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ABSTRACT 
ZnO can be made into many nanostructures that have unique properties for advanced applications, such as pie-
zoelectric and pyroelectric materials. ZnOnanorod is one of the nanostructures that possess advanced properties. 
This paper reports a gas phase flame process to continuously synthesize aerosols of ZnOnanorods in large quan-
tities. Unlike previous work, our process shows that pure ZnOnanorods can be made in a freestanding form ra-
ther than growing on a substrate surface. It was found that the ZnOnanorods preferentially grow in the ther-
modynamically stable direction [001] in the gas phase with different aspect ratios, depending on flame process 
conditions. The ZnOnanorod aerosols are highly crystalline and have a hexagonal geometry. Raman and photo-
luminescence spectroscopic studies showed that there are no structural defects in the nanorods, which have 
energy band gap of 3.27 eV in the near UV region. It was demonstrated that the gas phase flame reactor can 
provide a convenient means for continuous production of highly pure aerosols of ZnOnanorods. 
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1. Introduction 
ZnO is an II-VI semiconductor with a large band gap 
(3.37 eV) that can be excited by using short wavelength 
emissions such as UV radiation at room temperature. It 
has a Wurtzite structure and belongs to the non-centro- 
symmetric point group of 6 mm [1]. This property makes 
ZnO a highly suitable material for piezoelectric and py-
roelectric applications. Due to its high photon emission 
efficiency, ZnO can be considered as a substitute materi-
al for TiO2 used in many photocatalytic applications [2,3]. 
It has also been demonstrated to be a promising photoa-
node material in dye-sensitized solar cells [4]. By the 
addition of suitable dopants, its band gap can be changed 
and hence its photonic properties can be altered [5,6]. In 
addition, ZnO and its composites have been used for gas 
sensing applications [7]. Based on the applications for 
which it is being used, ZnO can be made into various 
nanostrucutures such as nanoparticles, nanorods, nano-
belts, nanocombs and nanocages [1]. 

However, synthesis of highly pure ZnOnanorods has  

not been very successful in a continuous process. They 
have been studied in various processes such as flame 
spray pyrolysis (FSP), laser ablation plume, metalorganic 
vapor phase epitaxy (MOVPE), chemical vapor deposi-
tion (CVD), and surface growth in a counterflow diffu-
sion flame (CDF) [8-12]. ZnO has been also made by 
using a thermal plasma technique with or without sub-
strates [13,14]. Except the FSP and plasma technique, all 
others were surface techniques, meaning that the ZnO-
nanorods were grown on a support surface, making mass 
production of the material difficult. 

The FSP technique is a continuous process, but it can 
only produce a small percentage of rod shaped ZnO. Ini-
tial efforts were done by Akhtar et al. [15] and Tani et al. 
[16], but it was found that the formation process of the 
product cannot be controlled. To rectify this drawback, 
Height et al. [8] added dopants like In and Sn to promote 
the growth of ZnOnanorods in a specific direction. Al-
though the addition of dopants increased formation of the 
nanorods, it still cannot achieve all rod structures. In ad-
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dition, the dopants introduced impurities into the ZnO-
nanorods. Peng et al. [14] synthesized ZnOnanorods in a 
continuous process without support substrates by using a 
radio frequency thermal plasma system. They used Zn 
metal powders as the precursor. The metal was evapo-
rated in the hot plasmas and condensed into ZnO. The 
plasma technique involves evaporation of the metal first 
and is an energy intensive process.  

Previously, Xu et al. [12,17] used a CDF reactor to 
synthesize 1D nanostructures of ZnO and WO2. In both 
cases, a metal-coated substrate was used for preferential 
growth of 1D nanostructure with other chemical precur-
sors. The technique is a non-continuous surface tech-
nique, and the use of a substrate limits its production ca- 
pacity of the ZnOnanorods [14]. In a similar process, Rao 
and Zheng produced iron and copper oxide nanostruc-
tures in a flat flame by oxidizing a metal surface [18]. 
Most recently, iron oxide nanorods and MoO2 nanowires 
were grown in CDF flames by Merchan-Merchan et al. 
[19,20] by inserting their respective metal plates into the 
flames. Nanowires grow on the cold plates in a CVD 
process, but they must be placed at a precise location for 
the desired 1D nanostructure growth morphology [12, 
19]. 

