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Multi wall carbon nanotube (MWCNT) doped ZnO electrospun nanofibers prepared
using Zinc acetate dihydrate, polyvinyl alcohol (PVA) and the surface modified MWCNT as
precursors. The nanofibers prepared by precursor electrospinning were annealed at 460 'C in air
to produce doped nanofibers. According to scanning electron microscopy observations, diameter
of doped composite nanofibers varied from 120 to 300 nm. The presence of MWCNT in
nanofibers confirmed by Raman spectroscopy and TGA curve. Thermal behavior of the
composite nanofibers was investigated by thermal gravimetric and differential thermal analysis
(TGA-DTA). It was revealed a total weight loss of 55% with no variation in mass reduction at
temperature above 460'C. Scanning electron microscopy (SEM), X-ray diffractometry (XRD),
Fourier transform infrared spectroscopy (FTIR), and UV-Vis diffuse reflectance spectroscopy

(DRS) were employed to characterize the nanofibers properties. The analysis of the DRS data
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showed the energy band gaps were determined as 3.11 and 2.94 eV for pure ZnO and MWCNT
doped ZnO nanofibers, respectively. The FTIR spectrum indicates the formation of Zn-O bond
at 452 cm™. From XRD data, it was found that the MWCNT doped ZnO nanofibers are
crystalline with hexagonal wurtzite structure. The photocatalytic properties of the doped
nanofibers showed a better activity for the degradation of methylene blue under both UV and

visible light.
1. Introduction

Zinc oxide is an n-type semiconductor with a direct wide band gap and large exciton
binding energy [1]. Up to date, 1D ZnO nanomaterials have been successfully synthesized by
various methods for application in gas sensing [2], dye-sensitized solar cells [3], and
photocatalyst [4]. Photocatalytic property of ZnO nanostructures under UV irradiation for
degradation of organic pollutants, dye materials, and pesticides has been widely investigated in
the last decade. However, the major drawback in practical photocatalytic application of ZnO is
that it does not absorb visible light due to its high band gap energy and it is effective under UV
illumination. On the other hand, only approximately 4% of solar light contains UV radiation so
pure ZnO is not effective for dye degradation under solar radiation. Therefore, the development
of photocatalyst that is excited by visible light can overcome this problem. Up to date, various
efforts have been attempted to extend the light absorption of the ZnO to the visible region
including: ZnO doping by nitrogen converting ZnO from n-type to p-type [5], preparation of
(GaixZny) (N1xOx) from GaN and ZnO [6], synthesis of ZnO nanoparticles by dc thermal
plasma for better anti-bacterial ability in visible light [7], co doping of cadmium and copper
leads to Cd** incorporation into ZnO crystal structure and formation of shallow state below the

conduction band [8].



Hybrid of Carbon nanotube (CNT) with inorganic materials reviewed recently [9] and
they attracted much attention due to potential application in photocatalyst, gas sensors,
supercapacitors, and field emission devices. MWCNT-ZnO represents one of the most important
members of the MWCNT-inorganic composites family. Recently, studies indicate that
MWCNT-ZnO made by different preparation methods could possess unique properties which
are different from MWCNT and ZnO alone. Huang and his co-workers prepared spinous CNT—
ZnO composite materials by thermal CVD and investigate the field emission properties [10].
Zhang et al. deposited ZnO nanodots onto CNT films by ultrasonic spray as an electrode for
supercapacitor and showed better capacitive properties such as lowest interfacial electron
transfer resistance, very high capacitance and good reversibility in the repetitive
charge/discharge cycling test [11]. ZnO-CNT 3D hybrids were fabricated by Yan et al, show
revisable surface wettability between superhydrophility and superhydrophobity [12]. The
enhancement of photocatalytic property of CNT-ZnO prepared by sol-gel method [13], mild
hydrothermal conditions [14] and ZnO nanocrystals-coated MWCNTs composite [15] were also

studied.

Generally, one dimensional nanostructured materials, especially nanofibers have received
considerable attention because of their high surface to volume ratio (A/V) and long axial ratio.
These properties are important parameters for catalyst application. Among various nanofiber
synthesis methods [16], electrospinning is a relatively simple and inexpensive top-down method
for fabricating a variety of non-woven nanofibers [17-20]. In order to enhance the physical and
chemical properties of the electrospun nanofibers, doping with selected elements is an effective

method. Doped ZnO electrospun nanofibers with different metals and salts have been studied in



recent years and the results show that the properties of doped ZnO nanofibers improved as

compared with pure ZnO electrospun nanofibers [21-24].

