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Provisional chapter

ZnO Nanowire Hydrothermal Synthesization:
Parameters Affecting Their Growth Direction and
Surface Morphology

Shrok Allami

Additional information is available at the end of the chapter

Abstract

ZnO nanowires (or nanorods) have been widely studied due to their unique material
properties and remarkable performance in electronics, optics, and photonics. This chap-
ter presents a review of the current research of ZnO nanowires (or nanorods) synthesized
by hydrothermal method. We discussed the mechanism of its nucleation and growth tak-
ing the effect of different parameters on its growth direction and their final morphology
into account. A mixture of zinc nitrate and hexamine as precursor is the most popular. We
reported the effect of precursor type and concentration, pH of the growth solution, bath
temperature, substrate type and seeded layer, and duration time.

Keywords: ZnO nanowires, morphology, synthesized, hydrothermal method

1. Introduction

Recently, nanomaterials have attracted much attention due to their high performance in
electronics, optics, and photonics. Nanomaterials can be classified into three groups—zero
dimensional, one dimensional, and two dimensional—due to their aspect ratio. Zero-
dimensional nanostructures are referred to as quantum dots or nanoparticles with an aspect
ratio near unity. One-dimensional nanostructures such as nanowires, nanorods, nanofibers,
nanobelts, and nanotubes find perfect application in semiconductor materials and device.
Two-dimensional nanomaterials, as thin films, are used as an optical coating, corrosion pro-
tection, and semiconductor thin film devices.

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,

distribution, and reproduction in any medium, provided the original work is properly cited.
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Figure 1. Two types of ZnO crystal structure.

Currently, one-dimensional zinc oxide (ZnO) nanowire is one of the most interesting nanoma-
terials for researchers [1]. It is a semiconductor material with a direct wide band gap energy
(3.37 eV) and a large excitation binding energy (60 meV) at room temperature [2]. ZnO exists
in two main crystalline structure, hexagonal wurtzite and cubic zinc, blended as shown in
Figure 1.

The hexagonal crystalline structures with about 1.60 of c/a ratio is close to the hexagonal cell
ideal c/a value = 1.633 [10]. Its structure could be described as a number of alternating planes
composed of tetrahedrally coordinated of O*~ and Zn** stacked along the c-axis (Figure 1) [3].

Due to their remarkable performance in electronics, optics, and photonics, ZnO nanowires are
attractive candidates for many applications such as UV lasers [4], light-emitting diodes [5], solar
cells [6, 7], gas sensors [8], photodetectors [9], and photocatalysts [10]. ZnO nanowires also are
used increasingly as photocatalysts to inactivate bacteria and viruses and for the degradation
of environmental pollutants such as dye pesticides and volatile organic compounds [11, 12].

2. ZnO nanowire synthesis

ZnO nanowires can be synthesized mainly by two methods: vapor phase and solution phase.
Solution phase synthesis has many advantages over vapor phase synthesis, as low cost, low
synthesis temperature (<200°C), scalability, and ease of handling. This allows using different
kinds of substrates including inorganic and organic, an aqueous or organic solution, or a
mixture of them in the growth process [13, 14].

3. Hydrothermal method

The solution phase synthesis processes carried out in an aqueous solution, under high vapor
pressure and temperature [4, 15]. Hydrothermal method among all of the synthesis methods
is found to be the most attractive synthesis technique to obtain well-aligned ZnO nanowires,
hierarchical or branched nanowires. Since no need for high-temperature manufacturing and
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vacuum processing in hydrothermal method that would offer the potential for much lower
processing cost. A lot of effort has been made to investigate the effect of synthesis parameters
on the density, dimensions, and quality of ZnO nanowires [3, 4, 6, 7, 15, 16]. Many focused
on seeding layer effect [10, 17-20], chemical reagent, and their concentration effect on ZnO
nanowire density [21], morphology [22], growth time, and temperature [22]. We think that,
there are still need to study the effect of additives under different fabrication conditions on
ZnO nanostructure morphology.

The general process for vertically aligned ZnO nanowires grown on a seeded or unseeded
substrate by the hydrothermal method is done using mixture aqueous solution as a precursor
(or growth solution) that contains an alkaline reagent and Zn* salt (Zn(NO,),, ZnCl,, etc.). The
alkaline reagents that have been used to supply OH~ during the reaction process are NaOH,
hexamethylenetetramine (HMTA), Na,CO,, ammonia, and ethylenediamine. Elevated tem-
peratures (>100°C) and pressures in a Teflon-sealed stainless autoclave [24-27] are required
when NaOH, KOH, or Na,CQO, is chosen to supply OH" in the synthesis process. HMTA,
ammonia, or ethylenediamine has been chosen in the synthesis process which can reduce the
synthesis temperatures (<100°C) and pressure to an atmospheric pressure [28].

It was found that the key parameters for controlling nucleation and morphology of ZnO
nanowires can be achieved by controlling the supersaturation reaction and reactant stability
that depends on solution temperature and pH, precursor concentration, and duration growth
time. Another important parameter is the nature of the substrate on which ZnO nanowires
nucleate and grow over. Seeding of ZnO particles is usually used to prompt the nucleation
process and improve ZnO particles adhesion, their distribution, and alignment. Without a ZnO
seeding layer, ZnO nanowires could be grown also on a seedless substrate by using Au and
introducing a suitable content of ammonium hydroxide into the precursor solution. Au is used
as an “intermediate layer” to assist the growth of ZnO nanowires after treating the layer [29].

4. ZnO nanowire synthesis mechanism

Hexamethylenetetramine ((CH,) N, or HTMA) and Zn(NO,), are the most often used in pro-
ducing high-quality ZnO nanowires [28].

Nanowire formed after ZnO cluster can be precipitated on the substrate when the growth
solution attained saturation when the production of anion and cation exceeds the solubility
of the reactants [29].