In this paper, we report a study using a CDF reactor to 
produce pure ZnO aerosols in the shape of nanorods. 
Unlike the previous work, this work is a continuous, sub-
strate-free aerosol process, and is scalable to mass pro-
duction. It is shown that the CDF reactor can be used to 
produce high crystalline ZnOnanorods in freestanding 
form. It is also shown that, by varying the different 
process parameters, the size of nanorod aerosols can be 
controlled to certain degree. 

2. Experimental Methods 
2.1. Flame Reactor and Nanorod Synthesis 
This work employed a rectangular CDF reactor, first de-
veloped by Chung and Katz [21] to study the nucleation 
of refractory compounds, and later redesigned by Xing et 
al. [22,23] to produce nanoparticles of different mor-
phologies. An illustration of the CDF reactor is shown in 
Figure 1. The CDF reactor consists of two vertical 
channels of rectangular cross sections that are positioned 
opposite to each other. The rectangular channels (100 
mm × 10 mm) have a high aspect ratio (10:1), which 
makes the dimension of one of the sides negligible in the 
morphology evolution of nanoparticles [23]. Hydrogen 
diluted with nitrogen in one channel and oxygen diluted 
with nitrogen in the other are introduced into the reactor 
at specific flow rates. A uniform and flat flame is formed 
in between the channels. Adjusting the flow rates of the 
gases can control the flame location. The flame estab-
lished produces a temperature gradient between the  

 
Figure 1. Sectional illustration of the CDF reactor and the 
particle collector, showing gas flow streamlines and the 
particle flow configuration. Aerosols produced are ejected 
at the particle stagnation plane (PSP). The produced aero-
sols are pumped out with the gases after combustion, and 
are collected on a filter installed downstream. 
 
channels. Particle morphology can be controlled using 
the CDF reactor because of the different chemical envi-
ronment present on either side of the flame [23]. In this 
experiment, the Zn precursor was introduced to the hy-
drogen side (see Figure 1). 

To synthesize ZnOnanorods, diethyl zinc (DEZ, Sigma 
Aldrich) was used as the chemical precursor. DEZ is a 
highly volatile and flammable liquid. In use, DEZ was 
diluted with hexane in a glove box in the ratio of 1:1 for 
easy handling. The solution is then filled in a gastight 
syringe and introduced into the reactor using a syringe 
pump. This setup helps in adjusting the precursor flow 
rate with precision. The combustion gases are hydrogen 
(UHP grade, Airgas) and oxygen (HP grade, Airgas), 
both diluted with nitrogen (UHP grade, Airgas).  

To study the effects of various process parameters, 
three types of experiments were performed: 1) Effect of 
gas flow rate; 2) Effect of precursor flow rate; 3) Effect 
of dilution. For each experiment, we conducted two runs. 
To evaluate the effect of a particular process parameter 
on ZnOnanorod growth, experiments were designed in 
such a fashion that the other parameters were kept con-
stant. For example, to study gas flow rate, the dilution 
and the concentration of the precursor, i.e., the ratio of 
the precursor flow rate to the combustion gas flow rate 
was kept constant. Similarly, to study the precursor flow 
rate the concentration of the precursor was varied at con-
stant gas flow rates and dilution. The dilution studies 
were done at two flow rates of N2 (in H2 stream or in O2 
stream) dilution. The experimental conditions used to 
produce ZnO are shown in Table 1. 

The Zn precursor fed to the H2 stream and carried into 
the reactor and react to form the ZnO aerosols. The 
aerosols produced were collected on a filter paper in a 
self-made nanoparticle collector (see Figure 1). The col- 
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Table 1. Process parameters used for synthesis of ZnOna-
norods. The gas flow rates are in L/min and the precursor 
(DEZ) flow rate in mL/hr. 