The main goal of this study is to demonstrate that electrospinning, as an easily accessible
method, could be successfully employed to fabricate MWCNT doped ZnO composite Nanofibers
for photocatalytic activity under visible light. To the best of our knowledge, there is no previous
report on it. The produced nanofibers are characterized using a variety of analytical methods,
including raman spectroscopy, thermal gravimetric and differential thermal analysis (TGA-
DTA), field emission scanning electron microscopy (FE-SEM), X-ray diffraction (XRD), X-ray
photoelectron spectroscopy (XPS), Fourier transform infrared spectroscopy (FTIR), ultraviolet—
visible (UV-Vis) spectrophotometry, and photoluminescence spectroscopy. Subsequently, the
photocatalytic activity of both pure ZnO and MWCNT doped nanofibers was evaluated by
measuring the photo-degradation of methylene blue under the ultraviolet and visible photo

irradiation.

2. Experimental Procedure

2.1. Fabrication of pure ZnO and MWCNT doped ZnO nanofibers

In order to prepare MWCNT doped ZnO nanofibers, first, Pristine MWCNT (Diameter:
20-70 nm and Length: dozen micron) from Nano Carbon Technologies Company (Akishima-Shi,
Tokyo, Japan) were oxidized in a mixture of concentrated sulfuric and nitric acids (3:1, 98% and
69%, respectively, Sigma) at 50 ‘C for 6 h. Then the mixture was neutralized with sodium
hydroxide solution and the solution of oxidized MWCNTSs was vacuum-filtered. The filtered
solid washed with deionized water and finally, the oxidized MWCNTSs were dried in oven for 24

h at 100 "C. For preparation of MWCNT doped ZnO nanofibers by electrospinning, PVA with



molecular weight 75,000 and zinc acetate dihydrate ((CH3CO,),Zn.2H,0) and oxidized
MWCNT were used as the precursor materials. First, the 0.03 g MWCNT was dispersed in 4.5
mL distilled water by ultra-sonication for 90 min and then 0.5 g PVA added to it, followed by
constant stirring for 60 min at 65 'C. Then, 1 g zinc acetate was added to the PVA and MWCNT
solution with constant stirring for 100 min at about 80 "C to obtain a homogenous solution. Same

procedure was used to prepare pure ZnO nanofibers precursor without using of MWCNT.

The solution was loaded into a plastic syringe with a 0.7 mm diameter stainless steel
needle in horizontal direction respect to collector. A positive voltage 9 kV was applied to the
needle while the metal collector was at negative voltage. The feeding rate of the solution was
adjusted at a constant rate of a 0.4 mL/h. The distance between the tip of the syringe needle and
the rotating drum collector was fixed at 12 cm. The electrospun nanofibers were distributed
uniformly over aluminum foil that had been placed on the rotating drum and then as spun

nanofibers were calcinated at 460 'C in air with a heating rate of 4 ‘C/min for 2 hours.
2.2. Characterization

Surface morphology of nanofibers was studied by field-emission scanning electron
microscopy (S4160 Hitachi). The phase and crystallinity of the nanofibers were characterized
using X-ray diffractometer (PW 3710 Philips) with Cu Ka radiation (A=1.54056 'A). Raman
spectroscopy with a 1532 nm Nd YAG laser (LABRAM 800 HR) were used to study the
structure of MWCNT doped ZnO nanofibers. Thermal gravimetric and differential thermal
analysis (Rheometric Scientific STA1500) was used to determine the calcination temperature of
the as spun fibers. Measurements were conducted from 25 to 800 ‘C, using a heating rate of 10

‘C/min in air atmosphere. UV-Visible diffuse reflectance spectrum was recorded on AVA light



DH-S Spec 2048 spectrophotometer. FTIR spectra were recorded on a Perkin Elmer Spectrum
RXI for determining bond position in nanofibers. Photoluminescence spectroscopy (Varian Cary

Eclipse Fluorescence Spectrophotometer) is used for showing electrons and holes recombination.
2.3. Photocatalytic activity measurement

The photocatalytic activity of MWCNT doped ZnO nanofibers was examined using
methylene blue (MB) degradation in aqueous solution under both UV and visible light
irradiation. In dye degradation investigations by UV irradiation, the experiments were carried out
in 50 mL beaker charged with 20 mL of 10° M MB and 10 mg of nanofibers. Prior to irradiation,
the mixture solution was kept in a dark place for 60 min to obtain adsorption—desorption
equilibrium and the concentration of the solution was determined as initial concentration (Co) of
the dye solution. A UV lamp 15 W was placed at about 7 cm above the dye solution and
illuminate to sample for 120 min. Then a few milliliters of solution were drawn from the reaction
mixture by syringe and loaded in a UV-Vis spectrophotometer (Perkin Eelmer Lambda 950).

