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ABSTRACT 
 

Synthesis of ultrathin ZnO nanowires gains great attention from research community because of 
their large potential in applications involving optoelectronics and sensors. In this study, a low-
pressure and low-temperature hydrothermal synthesis of ultrathin ZnO nanowires is studied to 
understand the growth mechanisms better. To achieve this aim, an about 10 nm thin Zn seed layer 
was sputter-deposited on a silicon (100) wafer for the hydrothermal growth of ZnO nanowires in an 
equimolar aqueous solution of Zn(NO3)2 and hexamethylenetetramine. X-ray diffraction analysis 
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confirmed that the Zn layer was self-oxidized into ZnO in air soon after deposition and then 
functioned as the seed for the preferred growth of c-oriented ZnO nanorods. Different growth 
conditions were investigated to identify how concentration, temperature, and time influence the final 
morphology of the synthesized ZnO nanostructures. It was found that under the atmospheric 
pressure, concentration and temperature have to be higher than 0.0025 M and 50°C, respectively, 
for the ZnO nanorods to nucleate and grow densely. Low concentration gives sparse and randomly 
oriented nanorods, whereas high concentration gives dense and vertical nanorods. Ultrathin ZnO 
secondary nanowires with an average diameter of less than 20 nm were successfully synthesized 
in a solution with concentration of 0.005 M at 90°C for about 16 h. By analyzing the scanning 
electron microscopy images of the ZnO nanostructures obtained at different growth conditions, a 
mechanism is proposed for the growth of the ultrathin secondary ZnO nanowires. This finding 
provides a cost-effective and straightforward pathway to prepare ultrathin ZnO nanowires. 
 

 
Keywords: ZnO nanowires; growth parameters; growth mechanism. 
 

1. INTRODUCTION 
 
Materials based on ZnO nanowire (NW) is one of 
the most investigated nanomaterials for various 
sensing applications because of its exceptional 
physicochemical properties and ease of 
synthesis [1-3]. ZnO NWs with a diameter of 
about 20 nm have been a topic of interest for gas 
sensors for a while [4,5], and the diameter has 
been reduced to enhance gas sensitivity [6].  
 
Extensive work has been dedicated to the 
synthesis of ZnO NWs employing generally two 
methods: Vapour phase synthesis, which is also 
called chemical vapour deposition (CVD), and 
liquid phase synthesis [7]. CVD has been the 
most widely used method for growing high-
quality ZnO NWs [8]. In CVD, the vapour–liquid–
solid (VLS) mechanism is generally responsible 
for the growth of NWs via vapour phase 
synthesis, and the diameter of the NWs can be 
controlled by the size of the catalyst nanodots 
[9,10]. However, the substrate has to endure a 
high temperature, typically 900 – 950°C, in an 
oxidizing environment [11,12]. Thus, CVD is not 
a suitable method for flexible plastic substrates, 
and for other electrode material than refractive 
and noble material, such as Pt, that may have to 
be deposited prior to CVD in different sensor 
applications. On the other hand, the chemical 
synthesis pathways that use the liquid phase as 
a source for growing of ZnO NWs offer many 
advantages, for instance, no need for expensive 
equipment and noble metal catalyst [13]. The 
most well-known liquid phase synthesis of ZnO is 
the so-called hexamethylenetetramine (HMTA) 
hydrothermal method [14]. This method is widely 
used in the synthesis of nanostructured ZnO 
material such as nanorods (NRs) and NWs. 
Equimolar aqueous solution of Zn(NO3)2 and 
HMTA has been used mostly to grow ZnO NRs 