Run# 
Condition A Condition B 

H2 
N2 

(H2) 
N2 

(O2) 
O2 DEZ H2 

N2 
(H2) 

N2 
(O2) 

O2 DEZ 

1 1.0 1.5 0.5 1.0 2.0 2.5 3.75 1.0 2.0 5.0 
2 2.0 3.0 1.0 2.0 4.0 2.0 3.0 1.0 2.0 6.0 
3 2.0 3.0 1.0 2.0 4.0 2.0 4.0 1.0 2.0 4.0 

 
lector was installed on the sides of the CDF reactor and 
the combustion gases were pulled through a downstream 
filter using a vacuum pump. Filter paper membranes 
(Nylon, Millipore) of 47 mm in diameter were used. The 
porous membranes have 400 nm pores on average. The 
collection line was heated to ca. 90˚C to avoid any water 
condensation in the copper line. The filter paper is 
enough for collection of 200 mg powder at each time in 
the small-scale experiments. For large-scale production, 
larger filters or filter bags can be used, which can be ar-
ranged in series so that the continuous production is not 
interrupted. The thermophoretic sampling technique as 
reported previously [22] has also been used to collect the 
particles near the flame directly. 

2.2. Nanorod Characterizations 

X-ray diffraction (XRD) studies on the collected powders 
were carried out on a Philips X’Pert X-ray diffractometer 
with a 2θ angle varying from 6˚ to 90˚ at a scan rate of 
0.025 deg/s, using a Cu K-α radiation. The operating 
conditions for the diffractometer are 45 kV and 40 mA. 
A Tecnai F20 transmission electron microscope (TEM) 
was used to characterize the morphology and structures 
of the nanorods. TEM images obtained were analyzed 
using Image J (NIST), Digital micrograph (Gatan), and 
TEM image analysis (TIA). Fast Fourier Transform (FFT) 
in the digital micrograph and TIA software was used to 
obtain the selected area electron diffraction (SAED) pat-
terns. Crystal maker software was used to simulate the 
SAED patterns. Quantitative calculations have been done 
on the SAED pattern to determine the orientation of the 
nanorods. These calculations were then compared to the 
simulated results for accuracy. 

3. Results and Discussion 
3.1. Nanorod Morphology and Crystalline Phase 

Figure 2(a) shows a low magnification TEM image of 
the ZnO aerosols produced. It can be clearly seen that 
the aerosol powder produced has rod like nanostruc-
tures. Despite variations in aspect ratios, the aerosols 
can be characterized as ZnOnanorods. The ZnO powder 
from the collector was characterized by XRD to deter- 

 
Figure 2. (a) Low magnification TEM image of the collected 
ZnO aerosols showing rod like nanostructures. (b) XRD 
pattern of the highly crystalline ZnOnanorod without any 
impurities. 
 
mine their crystallinity and crystal planes. The results 
are shown in Figure 2(b). The peaks obtained in the 
XRD pattern are well indexed to the hexagonal wurt-
zite structure of ZnO, with lattice constants of a = 
0.3249 nm and c = 0.5207 nm [1]. The sharp peaks in 
the XRD pattern show that the ZnO powder obtained is 
highly crystalline. No peaks due to undecomposed Zn 
precursor or carbon (from hexane) are seen, indicating 
that the ZnO powder obtained is highly pure. As dis-
cussed earlier, ZnO finds various applications in the 
semiconductor industry where purity is an important 
requirement [24]. The flame process to make them in 
pure substance without adding a promoter or catalyst is 
advantageous. 