Degradation of dye under visible light was carried out by solar simulator (Luzchem's
SolSim) and using 10 mL of 10° M dye and 3 mg nanofibers. Poly carbonate filter is used to
eliminate any irradiation in UV region. The solution kept in a dark place for 60 min and then
illuminated by the power of 80 lux, and the distance between solar source and sample was 18

cm.

3. Results and discussion

3.1. Scanning electron microscopy

Figure 1 illustrates a typical FE-SEM image of the as spun nanofiber PVA/zinc acetate

and PVA/zinc acetate/MWCNT before calcination. As can be seen they are smooth without



presence of beads and aggregated MWCNT on the nanofibers compare to MWCNT-TIO,
electrospun fibers [25]. The diameters of the as spun fibers were in the range of 125-500 nm and
250-750 nm for the fibers without and with MWCNT, respectively. The diameters of the
calcinated fibers reduced to the 80-200 nm range and 120-300 nm for ZnO and MWCNT doped
ZnO nanofibers, respectively(figure 1(c,d)). The diameter reduction of the nanofibers after

calcination is due to the decomposition of PVA and the acetate group.
3.2. Raman spectroscopy

Raman spectroscopy analysis has been conducted on functionalized MWCNT and MWCNT
doped ZnO nanofibers for confirmation the presence of MWCNT in ZnO nanofibers as shown in
Figure 2. The Raman spectra of functionalized MWCNT show a G band at about 1582 cm™ and
at 1579 cm™ for MWCNT doped ZnO nanofibers that is corresponding to the E,, tangential
stretching mode of an ordered graphitic structure with sp? hybridization and a D band at about
1351 cm™ for functionalized MWCNT and 1342 cm™ for MWCNT doped ZnO nanofibers that is
originating from disordered carbon. The origin of this disorder band in the samples is due to the
defects in the nano tube wall created after oxidation by acid treatment [26]. Therefore, the
intensity ratio of the D over the G peak (ID/IG) band can be used to evaluate the degree of
disorder in the walls of the MWCNTSs. The D to G band intensity ratio for functionalized
MWCNT is 0.53, which is greater than that of the MWCNT doped ZnO nanofibers (about 0.48).
The peaks at 2760 cm™ for functionalized MWCNT and at 2698 cm™ is known as the G band.
This is one of the important bands in the CNTs which give information about the stress on the
CNTs. Here, there is a down shift in the G band after electrospinning that could be because of

stretching of MWCNT and slight residual tension in it [27]. This result reveals that the



electrospinning method shifts the G and D band of MWCNT and decreases the degree of
disorder of the MWCNTSs [28].

3.3. Thermal analysis

In order to confirm the loading of MWCNT in nanofibers, thermograviametric analysis of the
fibers were carried out. This technique was also carried out to determine the decomposition
temperature of the precursor and the suitable calcination temperature of the as spun nanofibers. It
is evident from TGA curve of pure ZnO and MWCNT doped ZnO nanofibers in figure 3 that
most of the organic belonged to PVA and CH3COOH group of zinc acetate are removed at
temperature below 460 "C in both samples. The difference of the remaining weight between these
two samples (35.6% for pure ZnO and 45.1% for MWCNT doped ZnO) at the plateau region at
460 'C is due to the MWCNT contents. Therefore, the MWCNT content in the nanofibers is
about 10 wt %. In the DTA curve of MWCNT doped ZnO, there are three exothermic peaks at
about 270, 370 and 450 'C, probably related to the decomposition of side chain and main chain of
PVA and zinc acetate [29]. The weight losses observed in the TGA graph are well matched with
the decomposition behavior in the DTA curve. It worth to note, there were no change in weight
loss at above 460 C, revealing that the calcination temperature at above 460 ‘C is needed to
remove the solvent and polymer as well as full decomposition of the zinc acetate into pure ZnO

phase.