and NWs on Si and glass substrates. A ZnO 
seed layer is needed to initiate the uniform 
growth of oriented NWs [13-15]. The diameter of 
ZnO NRs and NWs could be controlled by the 
grain size of the thin seed layer [13-16]. A thin 
and fine-grained seed layer is expected to yield 
small diameter. For instance, a 10 nm thick layer 
of textured ZnO nanocrystals deposited by 
decomposing zinc acetate at 200 – 350°C has 
been used for successful growth of vertical, short 
ZnO NWs with diameters of 15 – 65 nm [17]. 
Atomic layer deposition (ALD) and pulsed laser 
deposition (PLD) have also been used to deposit 
an uniform ZnO seed layer to grow ZnO NRs and 
nanotubes (NTs) on different substrates, where 
ZnO NTs with diameters of 20–60 nm have been 
successfully produced [13-18]. ALD and PLD 
methods can provide excellent and very thin ZnO 
seed layers for growing ZnO NWs, but these 
methods are expensive. Some researchers have 
reported the use of autoclaving to achieve higher 
temperatures for the hydrothermal method, and 
NRs and NWs with smaller diameters [19]. 
Preparation of ZnO nanomaterials at lower costs 
can be made via sputter deposition and spray 
pyrolysis [20]. Generally, ZnO NRs grown via the 
hydrothermal routes at optimum condition are 
typically larger than 20 nm in diameter [21-24], 
and NRs with diameters of larger than 100 nm 
are easy to achieve. However, to our knowledge, 
there are no conclusive investigations of critical 
parameters, such as concentration of precursors, 
temperature of the solution, and time for 
nucleation and growth of ZnO NRs and NWs. 
Understanding the growth mechanism is very 
important for the control and prediction of the 
morphology of the synthesized ZnO NWs [25]. 
Preparing ZnO NWs with diameters of less than 
20 nm with the hydrothermal method is still 
challenging, especially at temperatures below the 
boiling point of the solution and at atmospheric 
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pressure, so that even the autoclave, which is 
the most expensive piece of equipment in this 
method, can be eliminated, thereby enabling a 
very simple and scalable production of ZnO 
NWs. 
 
This study aims to determine the best and most 
affordable pathway for the on-site hydrothermal 
growth of uniformly long ZnO NWs with 
diameters of less than 20 nm. It includes a facile 
sputter deposition of a thin seed layer of Zn, and 
synthesis of ZnO NWs in solution at a 
temperature below its boiling point and at 
atmospheric pressure. We focus on controlling 
the precursor concentrations, growth 
temperatures, and growth time to obtain ultrathin 
ZnO NWs for gas-sensing applications, and on 
understanding of growth mechanism of these 
NWs. To our knowledge, this is the first 
systematic investigation of these parameters for 
growth of ultrathin ZnO NWs with the HTMA 
hydrothermal method. 
 

2. EXPERIMENTAL DETAILS 
 

2.1 Materials   
 
Zn(NO3)2•6H2O and HMTA powder (both with 
purity ≥ 99.0%, Sigma-Aldrich, Sweden), Zn 
target (purity 99.99%, MatecK, Germany), and 
standard 4-inch p-type silicon wafers (100) were 
used in the experiments. 
 

2.2 Deposition of Seed Layer 
 
The seed layer was created by sputtering from 
Zn target. This method is straightforward and 
cost-effective because the price of the Zn target 
is usually one-third that of ZnO target with similar 
purity. Zn was expected to self-oxidize to ZnO 
and function as the seed layer for the 
hydrothermal growth of ZnO NWs. A sputtering 
system (K675XD Turbo Sputter Coater, 
EMITECH) was used to sputter-deposit an 8 – 10 
nm thin layer of Zn on a Si wafer. The sputtering 
parameters were: base pressure of 1.33×10−6 
mbar, Ar gas atmosphere of 7×10

−3
 mbar, 

current of 50 mA, and tooling factor of 9.6. The 
thickness of the deposited and oxidized Zn layer 
was measured using a profilometer (Dektak 150 
Stylus Profilometry). 
 

2.3 Hydrothermal Growth of ZnO NWs 
 
ZnO NW growth was carried out in an equimolar 
aqueous solution of Zn(NO3)2 and HMTA. Small 

pieces of the Zn-sputtered silicon substrate were 
mounted to a Teflon stick to orient the seed layer 
face-down in a glass bottle with the precursor 
solution. The bottle was placed in an oven at a 
stable operation temperature for the growth of 
NWs. To prevent quick evaporation of the 
solution and to keep the atmospheric pressure, 
an aluminium foil was used to cover the bottle. 
Different experiment series were performed to 
investigate the effect of growth parameters, i.e., 
temperature, time, and concentration of the 
solution on the morphology of the synthesized 
nanomaterial, with emphasis on synthesizing 
NWs with diameters of less than 20 nm. After the 
synthesis, the samples were submerged in de-
ionized water three times for about 5 min each. 
The samples were placed in an oven at 75°C for 
about 10 h to dry and stabilize the synthesized 
NWs. 
 