3.2. Effect of Gas Flow Rates 
It can be seen from Figure 1 that there is a layer that 
forms below the flame and is known as the particle stag-
nation plane (PSP). This PSP is formed due to the ther-
mophoretic effects of the particles. Generally in a CDF 
process the precursor reacts above the flame and forms 
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nuclei, which grow into aerosol particles. Particles exits 
out before they reach the PSP [22]. In other words, the 
distance between the flame and PSP may determine the 
size of the nanoparticles formed in this flame. The aver-
age velocity or momentum of the gas and its dilution rate 
can be calculated by using the gas flow rate and the area 
of the channel exit. The momentum ratio (on one side, 
say H2 side) is the sum of the gas momentum on the hy-
drogen side to the sum of the gas momentum on the 
oxygen side. The higher the momentum ratio is, the 
shorter the distance between the flame and PSP, which in 
turn leads to shorter residence time for the particles to 
evolve in the flame [23]. Calculating the momentum ra-
tios for Condition A and Condition B assuming a con-
stant channel exit, we can clearly see that momentum 
ratio is higher in the case of B than A, in the experimen-
tal run conditions listed in Table 1. 

Figures 3(a) and (b) show two typical TEM images of 
the ZnOnanorods synthesized in A-1 (i.e., condition A 
run 1) and B-1, respectively. In these two experiments, 
the Zn precursor concentrations were kept the same, but 
changes were on their momenta. The momentum ratio (ε) 
is the momentum flow rate (𝑃̇𝑃) of gases in the H2 stream 
to that in the O2stream: 

2 2H OP Pε =   .               (1) 

where 

,P mv=                   (2) 

.m pq=                  (3) 

and 
v q S=                  (4) 

with 𝑞𝑞 being the volumetric flow rate, 𝑣𝑣 the average 
velocity, 𝑚̇𝑚 the mass flow rate, and S the slot channel 
cross-section area. 

The momentum ratio calculations for A-1 and B-1 are 
shown in Table 2. The momentum ratio is 1.59 in A-1 
and that in B-1 is 2.49. The images clearly show that 
nanorods synthesized in B-1 are shorter than the nano-
rods synthesized in A-1. This is attributed to that the 
higher momentum ratio in B-1 results in a shorter resi-
dence time for the nanorods to grow. Hence, it can be 
said that higher gas flow rates result in shorter ZnOna-
norods under the given precursor feeding rate. 

3.3. Effect of Precursor Flow Rates 
This effect has been studied by varying the precursor 
flow rate and keeping the gas flow rates and dilution 
constant. As discussed earlier in the paper, precursor 
concentration, which is the ratio of the precursor flow 
rate to that of the combustible gas, is higher in the case of 
B-2 compared to condition A-2. Figure 4(a) corresponds to 
condition A-2 and Figure 4(b) corresponds to the condi- 

 
Figure 3. (a) ZnOnanorods synthesized at a lower gas flow 
rate (Condition A-1). (b) ZnOnanorods synthesized at 
higher gas flow rates (Condition B-1). Note that the pre-
cursor feeding concentration is the same for both experi-
ments. Scale bar = 100 nm. 
 

 
Figure 4. (a) ZnOnanorods synthesized at lower precursor 
flow rates (Condition A-2). (b) ZnOnanorods synthesized at 
higher precursor flow rates (Conditon B-2). Scale bar = 100 
nm. 
 
tion B-2, respectively. Images shown in Figures 4(a) and 
(b) demonstrate that, in case of higher precursor concen-
tration, much shorter nanorods were formed as com- 
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Table 2. Average velocity, molar flow rate, average momentum calculations for conditions A-1 and B-1*. 

 Gases Volumetric flow rate (L/min) Mass flow rate (kg/s) Average Velocity (m/s) Momentum flow rate (kg·m/s2) Momentum ratio 

A-1 
H2 + N2 2.50 3.28E−05 4.17E−02 1.36E−06 

1.59 
O2 + N2 1.50 3.42E−05 2.50E−02 8.56E−07 

B-1 
H2 + N2 6.25 8.19E−05 1.04E−01 8.53E−06 

2.49 
O2 + N2 3.00 6.85E−05 5.00E−02 3.42E−06 

 
pared to the lower concentration case. This can be attri-
buted to the fact that the number of ZnO nuclei forming 
in the case of condition B is much higher than that of 
condition A, and hence, the resulted morphology is ob-
served. 

