti-O-C bond formation.  
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