2.4 Materials Characterization 
 
The morphologies of both the Zn layer (before 
hydrothermal synthesis) and the synthesized 
ZnO NWs were examined using a field emission 
scanning electron microscope (LEO 1550, Carl 
Zeiss SMT, Germany) at an acceleration voltage 
of 3 keV. Atomic force microscopy (AFM) image 
was taken using PSIA XE150 AFM (Suwon, 
Korea) in non-contact mode. X-ray diffraction 
(XRD, Parallel Beam Geometry with X-ray 
mirrors, SIEMENS D5000, Germany) 
measurement was performed to analyze the 
crystal orientation of the Zn seed layer and the 
synthesized ZnO NWs. Grazing incidence XRD 
(grazing incidence angle of 0.3°) was set to lower 
the intensity of the diffraction signals from the 
silicon substrate underneath. 
 
3. RESULTS AND DISCUSSION 
 
The morphology and quality of the deposited Zn 
seed layer as characterized by SEM, and the 
AFM images are shown in Fig. 1. Fig. 1A reveals 
that after being oxidized in ambient air, the 
sputter-deposited Zn layer is very dense and 
uniform. As confirmed by the profilometric 
measurement, the deposited layer has a very 
small thickness of less than 10 nm. The thin film 
is composed of very tiny nanocrystals in an 
amorphous matrix. Based on the SEM and AFM 
measurements, the crystal size is about 5 nm, 
and the surface roughness is less than 1.2 nm, 
Fig. 1B. The homogenous deposition of the Zn 
layer by sputtering is advantageous for the pre-
defined sites of hydrothermally grown ZnO NWs.

 



 
Fig. 1. (A) SEM and (B) AFM images of the sputter

 
The results from XRD investigations of crystal 
type and orientation of the sputtered Zn layer and 
the hydrothermally grown ZnO
presented in Fig. 2. The XRD pattern of the 
deposited Zn layer, Fig. 2(A), shows a peak at 
34.3° belonging to the (002) plane of the 
hexagonal ZnO crystal (JCPDS, 89
narrow peak beside this refers to the (211) plane 
of the silicon substrate, which confirms that the 
chemically active Zn layer was naturally self
oxidized to ZnO as it was taken out from the 
sputter chamber and exposed to O
crystal size calculated from the XRD data by 
using the (002) peak, and Scherrer equation,
confirmed that the average size of the ZnO 
nanocrystal is about 5 nm. The XRD pattern of 
the hydrothermally grown ZnO NWs, Fig. 2(B), 
shows typical peaks of the hexagonal ZnO 
crystal (JCPDS, 89-1397) with a preferred growth 
direction along the c-axis. Thi
consistent with other reports on hydrothermally 
synthesized ZnO NWs. The preferred growth 
direction along the c-axis is due to the lower 
energy required for NW growth at the 
hydrothermal condition. 
 
3.1 Effect of Solution Concentration
  
The morphology and diameter of the ZnO 
nanostructures prepared with the HTMA 
hydrothermal method are very much dependent 
on the amount of precursor available in the 
solution. Fig. 3 shows the SEM images of the 
ZnO nanostructures grown in solutions with 
concentrations of 0.125, 0.025, 0.005 and 0.001 
M at 80°C for 6 h. At a very high concentration, 
no NRs or NWs can be obtained, Fig. 3(A). 
Instead, the resulting material seems to be a 
thick layer of ZnO with some aggregated ZnO
debris. However, at lower concentrations, the 
obtained material consists of hexagonal NRs but 
not NWs, which suggests that the growth 
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Fig. 1. (A) SEM and (B) AFM images of the sputter-deposited Zn seed layer