3.4. X-ray diffraction

The XRD results for the ZnO and MWCNT doped ZnO nanofibers are presented in figure
4. From the XRD spectra, seven diffraction peaks corresponding to (1 0 0), (0 0 2), (1 0 1),

(102),(110),(103)and (11 2)planes were present, indicating formation of wurtzite type



structure after MWCNT doping, according to JCPDS card No. 36-1451. In comparison with the
spectrum of pure ZnO nanofibers, the intensity of diffraction peaks of MWCNT doped ZnO
fibers decreased, indicating that the degree of crystallinity of pure ZnO fibers were better than
MWCNT doped ZnO fibers. Furthermore, the full width at half maximum (FWHM) of the
MWCNT doped ZnO peaks became larger as compared with pure ZnO peaks. It suggested that
the grain size became smaller in ZnO doped nanofibers than in pure ZnO nanofibers as was also
seen by others [30, 31]. The lattice constants for MWCNT doped ZnO and pure ZnO nanofibers
were found to be a = 3.252 A, ¢ = 5.211 A and a = 3.248 A, ¢ = 5.211 A respectively, using

(100) and (002) peaks.
3.5. Fourier transform infrared spectroscopy

The formation of ZnO wurtzite structure in the ZnO and MWCNT doped ZnO
nanofibers in the range of 4000-400 cm™ wave number, after calcination at 460°C, was further
supported by FTIR spectra, as shown in figure 5. In FTIR spectrum of ZnO nanofibers, There are
two bands with very low intensity at 3408 and 2340 cm* corresponding to the H,O and CO; that
adsorbed on the surface of the samples. The band at 432 cm™ is due to the Zn-O stretching
mode, which indicates the formation of ZnO crystal. The peaks are in the approximately same
position in MWCNT doped ZnO nanofiber but the Zn—O peak at 452 cm™ is slightly shifted due
to the effect of doping [32]. No peaks corresponding to the functionalized MWCNT in the

nanofibers are observed, which may be due to the low MWCNT concentration in the samples.
3.6. Ultraviolet-visible spectroscopy

The inset of figure 6 depicts the absorbance data for the pure and MWCNT doped ZnO

nanofibers. WMCNT doped ZnO nanofibers revealed a higher absorbance in visible region as



compared to Pure ZnO nanofibers. The band gap energies of nanofibers were calculated from
(ohv)® vs. hv plot, where o is the optical absorption coefficient from the absorption data of DRS
(inset of figure 6) and hv is the energy of incident photon. The band gap energy (Eg) was
estimated by assuming a direct transition between valence and conduction bands from the

following expression [33]:
ahv =K (hv — Eg)l/z

where K is a constant and the intercepts of these plots afford an estimate of the optical band gap
energy of the corresponding samples as shown in figure 6. A value of 3.11 eV is obtained for
pure ZnO nanofibers while the corresponding value for the CNT doped sample is 2.94 eV.
Interestingly enough, the Eq value of the doped ZnO is lower than that pure sample. This can be
due to the formation Zn-C and Zn-O-C bonds between functionalized MWCNT and ZnO [34,

35]. A similar result was also reported by Akhavan et al. [36] for CNT doped TiO2.
3.7. Photocatalytic activity

Methylene blue (MB) has often been used as a model dye molecule for photocatalytic
degradation examination of semiconductors. The photocatalytic activity of pure ZnO and
MWCNT doped ZnO nanofibers were evaluated by the photocatalytic decomposition of MB dye
under the irradiation of UV lights. It is well established that the photocatalytic degradation of

MB is classified as the first-order kinetics defined by the following equation:
Ln(C/Co) = -kt

where Cy and C are the concentrations of the MB at t = 0 and at later time of t, respectively. In

this research, the quantity -Ln(C/Cy) was plotted as a function of the UV-irradiation time for



different samples (figure 7). A linear behavior is observed for samples and the results obey this
kinetics. According to the above experimental data analysis, the reaction rate constants (k) from
the slop of the linear fit were 0.00286 min™ for pure ZnO nanofibers and 0.01445 min™ for
MWCNT doped ZnO nanofibers. It is obvious that the rate of MB degradation by MWCNT
doped nanofiber is seven times more than pure nanofibers under UV illumination. As discussed
in section 3.4 the grains size of the MWCNT doped ZnO nanofiber are smaller than the pure
ZnO nanofibers, on the other hand as depicted in FE-SEM image the diameter of the doped
nanofibers is more than pure one. Therefore, the surface area of the MWCNT doped nanofiber is
more than pure one that resulted in higher MB absorption and enhanced photo-degradation
reaction of dye molecule on the surface of the MWCNT doped ZnO nanofibers. In addition to
the difference in surface area of both nanofibers, the presence of MWCNT may cause the
retardation of electron (¢) and hole (h*) recombination process and this is confirmed by PL
spectrum [37]. Figure 8 shows the emission band at 520 nm for MWCNT doped ZnO and pure
ZnO nanofibers. The PL intensity of the pure nanofibers is more than doped one, and the
reduction of PL intensity indicates the decrease of radiative recombination process. Thus, the
presence of MWCNTSs in nanofibers is detrimental in delaying e—h* recombination process
under UV light. Proposed mechanism for enhancing photocatalytic properties under UV
illumination of TiO,-CNT by Woan et al. [38] is shown in figure 10. In MWCNT doped ZnO
nanofibers, photogenerated electrons by ZnO after UV irradiation may move freely toward the
MWCNT surface and holes remain in ZnO valance band. Therefore, the possibility of e—h" pair
recombination is reduced and as a result the photocatalytic activity of MB degradation is
enhanced under UV light. The inset of Figure 7 depicts the UV-Vis spectrum of MB solution of