While nucleation of such metal oxides in a gas phase 
should be very fast, their stable nuclei for growth are 
dependent on the concentration of the precursor [22,25] 
and some could become stagnant [26]. When the charac-
teristic time for reaction is fast, growth by collisions do-
minates the process [22]. What was evidenced is that the 
morphology of condition of B (Figure 4(b)) showed 
rough surface of the rods, whereas at low precursor con-
centration, crystal with defined surfaces were obtained. 
This observation can be also attributed to the outburst of 
aerosol formation in the higher concentration case, in 
which the primary particles aggregate but without enough 
time to recrystallize in the preferred growth direction. 
Such aerosols, although have a rod-like shape, would not 
be stable, and they would recrystallize if given enough 
time, which is still under study for aerosol nanorod sta-
bility in our lab. 

3.4. Effect of Gas Dilution 

The amount of dilution in the combustion gas determines 
the peak flame temperature [27]. Also, a higher dilution 
rate implies that the momentum ratio is higher in the case of 
B compared to A. Hence, we expect to see smaller parti- 
cles at higher dilutions (lower temperatures). Figures 4(a) 
and 5 show the nanorods synthesized at dilution rates of 
1.5 ( )( )22 2 HN Hq q  and 2.0, respectively. It can be clear- 
ly seen that much shorter nanorods with aspect ratios 
close to unity are formed at higher gas dilution rates, as 
expected. They are more like regular aerosols from a gas 
phase, showing partially round particles. The shorter na-
norods seen in this case could be a result of the dual ef-
fect of peak flame temperature and higher gas momen-
tum ratio. The probable mechanism for the growth of the 
ZnOnanorods will be further discussed below. However, 
an in-depth analysis and the exact growth mechanism 
have to be known to comprehend the effect of these pa-
rameters individually. 

3.5. Growth Mechanism of ZnOnanorods 
The TEM grids obtained from thermophoretic sampl- 
ing were used to study the growth mechanism of the  

 
Figure 5. ZnOnanorods synthesized at a higher dilution rate 
in Condition B-3 than A-3 (same as A-2). Scale bar = 50 nm. 
 
ZnOnanorods. A high-resolution TEM image shown in 
Figure 6(a) proves our previous conclusion that the 
ZnOnanorods produced are highly crystalline. These na-
norods were produced under run A-1 condition for the 
precursor flow rate and dilution studies. Calculations 
have been made using Image J, and it was found that the 
ZnOnanorods are approximately 10 nm in diameter. The 
FFT of the electron diffraction is shown in the inset of 
Figure 6(a). The circular spot on (002) indicates that the 
nanorod growth is parallel with it in plane direction [28]. 
Also, it can be seen that there is indeed a (001) spot on 
the SAED pattern, which is absent in the case of a HCP 
crystal. The presence of (001) spot indicates that the na-
norod obtained is really small and hence they are not 
enough planes that can destructively interfere with the 
diffracted waves from the (001) plane. This observation 
is consistent with previous studies that have shown the 
[001] direction is the preferential growth direction [1,13, 
29]. The [001] direction is also the most thermodynami-
cally stable direction for growth of ZnOnanords [1]. The 
relative growth rates for ZnOnanorods along different 
directions have been reported [28]. 

A head-on image taken from a ZnOnanorod standing inc- 
lined on the TEM grid support is shown in Figure 6(b), 
with its electron diffraction pattern in the inset. We can 
clearly see that the base of the nanorod is a typical hex-
agon with a width of 19 nm and a 120˚ angle. From the 
diffraction pattern and the image, it can be inferred that  
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Figure 6. (a) HRTEM image of a ZnOnanorods lying on the 
TEM grid and the electron diffraction pattern in the inset 
showing lattice spacing and growth directions. (b) HRTEM 
image showing the basal plane of a hexagonal shaped wurt-
zite crystal standing inclined on the TEM grid support and 
its electron diffraction pattern (inset) confirming the growth 
of ZnOnanorod along the [001] direction. 
 
the hexagonal shape is actually the basal plane of a hex-
agonally shaped Wurtzite structure; the longitudinal 
growth of the nanorod is along the [001] direction. It is 
also noted that in this case the zone axis for the diffrac-
tion pattern is also in the [001] direction. 