The results from XRD investigations of crystal 
type and orientation of the sputtered Zn layer and 
the hydrothermally grown ZnO NWs are 
presented in Fig. 2. The XRD pattern of the 
deposited Zn layer, Fig. 2(A), shows a peak at 
34.3° belonging to the (002) plane of the 
hexagonal ZnO crystal (JCPDS, 89-1397). The 
narrow peak beside this refers to the (211) plane 

rate, which confirms that the 
chemically active Zn layer was naturally self-
oxidized to ZnO as it was taken out from the 
sputter chamber and exposed to O2 in air. The 
crystal size calculated from the XRD data by 
using the (002) peak, and Scherrer equation, 
confirmed that the average size of the ZnO 
nanocrystal is about 5 nm. The XRD pattern of 
the hydrothermally grown ZnO NWs, Fig. 2(B), 
shows typical peaks of the hexagonal ZnO 

1397) with a preferred growth 
axis. This result is 

consistent with other reports on hydrothermally 
synthesized ZnO NWs. The preferred growth 

axis is due to the lower 
energy required for NW growth at the 

Effect of Solution Concentration 

rphology and diameter of the ZnO 
nanostructures prepared with the HTMA 
hydrothermal method are very much dependent 
on the amount of precursor available in the 
solution. Fig. 3 shows the SEM images of the 
ZnO nanostructures grown in solutions with 

0.025, 0.005 and 0.001 
°C for 6 h. At a very high concentration, 

no NRs or NWs can be obtained, Fig. 3(A). 
Instead, the resulting material seems to be a 
thick layer of ZnO with some aggregated ZnO 
debris. However, at lower concentrations, the 
obtained material consists of hexagonal NRs but 
not NWs, which suggests that the growth 

mechanism did not favour the forming of NW 
morphology under these conditions, Figs. 3(B
As revealed by the SEM images
diameter of the ZnO NRs decreased with 
concentration. However, the diameter of the ZnO 
NRs ranged from 50 to about 130 nm. 
Figs. 3(B-C) show that the concentration of 
precursor was sufficiently high to lead to dense 
growth, and, thus, only the vertical NRs could 
survive, whilst Fig. 3(D) shows that a very low
concentration of precursor leads to a coarse 
nucleation of the seeds, resulting in randomly 
oriented NRs. However, the diameter of the 
obtained ZnO NRs in this experiment is 
large compared with the size of the seed grains, 
which are, as mentioned above, about 5 nm in 
diameter. This result indicates that the diameter 
of ZnO NRs was not determined only by the size 
of the single seeds but also by the amount of the 
precursor available in the solution. A possible 
explanation is that a NR that nucleates from a 
very small seed can grow dominantly to a certain 
diameter and cover the other seeds within its 
footprint. However, the actual conditions, i.e. 
temperature and pressure, are not seemed to be 
favourable, or high enough, for the very thin NWs 
to grow directly from the seeds, although the 
concentration of precursor in the solution is very 
low. 
 

3.2 Effect of Growth Temperature
 
To investigate the effect of growth temperature 
on the morphology of the ZnO NRs, we selected 
a solution concentration of 0.005 M from the 
former experiment for the second series of 
experiment, but varied the temperature from 40 
to 100°C. The growth time was extended from 6 
to 10 h because the hydrothermal reaction was 
now carried out in a wide range of temperatures. 
Fig. 4(A) shows that the morphology of the ZnO 
at 40°C looks like the seed layer, and no NRs 
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deposited Zn seed layer 

mechanism did not favour the forming of NW 
morphology under these conditions, Figs. 3(B-D). 
As revealed by the SEM images, the average 
diameter of the ZnO NRs decreased with 
concentration. However, the diameter of the ZnO 
NRs ranged from 50 to about 130 nm.              

C) show that the concentration of 
precursor was sufficiently high to lead to dense 

thus, only the vertical NRs could 
survive, whilst Fig. 3(D) shows that a very low 
concentration of precursor leads to a coarse 
nucleation of the seeds, resulting in randomly 
oriented NRs. However, the diameter of the 
obtained ZnO NRs in this experiment is still too 
large compared with the size of the seed grains, 
which are, as mentioned above, about 5 nm in 
diameter. This result indicates that the diameter 
of ZnO NRs was not determined only by the size 
of the single seeds but also by the amount of the 

rsor available in the solution. A possible 
explanation is that a NR that nucleates from a 
very small seed can grow dominantly to a certain 
diameter and cover the other seeds within its 
footprint. However, the actual conditions, i.e. 

e, are not seemed to be 
favourable, or high enough, for the very thin NWs 
to grow directly from the seeds, although the 
concentration of precursor in the solution is very 

