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For the first time, zinc oxide (ZnO) nanoflowers on ZnO nanorods were produced on carbon nanotubes
(CNTs) synthesised from waste cooking palm oil precursor. First, CNTs were grown using a thermal
chemical vapour deposition method. Next, ZnO nanostructures were deposited using the sonicated sol-
gel immersion method and the prepared samples were characterised using electron microscopy, micro-
Raman spectroscopy and X-ray diffraction. The field electron emission properties of the samples
indicated that the ZnO nanoflowers grown on the CNTs had better emission performances than the
pristine aligned ZnO nanorods. The resulting CNTs/ZnO nanocomposite had reasonable turn-on and
threshold fields of 4.6 and 6.7 V/um, which corresponded with the electric fields required to create
current densities of 1.0 pA/cm? and 0.1 mA/cm 2, respectively. This study shows the important roles of

CNTs in ZnO nanoflowers growth and the abilities of CNTs to enhance ZnO emission properties.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The study of field electron emissions (FEE) is interesting due to
its wide range of applications, such as in flat panel displays and
high brightness electron sources [1]. Generally, the material used
as the electron emitter in this process may be damaged due to
current-induced heating [2]. Therefore, the chosen emitter should
have high mechanical and thermal strengths.

Generally, ZnO nanomaterials have good emissions properties
due to their excellent structures, which can be tuned into various
morphologies with high chemical, thermal and mechanical stabi-
lities [3,4]. However, the moderate turn-on field of ZnO nanos-
tructures (9.1 V/um at a current density of 103 pm/cm?) [5] and
limitations in their lengths (not more than 1-20 um) [6] have
impeded their application in FEE devices. Numerous modifications
of ZnO nanostructures have been conducted to enhance FEE
properties, such as density controlling and oxygen treatments
[7], length controlling treatments [8] and composition alterations
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using amorphous carbon [9]. However, these approaches are not
simple and are expensive because they require high temperature
and pressure during the fabrication process.

On the other hand, carbon nanotubes (CNTs) are good emitters
for FEE devices due to their high aspect ratios, chemical stability,
thermal strength and high mechanical strength. However, their
low resistance to ambient oxygen results in the degradation of the
CNTs emitter [10]. Combining CNTs and ZnO into nanocomposites
significantly affects the electron emission performances of com-
posite materials [11]. Numerous synthesis methods, including
simultaneous and sequential processes, have been conducted to
fabricate CNTs/ZnO nanocomposites. The simultaneous deposition
of CNTs/ZnO nanocomposites via chemical vapour deposition
(CVD) has been reported [12]. Although the simultaneous process
is generally a simple approach, controlling and diversifying the
morphologies of the CNTs/ZnO nanocomposites was difficult, and
mainly ZnO nanoparticles were deposited. The preparation of
CNTs/ZnO using a sequence process could control the morpholo-
gies of the CNTs/ZnO. Previously, the formation of cone and
hexagonal-type ZnO nanorods (ZNRs) on CNTs enhanced the FEE
properties of CNTs/ZnO nanocomposites [13].

In this study, for the first time ZnO nanoflowers (ZNFs) were
successfully grown on ZNRs in the presence of CNTs, and this
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nanocomposite material exhibited an enhanced FEE performance.
The synthesis of ZnO nanostructure on CNTs was achieved using a
low-cost sonicated sol-gel immersion method. The CNTs were
initially synthesised from a natural precursor, waste cooking palm
oil (WCPO), using the thermal CVD (TCVD) method. The use of
such waste material highlights for both environmental and eco-
nomic benefits. A proposed growth mechanism for the CNTs/ZnO
nanocomposite is presented.

2. Experimental

The growth of ZnO nanostructures on CNTs was performed in
three steps. First, the CNTs were synthesised on 2 x2cm? Si

substrates from the WCPO precursor in a 2-stage TCVD furnace
(similar to the experimental set-up reported in [14]). Next,
magnesium zinc oxide (MgZnO) seeded catalyst was coated on
the as-grown CNTs using spin coating. Then, ZnO nanostructures
were grown on the MgZnO-coated CNTs using an immersion
method. Details of the coating and immersion processes were
previously reported in [15]. Finally, the CNTs/ZnO samples were
collected and rinsed with deionised water before annealing at
500 °C for 1 h.

Field emission scanning electron microscopy (FESEM-QUANTA
450 FEG), high-resolution transmission electron microscopy
(HRTEM-JOEL-2100), micro-Raman spectroscopy (Renishaw InVia
microRaman System) and X-ray diffraction (XRD) (PANalytical
X'pert Pro XRD) were used to determine the morphologies of the

Fig. 1. (a) CNTs on Si substrate, (b) HRTEM of CNTs, (c) MgZnO-coated CNTs, (d) and (e) growth of ZNFs on ZNRs and (f) illustration of CNTs/ZnO configuration.
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samples and to identify their phases. Ultimately, the FEE measure-
ments were conducted to investigate the emissions properties of
the samples (see Supplementary material for details regarding the
FEE measurement set-up).