both nanofibers after keeping in a dark place for 60 min using a calibration height of 664 nm for



methylene blue characteristic peak. It is obvious that the MB absorbed on the surface of
MWCNT doped ZnO more than of pure ZnO nanofibers, and the height of the peak reduced
about 24% as compared to the absorption peak of the dye. This may be due to the oxidation of

MWCNT and the presence of surface alcohol, keton and acid groups.

The plot of -Ln(C/Cyp) vs. time of MB photodegradation by MWCNT doped ZnO is
depicted in figure 10. The MB degradation rate constant from the linear fit of the data is 0.00387
min? for MWCNT doped ZnO nanofibers The pure ZnO nanofibers had no effect on MB
degradation under visible light. From the DRS optical results, the band gap energy is narrowed
but the doped samples are not excited by the visible light. The mechanism that suggested by
Wang et al. [39] in figure 9 (b) for photocatalytic activity of TiO,-CNT under visible light,
proposed that MWCNT is acting as photosensitizer. Here, MWCNT may absorb the visible
irradiation and transfer the photogenerated electron into the conduction band of the ZnO and the
dye degrade on the surface of the ZnO and the positively charged CNTs remove an electron from

the valence band of the ZNO and leaving a hole.
4. Conclusions

MWCNT doped ZnO nanofiber were synthesized by electrospinning of the PVA/zinc
acetate/oxidize MWCNT precursors and subsequent calcination at 460 ‘C. The diameter of the
nanofibers was found to vary between 120 and 300 nm. FTIR analysis showed a sharp and strong
peak at 452 cm™ indicating the formation of Zn—-O bond. The hexagonal wurtzite structure was
not changed by the addition of MWCNT, but the transmittance of MWCNT doped ZnO
nanofiber is reduced upon the addition of MWCNT and the band gap energy shifted from 3.11 to

2.94. Photocatalytic activity of MB degradation was investigated in both UV and visible light.



The MWCNT doped nanofibers showed a better MB degradation rate under UV irradiation as
compared to pure ZnO nanofibers. The pure nanofibers have no activity in visible light, while the
MWCNT doped nanofibers degraded about 50% of the MB solution. Since the electrospinning is
relatively simple and inexpensive method for successful preparation of MWCNT doped ZnO
nanofibers, we believe that these nanostructures could be utilized in numerous applications and

especially for degradation of organic pollutants.
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Figure captions

Legends to the Figures:

Figure 1. (a)FE-SEM images of pure (a) and MWCNT doped (b) ZnO nanofibers before calcination;
pure (¢) and MWCNT doped (d) ZnO nanofibers after calcination.

Figure 2. Raman spectrum of pure and MWCNT doped ZnO nanofibers.
Figure 3. TGA-DTA of the as spun nanofibers with MWCNT dopant.
Figure 4. XRD patterns of pure and MWCNT doped ZnO nanofibers.
Figure 5. FTIR spectrum of pure and MWCNT doped ZnO nanofibers.

Figure 6. Plot of variation of (¢hv)? vs hv for pure and MWCNT doped ZnO nanofibers and UV-
Vis spectra of pure and MWCNT doped ZnO nanofibers (inset).

Figure 7. Variation of Ln(C/C0) vs. photo-irradiation time under UV light on the pure and
MWCNT doped ZnO nanofibers and MB absorption spectra of: Dye solution; Pure ZnO
nanofibers; and MWCNT doped nanofibers after keeping in dark for 60 min (inset).

Figure 8. Photoluminescence (PL) spectra pure and MWCNT doped ZnO nanofibers

Figure 9. MWCNT inhibition of recombination e /h* mechanism in the MWCNT doped ZnO
nanofibers under UV light (a) and Photosensitized mechanism of MWCNT in the MWCNT
doped ZnO nanofibers (b).

Figure 10. Variation of Ln(C/C0) vs. photo-irradiation time under visible light on the MWCNT
doped ZnO nanofibers.
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