3.2 Effect of Growth Temperature 

t of growth temperature 
on the morphology of the ZnO NRs, we selected 
a solution concentration of 0.005 M from the 
former experiment for the second series of 

the temperature from 40 
°C. The growth time was extended from 6 
h because the hydrothermal reaction was 

now carried out in a wide range of temperatures. 
the morphology of the ZnO 

°C looks like the seed layer, and no NRs 



were found on the substrate. This result is 
possibly due to the fact that the low thermal 
energy provided in the hydrothermal process was 
not sufficient for the decomposition of HTMA and 
the nucleation of ZnO for the NR grow
to (6), [10]. At 50°C, Fig. 4B, short and sparsely 
nucleated NRs could be observed. At 6
Fig. 4C, roughly the same result was obtained as 
that from the previous experiment at 80
the same concentration of 0.005 M, Fig. 3C. The 
NRs grown in the solution at 100

 
Fig. 2. XRD patterns of (A) the sputter

ZnO nanostructures (grown at 80 °C for 6 h in solution with concentration of 0.125 M)
 

 
Fig. 3. SEM images of ZnO nanostructures grown at 80

concentrations: (A) 0.125 M; (B) 0.025 M; (C) 0.005 M; and (D) 0.001 M. Note that panel (A) has a 
scale of two orders larger than that of the other for observability
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were found on the substrate. This result is 
the low thermal 

energy provided in the hydrothermal process was 
not sufficient for the decomposition of HTMA and 
the nucleation of ZnO for the NR growth, Eq. (1) 

°C, Fig. 4B, short and sparsely 
nucleated NRs could be observed. At 60°C,          
Fig. 4C, roughly the same result was obtained as 

m the previous experiment at 80°C with 
the same concentration of 0.005 M, Fig. 3C. The 

Rs grown in the solution at 100°C are also 

more or less of the same morphology, except 
that the top parts of the rods started to grow 
smaller and formed pointed tips that look like a 
transition to secondary NWs, Fig. 4D. This 
interesting result suggests that the concentration 
of the solution decreased due to a higher rate of 
growth [26] and prolongation of t
temperature (~100°C). After 10 h, the 
concentration of the solution was probably not 
enough to maintain the growth of the 
homogenous NRs with constant diameter.

 

XRD patterns of (A) the sputter-deposited Zn seed layer and (B) hydrothermally grown 
ZnO nanostructures (grown at 80 °C for 6 h in solution with concentration of 0.125 M)

ZnO nanostructures grown at 80°C for 6 h in different solu
concentrations: (A) 0.125 M; (B) 0.025 M; (C) 0.005 M; and (D) 0.001 M. Note that panel (A) has a 

scale of two orders larger than that of the other for observability 
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more or less of the same morphology, except 
rts of the rods started to grow 

smaller and formed pointed tips that look like a 
transition to secondary NWs, Fig. 4D. This 
interesting result suggests that the concentration 
of the solution decreased due to a higher rate of 

time at a high 
°C). After 10 h, the 

concentration of the solution was probably not 
enough to maintain the growth of the 
homogenous NRs with constant diameter.

 

deposited Zn seed layer and (B) hydrothermally grown 
ZnO nanostructures (grown at 80 °C for 6 h in solution with concentration of 0.125 M) 

 

°C for 6 h in different solution 
concentrations: (A) 0.125 M; (B) 0.025 M; (C) 0.005 M; and (D) 0.001 M. Note that panel (A) has a 



 
Fig. 4. SEM images of ZnO nanostructures grown in 0.005 M solution concentration 

temperatures for 10 h: (A) 40°C; (B) 50°C; (C) 60°C; and (D) 100
 

3.3 Effect of Growth Time 
 
Based on the results presented above, a new 
experiment series was conducted with different 
solution concentrations at a moderately high 
temperature and a longer growth time to obtain 
ultrathin ZnO NWs. The results showed that 
secondary NWs are difficult to obtain at 80
and at solution concentrations of 0.0025 and 
0.001 M. At a temperature of about 90
however, NWs with a diameter of 20 nm can be 
obtained at the same low solution concentration 
of 0.0025 M, Fig. 5A, or a higher concentration of 
0.005 M, Fig. 5B. This indicates that high growth 
temperature and prolongation of growth time, 
here up to 16 h or more, play an important role in 
growing ultrathin ZnO NWs. 
 