Wang [1] reported various growth directions for ZnO-
nanorods. Other than the {001} facet, the other facets along 
which the nanorods can grow are {010} and {210}, due to 
their lower surface energies. The image of Figure 6(a) 
shows a nanorod that is lying on its surface. From the 
SAED pattern and the TEM image it can be concluded 
again that the transverse growth direction of the nanorods 
is along the [010] direction and hence the surface facet is 
in the [010] direction. The results correspond well to the 
previous work on ZnOnanorods [1,30], despite that our 
nanorods grow without any heterogeneous surface nuc-
leation. Lattice spacing calculations showed 0.52 nm and 
0.28 nm, which correspond to the lattice spacing of the 

(001) planes and the (010) planes, respectively, in the 
hexagonal crystal (see Figure 6(a)). 

In the current work, from Figure 1, it can be seen that 
the precursor has been introduced from the H2 side of the 
flame. Kuniya et al. [31] studied the physicochemical 
properties of the DEZ in the presence and absence of 
hydrogen. Their studies showed that in the presence of 
hydrogen, DEZ decomposes above 200˚C into ethyl and 
zinc. Due to the high temperature gradient in the CDF, 
the zinc formed tends to vaporize as it moves towards the 
flame. The atomic zinc from the precursor reacts with 
H2O in vapor state and may form either Zn(OH)2 or ZnO 
from dehydration of Zn(OH)2. Xing et al. [23] studied 
the chemical environments present on the either side of 
the CDF flame. Their studies showed that on the H2 side 
of the flame, there is an increase in concentration of the 
water vapor from the channel to the flame and decreasing 
concentration of H2. Therefore, the reactions forming 
aerosols could be 

( )2 22Zn+2H O Zn OH +H→          (5) 

( ) 22Zn OH ZnO+H O→           (6) 

These reactions, however, should occur in a much 
shorter time scale than the particle growth, and the par-
ticle growth would effectively involve only ZnO. 

The temperatures in such hydrogen flames would be in 
excess of 2000˚C [32], which are higher than the melting 
point of ZnO (1970˚C). It also has to be noted that the 
melting temperature of nanoparticles should be much 
lower than their theoretical melting temperatures [33]. 
Hence, in this case we can assume that the melting tem-
perature of the ZnO formed is lesser than the flame tem-
perature. If there is formation of ZnO aerosols on the fuel 
side, they can still melt as they flow to near the flame. If 
they pass through the flame they would certainly melts. 
Therefore, recrystallization would be the mechanism for 
the nanorod formation, rather than grow by molecular 
deposition. This growth mechanism is similar to the 
growth of doped ZnO studies done by Height et al. [8] 
using a FSP process.  

As discussed earlier in the paper, ZnO exhibits a Wur-
tizite crystal structure and hence, when it recrystallizes it 
grows into a nanorod. The Wurtzite structure is aniso-
tropic and studies done by Baxter et al. [34] have shown 
that anisotropic structure grows by repeated nucleation 
and growth of the epitaxial hexagonal pyramids on the 
[001] plane. It was also shown that, irrespective of the 
growth mechanisms for the other faces of the ZnOnano-
rod, the normal growth direction is always dominated by 
the repeated nucleation and growth on the [001] plane. 

3.6. Optical Studies of the ZnONanorods 
Raman scattering experiments were done on the synthe-
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sized ZnO aerosols at room temperature. According to 
group theory, near the Brillouin zone, there are eight sets 
of optical phonon modes at the center of the Brillouin 
zone (Γ point) showing Raman activity [35], where 

1 1 1 22 2A B E EΓ = + + +          (7) 