3. Results and discussion

The FESEM images of the prepared samples are shown in Fig. 1.
Vertically aligned CNTs were grown with diameters of 20-40 nm
and lengths of 15.5-18.2 pm (Fig. 1(a)). One critical observation
using HRTEM analysis (Fig. 1(b)) revealed that the multi-walled
CNTs consisted of approximately 20 layers. The inner diameter of
the tube was 13.6nm, and the distance between the walls was 0.28
nm. The MgZnO nanostructures grew unevenly on the CNTs, as
shown in Fig. 1(c). The uneven surfaces of the CNTs potentially
contributed to the uneven growth of MgZnO, in contrast with the
deposition of MgZnO on a bare Si substrate (Fig. S1) (further
explanations are provided in Supplementary material). The sub-
sequent growth of ZNFs on the initially produced ZNRs is shown in
Fig. 1(d) and (e). The ZNFs constructed of rod structures had
diameters of 46.9-82.7 nm, while the average diameter of the
aligned ZNRs was 128 nm. The agglomeration of the MgZnO
nanoparticles likely contributed to the larger diameters of the
ZNRs. The sample configuration is shown in Fig. 1(f).

The micro-Raman spectra of the CNTs/ZnO sample (Fig. S2)
show the characteristic peaks of CNTs and ZnO (analysis details are
provided in Supplementary material). The Ip/I; ratio of the CNTs in
the composite sample was larger (0.86) than the pristine CNTs
(0.69). This result indicated that the defect level of CNTs was
higher after the deposition of ZnO. This was supported by the XRD
analysis (Fig. S3) where a broader peak for the carbon phase in the
sample indicated that the CNTs had moderate crystallinity after
combining with ZnO (see Supplementary material).

Curves of the current density (J) vs the electric field (E) from
FEE measurements of the pristine ZnO and CNTs/ZnO samples are
shown in Fig. 2(a). The turn-on and threshold fields of the CNTs/
ZnO sample were 4.6 and 6.7 V/um, which corresponded with the
electric field required to generate current densities of 1.0m, whi®
and 0.1 mA/cm?, respectively. The field enhancement factor (/3)
determined from the slope of the Fowler-Nordheim (FN) plot
(Fig. 2(b)) was 1217. Compared with the pristine ZnO (turn-on
6.9 V/um), the CNTs/ZnO sample showed better FEE performances.
Moreover, the threshold field of pristine ZnO could not be
determined because the maximum current density of the sample
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was only 1.1 pAjcm? at electric field of 7.0 V/um. The presence of
highly conductive CNTs provided more electrons in the sample,
decreased the work function and generated better ohmic contact
[16]. Therefore, lower turn-on and threshold fields and higher
emission currents were observed in the CNTs/ZnO nanocomposite
sample. In addition, the formation of ZNFs reduced the screening
effect of the densely aligned ZNRs, which is beneficial for the
electron emission process.

The mechanisms of ZNFs growth on ZNRs that were grown on
CNTs are proposed in Fig. 3. The CNTs/MgZnO-coated substrate
was immersed in a ZnO solution by allowing it to float while facing
downward, as shown in Fig. 3(a). Next, the zinc-
hexamethylenetetramine (Zn-HMT) complex interacted with the
MgZnO and CNTs (Fig. 3(b)). The HMT immediately attached to the
non-polar facets of ZnO, which resulted in hexagonal ZnO and
initially led to the formation of ZNRs (Fig. 3(c)). The typical
reactions that occur during the formation of ZNRs have been
reported [17]. The OH~ ions were believed to react with the CNTs
(Fig. 3(d)), which reduced the supply of OH™ during the formation
of the ZNRs. Here, we suggest the chemical reaction occurred
between OH™ and CNTs:

Zn** +40H~ +2C=Zn0+CO, +C+H,0+Hy +2e~ 1)

Due to the interactions between OH~ and CNTs, slow nuclea-
tion and agglomeration of ZnO nuclei occurred on the surfaces of
the ZNRs. Consequently, multiple growth unit orientations were
produced, resulting in the growth of ZNFs on the ZNRs [18].
Therefore, the presence of CNTs is important for the formation of
flower-like ZnO, and CO, and H, gases were released during the
reaction.

4. Conclusions

Flower-like ZnO was successfully synthesised on ZNRs on CNTs
by using the sonicated sol-gel immersion method. The Ip/Ig ratio
of the CNTs increased during ZnO synthesis, which indicated that
the as-grown CNTs were affected by the ZnO deposition and
annealing processes. Slow nucleation resulted from the interac-
tions between the ZnO precursor (OH™ ) and the CNTs resulted in
the formation of flower-like ZnO on the ZNRs. Therefore, the
presence of CNTs is important for the formation of flower-like
ZnO. This structure reduces the screening effects of ZNRs and
serves as a good electron emitter with a low turn-on field of 4.6 V/
pum and a high f value of 1217.
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Fig. 2. (a) J-E curves of pristine ZnO and CNTs/ZnO and (b) FN plot of CNTs/ZnO sample.
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Fig. 3. Schematic diagram of the possible growth mechanism of ZNFs on ZNRs by the presence of CNTs.
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