To obtain further insight into the growth 
mechanism of the ultrathin NWs, another series 
of experiment was conducted using 
concentration of 0.005 M at the same 
temperature of 90 °C, but with growth times of 2, 
9, and 36 h. The results showed that growth for 
only 2 h produced only a dense layer of NRs. 
However, after 9 h, the NRs became longer and
appeared more porous and sharp at the tips, 
similar to the result shown in Fig. 4(D). The sharp 
tips of the NRs are very important for the growth 
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SEM images of ZnO nanostructures grown in 0.005 M solution concentration 
temperatures for 10 h: (A) 40°C; (B) 50°C; (C) 60°C; and (D) 100°C 

Based on the results presented above, a new 
experiment series was conducted with different 
solution concentrations at a moderately high 
temperature and a longer growth time to obtain 
ultrathin ZnO NWs. The results showed that 

obtain at 80°C 
and at solution concentrations of 0.0025 and 

M. At a temperature of about 90°C, 
however, NWs with a diameter of 20 nm can be 
obtained at the same low solution concentration 
of 0.0025 M, Fig. 5A, or a higher concentration of 

ig. 5B. This indicates that high growth 
temperature and prolongation of growth time, 
here up to 16 h or more, play an important role in 

To obtain further insight into the growth 
mechanism of the ultrathin NWs, another series 

experiment was conducted using 
concentration of 0.005 M at the same 
temperature of 90 °C, but with growth times of 2, 
9, and 36 h. The results showed that growth for 
only 2 h produced only a dense layer of NRs. 
However, after 9 h, the NRs became longer and 
appeared more porous and sharp at the tips, 
similar to the result shown in Fig. 4(D). The sharp 
tips of the NRs are very important for the growth 

of ultrathin ZnO NWs, as demonstrated in 
Fig. 5C, where ultrathin ZnO NWs were grown 
from the sharp tips of the NRs when the time was 
increased to 36 h. Hence, a longer growth time is 
important for the growth of ultrathin secondary 
ZnO NWs. This phenomenon may be explained 
by the reduction of the Zn2+/OH− ratio with time, 
which normally favours the formation of thinner 
NWs [25].  
 
To make use of the results obtained from the 
large series of experiments, an attempt to grow a 
gas sensor demonstrator was made. The sensor 
consisted of electrodes deposited on a glass 
substrate, similar to the design reported in [12]. A 
thin seed layer of Zn was sputter-
patterned by lift-off on and between the 
electrodes to form an array of circular islands 
with diameter of 5 µm at a distance of
each other. Ultrathin secondary NWs were then 
successfully grown on the predefined seed 
islands in a solution and under the same growth 
conditions as in the experiment shown in Fig. 
5(C). As seen in Fig. 5(D), the NWs of ZnO are 
well developed and formed NW
between the islands. A gas sensor with this 
design, but with CVD synthesized ZnO NWs, has 
shown a high sensitivity to NO2, as reported in 
[12].
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SEM images of ZnO nanostructures grown in 0.005 M solution concentration at various 
 

of ultrathin ZnO NWs, as demonstrated in          
Fig. 5C, where ultrathin ZnO NWs were grown 

tips of the NRs when the time was 
increased to 36 h. Hence, a longer growth time is 
important for the growth of ultrathin secondary 
ZnO NWs. This phenomenon may be explained 

ratio with time, 
which normally favours the formation of thinner 

To make use of the results obtained from the 
large series of experiments, an attempt to grow a 
gas sensor demonstrator was made. The sensor 

trodes deposited on a glass 
substrate, similar to the design reported in [12]. A 

-deposited and 
off on and between the 

electrodes to form an array of circular islands 
with diameter of 5 µm at a distance of 5 µm from 
each other. Ultrathin secondary NWs were then 
successfully grown on the predefined seed 
islands in a solution and under the same growth 
conditions as in the experiment shown in Fig. 
5(C). As seen in Fig. 5(D), the NWs of ZnO are 

nd formed NW-NW junctions 
between the islands. A gas sensor with this 
design, but with CVD synthesized ZnO NWs, has 