The B1 modes are known as silent modes since they are 
inactive in the Raman spectra [14,36,37]. The A1 and 
E1modes are infrared active and split into two branches 
known as the transverse (TO) and longitudinal (LO) opt-
ical components. Figure 7(a) shows the Raman spectrum 
for the synthesized ZnOnanorods. A dominant, sharp and 
strong peak in the spectrum is seen at 437 cm−1, which 
corresponds to E2 optical phonon mode of the ZnO crys-
tal with a Wurtzite crystal structure. The additional peaks 
at 332 cm−1 and 389 cm−1 correspond to the 3E2H – E2L 
and A1 (TO) phonon modes of the ZnO crystal. In a typi-
cal ZnO crystal, there is another distinct peak at approx-
imately 559 cm−1 that corresponds to the E1 (LO) phonon 
mode. This particular phonon mode appears when there 
are structural defects (e.g., oxygen vacancies, zinc inters-
titials and free carriers) and impurities. From Figure 7(a), 
it can be clearly seen that this peak is not distinct. A 
higher intensity and narrow spectral width of E2 peak and 
a really weak E1 (LO) peak indicate that the ZnO synthe-
sized using this process is highly pure and without any 
oxygen vacancies. 

Further optical study was conducted using photolumi-
nescence (PL). Figure 7(b) shows the PL spectrum ob-
tained for the synthesized ZnO. The spectrum consists of 
a single peak at 387 nm in the UV region, which is the 
characteristic emission of ZnO due to the exciton com-
bination [38]. It can also be seen that there are no pre- 
dominant emissions from the visible region in the spec-
trum, which should correspond to intrinsic and extrinsic 
defects present in ZnO [38]. The Raman and PL results 
lead to our conclusion that there are no defects in ZnO-
nanorods synthesized in the CDF reactor and hence they 
are pure. 
Optical absorbance studies have been done on the 

ZnOnanorods to determine its band gap. ZnO is a direct 
band gap semiconductor and for a direct band gap semi-
conductor, the absorption coefficient varies with the band 
gap as 

( ) 1 2
0c E Eα  = −  .           (8) 

where α is the absorbance and c is a constant [39]. Hence, 
plotting α2 against the energy in eV and extrapolating the 
line to the energy axis should give us the value of the 
band gap. Figure 8 shows the absorption spectrum. It can 
be seen that the band gap of the synthesized ZnOnano-
rods is 3.27 eV. This value is less than the theoretical 
value of 3.37 eV as the technique employed may unde-
restimate the original value of the band gap [39]. Litera- 

 
Figure 7. (a) Typical Raman spectra of synthesized ZnO-
nanorods using a He-Ne (633 nm) laser line as the excitation 
source. (b) Photoluminescence spectrum of ZnO powder. 
 

 
Figure 8. Dependence of absorption coefficient as a function 
of light energy for ZnOnanorods, from which the band gap 
is determined. 
 
ture also states that measurement of band gap by this 
technique generally gives the value of the onset of the 
band gap rather than the original band gap. The square 
root dependence considered here is just valid for simple 
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parabolic band transitions but does not account for the 
excitonic and other broadening effects [40]. 

TEM grids obtained from thermophoretic sampling were 
used to study the growth mechanism of the ZnOnanorods. 
A high-resolution TEM image shown in Figure 6(a) 
proves our previous conclusion.  

4. Conclusion 
Aerosols of ZnOnanorods have been synthesized by us-
ing a CDF reactor. No carbon contamination from hex-
ane in the precursor was found from the XRD patterns, 
indicating that the nanorods were pure ZnO. The nano-
rods were found to be highly crystalline with a Wurtzite 
structure. It was shown that the size of ZnOnanorods can 
be controlled by varying process parameters like gas 
flow rate, precursor flow rate and dilution of the combus-
tion gases. TEM analysis and electron diffraction pat-
terns showed that the nanorods formed in the [001] di-
rection. Lattice spacing has been calculated to be 0.52 
nm and 0.28 nm, which corresponds to the (001) and (010) 
planes in the hexagonal crystal. Raman and PL spectros-
copic studies have shown that the synthesized ZnOnano-
rods are highly pure without notable structural defects 
and impurities. Optical absorbance studies have shown 
that the band gap of synthesized ZnOnanorods is 3.27 eV. 
The work demonstrated that the CDF reactor could pro-
vide a convenient means for large-scale continuous man-
ufacturing of aerosols of ZnOnanorods. 
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