, as reported in 



 
Fig. 5. SEM images of nanostructures grown at 90

(B) 0.005 M for 20 h; (C) and (D) 0.005 M for 36 h. Note that panel (C) and (D) has different 
scales from that of (A) and (B) for observability

 

3.4 Growth Mechanism of Ultrathin 
NWs  

 

From the observation above, the concentration of 
the solution is a very important parameter to 
initiate the growth of ultrathin secondary ZnO 
NWs. As shown in this study, ultrathin ZnO NWs 
can be grown in a critical concentration and with 
the help of sharp tips of the NRs. Thus, a growth 
mechanism for the ultrathin secondary ZnO NWs 
including a three-step process, as shown in Fig. 
6, is proposed. The first step (i) is the formation 
of a dense layer of ZnO NRs on a thin seed layer 
of the same material of ZnO, Fig. 6(A) and 6(B), 
followed by the second step (ii) of formation of 
sharp tips and nucleation of secondary seeds, 
Figs. 6B and 6C, and then by (iii) the growth of 
ultrathin secondary NWs from the tips of the ZnO 
NRs, Figs. 6C and 6D. 
 

The proposed growth mechanism can be 
explained with the help of the following chemical 
reactions that occur in aqueous solution during 
the hydrothermal growth [10]. 
 

Zn(NO3)2 ↔ Zn2+ + 2NO3
−  

(CH2)6N4 + 6H2O ↔ 6CH2O + 4NH
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s of nanostructures grown at 90°C in concentration of (A) 0.0025 M
(B) 0.005 M for 20 h; (C) and (D) 0.005 M for 36 h. Note that panel (C) and (D) has different 

scales from that of (A) and (B) for observability 

Ultrathin ZnO 

From the observation above, the concentration of 
the solution is a very important parameter to 
initiate the growth of ultrathin secondary ZnO 
NWs. As shown in this study, ultrathin ZnO NWs 
can be grown in a critical concentration and with 

tips of the NRs. Thus, a growth 
mechanism for the ultrathin secondary ZnO NWs 

step process, as shown in Fig. 
6, is proposed. The first step (i) is the formation 
of a dense layer of ZnO NRs on a thin seed layer 

, Fig. 6(A) and 6(B), 
followed by the second step (ii) of formation of 
sharp tips and nucleation of secondary seeds, 

. 6B and 6C, and then by (iii) the growth of 
ultrathin secondary NWs from the tips of the ZnO 

growth mechanism can be 
explained with the help of the following chemical 
reactions that occur in aqueous solution during 

(1) 
 

O + 4NH3 (2) 

NH3 + H2O ↔ NH4
+
 + OH

−
  

Zn2+ + 4NH3 ↔ [Zn(NH3)4]
2+  

Zn2+ + 2OH− ↔ Zn(OH)2   

Zn(OH)2 ↔ ZnO + H2O  
 
The growth of ZnO NRs and NWs depends on 
the rate of these reactions. Initially, the 
concentration of Zn2+ in the solution is so high 
that reactions (1)–(6) occur easily, given that the 
solution temperature is high enough for H
decompose, i.e, above 50°C, as found in this 
study. Thus, the first step occurs for the growth 
of dense layer ZnO NRs. With prolongation of 
growth time, the length of the ZnO NRs 
increases, and the concentration of the precursor 
in the solution decreases. At a critical growth 
time of tc, the remnant precursor approaches the 
critical concentration Cc, which is not sufficient 
for the growth of constant-diameter NRs. 
Therefore, the tips of NRs become sharper, and 
the nucleation of ultrathin secondary seeds then 
occurs, as in the second step. In the third step, 
ultrathin ZnO NWs grow from the secondary 
seeds to form ultrathin and long ZnO NWs until 
the precursor is used up.  

 
 
 
 

; Article no.JSRR.22427 
 
 

 

°C in concentration of (A) 0.0025 M for 16h; 
(B) 0.005 M for 20 h; (C) and (D) 0.005 M for 36 h. Note that panel (C) and (D) has different 

(3) 
 

(4) 
 

(5) 
 

(6) 

The growth of ZnO NRs and NWs depends on 
the rate of these reactions. Initially, the 

in the solution is so high 
easily, given that the 

solution temperature is high enough for HTMA to 
°C, as found in this 

study. Thus, the first step occurs for the growth 
of dense layer ZnO NRs. With prolongation of 
growth time, the length of the ZnO NRs 

ses, and the concentration of the precursor 
in the solution decreases. At a critical growth 

, the remnant precursor approaches the 
, which is not sufficient 

diameter NRs. 
Therefore, the tips of NRs become sharper, and 
the nucleation of ultrathin secondary seeds then 
occurs, as in the second step. In the third step, 
ultrathin ZnO NWs grow from the secondary 
eeds to form ultrathin and long ZnO NWs until 



 

Fig. 6. Proposed mechanism for the growth of ultrathin ZnO NWs from formation of big ZnO 
NRs from seed layer to nucleation and growth of secondary ultrathin 

 

4. CONCLUSION 
 
Hydrothermal synthesis can be used for low
studies and cost-effective, large-scale production 
of ZnO NRs or ultrathin secondary NWs thanks 
to its low synthesis temperature at atmospheric 
pressure, and to modest requirement on 
equipment. A simple preparation that involves 
sputter depositing an 8 to 10 nm thin layer of Zn 
that self-oxidizes into ZnO is fully adequate for 
initiating the growth of ZnO NRs. Zn is an 
excellent substitute to ZnO as target materials for 
the deposition of a seed layer. To obtain dense 
and vertical ZnO NRs, a high concentration of 
solution are preferred. It is found in this work th
in an equimolar of Zn(NO3)2 and HMTA with 
concentration of 0.0025 to 0.005 M at 
atmospheric pressure, nucleation of dens NRs 
occurs only at temperatures above 50
ZnO grains in the seed layer alone do not 
determine the diameter of the synthesize
NRs, but the available amount of precursor in the 
solution also plays a very important role. 
Concentrations below 0.0025 M will give very 
sparse, hardly useful nucleation of ZnO NRs. To 
obtain ultrathin secondary ZnO NWs, the 
concentration, temperature, and growth time of 
the solution have to reach a threshold value. The 
experiments showed that ultrathin and long 
secondary ZnO NWs with average diameters of 
less than 20 nm can be synthesized on top of 
ZnO NRs in a solution with concentration of 
0.005 M at 90°C for 16 h or longer. A mechanism 
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Proposed mechanism for the growth of ultrathin ZnO NWs from formation of big ZnO 
NRs from seed layer to nucleation and growth of secondary ultrathin ZnO NWs from the tips of 

the NRs 

Hydrothermal synthesis can be used for low-cost 
scale production 

NRs or ultrathin secondary NWs thanks 
to its low synthesis temperature at atmospheric 
pressure, and to modest requirement on 
equipment. A simple preparation that involves 
sputter depositing an 8 to 10 nm thin layer of Zn 

ly adequate for 
initiating the growth of ZnO NRs. Zn is an 
excellent substitute to ZnO as target materials for 
the deposition of a seed layer. To obtain dense 
and vertical ZnO NRs, a high concentration of 
solution are preferred. It is found in this work that 

and HMTA with 
concentration of 0.0025 to 0.005 M at 
atmospheric pressure, nucleation of dens NRs 

s only at temperatures above 50°C. Small 
ZnO grains in the seed layer alone do not 
determine the diameter of the synthesized ZnO 
NRs, but the available amount of precursor in the 
solution also plays a very important role. 
Concentrations below 0.0025 M will give very 
sparse, hardly useful nucleation of ZnO NRs. To 
obtain ultrathin secondary ZnO NWs, the 

re, and growth time of 
the solution have to reach a threshold value. The 
experiments showed that ultrathin and long 
secondary ZnO NWs with average diameters of 
less than 20 nm can be synthesized on top of 
ZnO NRs in a solution with concentration of 

°C for 16 h or longer. A mechanism 

for the growth of ultrathin secondary ZnO NWs, 
including three steps, being (i) nucleation and 
growth of NRs, (ii) sharpening the tips of NRs 
and nucleation of secondary seeds, and (iii) the 
growth of ultrathin secondary ZnO NWs, is 
proposed. The determination of the threshold 
value of precursor concentration, C
temperature and pressure for nucleation of 
ultrathin secondary NWs is relevant, and is within 
the scope of our future work. 
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