Hexamethylenetetramine (HMT) was responsible for the production of ammonia (NH,) that
played the role of complexion agent. That is, complexion agent aided the yield of Zinc tet-
ramine (Zn(NH,),*) complexion in alkaline medium. The reaction that occurs in the bath is
shown in the chemical equations [30]:

Decomposition reaction:

(CH,) N, +6H,0 — 6HCHO +4NH, (1)

3
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Hydroxyl supply reaction:

NH,+H,0 — NH,“+OH" (2)
2+ 3-
Zn (NO3)2 — Zn*+2NO (3)
NO*+H,0+2¢~ — NO, +20H" 4)
Supersaturation reaction:

Zn*+20H" - Zn(OH) > (5)
Zn*+4NH, — Zn (NH3)42+ (6)

ZnO nanowire growth reaction:
Zn (NH3)42++20H‘ — ZnO+4NH, +H,0 (7)
Zn (OH),* — ZnO cluster + H,O + 20H" (8)

In the growth solution, the hexamethylenetetramine is first hydrolyzed (Eq. (1)). NO°~ ions
from Zn (NO,), decomposition acquire electrons and are reduced to NO*~ ions, inducing the
increase of OH concentration (Eq. (4)) [32]. OH" ions are combined with Zn* ions to form an
intermediate growth unit of Zn(OH) >~ (Eq. (5)), while Zinc tetramine (Zn(NH,),*) is formed
from the combination of Zn* ions with NH,". Due to dehydration of the complex in the alka-
line medium, ZnO clusters are formed by the electrostatic repulsion of ionic species (Zn* and
OH") (Egs. (7) and (8)). It is well known that solution supersaturation is a prerequisite for
ZnO growth and is also intimately connected with their growth and morphology evolution.
As the reactions continue, more ZnO clusters appear in solution. When the solution becomes
supersaturated, nucleation cluster of molecules formed undergo rapid decomposition, and
particles combine to produce film thickness, where ZnO nanowire is formed in the solution
via the substrate.

One of the key parameters for the growth of ZnO nanowires is controlling the reactant super-
saturation. It is believed that high supersaturation levels favor nucleation and low supersatu-
ration levels favor crystal growth. With a short explanation for this, they reported that if a lot
of OH" is produced in a short period, the Zn** ions in the solution will precipitate out quickly,
and therefore, Zn* would contribute little to the ZnO nanowire growth and result in the fast
consumption of the nutrient and prohibit further growth of the ZnO nanowires. Thus, the
concentration of OH™ should be controlled in the solution to maintain s suitable per saturation
levels during the whole nanowire growth process [32].



ZnO Nanowire Hydrothermal Synthesization: Parameters Affecting Their Growth Direction... 5

HMTA control growth direction due to its ability to attach the nonpolar facets of the ZnO
nanowires and prevent attracting access Zn*" ion, thus leaving only the polar (001) face for
epitaxial growth [32].

5. Parameters affecting ZnO nanowire growth and morphology

5.1. Precursor concentration

Wang et al. reported that unless the average diameter and length of ZnO nanorods increases
with the precursor concentration increases (Figure 2), it was found that the changes in the
[Zn(NO,),l/[C.H,,N,] ratio have no significant effect on the diameters of the ZnO nanorods
(Figure 3).

It was found also that using unity ratio leads to achieve the maximum value of aspect ratio of
ZnO nanorod array [33].

Xu et al. synthesized ZnO nanowires using equimolar concentrations of the zinc salt and
HMTA; the nanowire density increased till reaching steady state with the precursor concen-
tration. The authors referred that to the increase of zinc chemical potential with zinc con-
centration in the solution. To balance this increment, more nucleation sites on the substrate
surface will be generated, and, therefore, the density of the ZnO nanowires will increase.
However, when the density reaches saturation rate, any increase in the solution concentration
may not increase the density of the nanowires anymore [8].
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Figure 2. Average diameters, lengths, and aspect ratios of ZnO nanorods prepared from various precursor concentrations
with a Zn(NO,),/C H,,N, ratio of 5 (image from [33] ©2008 The American Ceramic Society).
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Figure 3. Average diameters, lengths, and aspect ratios of ZnO nanorods prepared in a 0.04 M precursor solution with
various Zn(NO,),/CH N, ratios (image from [33] ©2008 The American Ceramic Society).
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Kim et al. reported that precursor concentration plays a role in ZnO nanowire structure and
increasing the concentration could change ZnO nanorod growth from single crystals with low
density and variable orientations to polycrystals due to the supersaturated Zn** source [34].

Gokarna et al. achieved well-aligned, highly crystalline, small-diameter urchin-like ZnO NWs
on PS beads which were pre-coated with a ZnO seed layer. They found that the average diam-
eter of ultra-thin ZnO NWs that are produced from salt precursor dissolved in water with the
small addition of NH,OH as growth solution could be controlled by varying the concentra-
tion of zinc acetate in the growth solution. Smaller size is obtained with lower concentration.
XRD patterns showed that the NWs had a wurtzite hexagonal structure and (001) preferred
growth direction [35] (Figure 4).

In our previous work, we studied ZnO nanowire structure and morphology by varying the
precursor concentration with equimolar concentrations of the zinc salt and HMTA on the
seedless substrate. We found that increasing precursor concentration might provide a lot of
ZnO nuclei and densify nanorods. For samples fabricated at low precursor equimolar solu-
tion (5 mM), nonalignment, small aspect ratio, low densities, and prism-like ZnO nanorods
were achieved, Figure 5a. Increasing precursor concentration to 10 Mm leads to decreased
aspect ratio and increased density of nonalignment prism-like-shaped nanorods, Figure 5b.
Figure 5 shows the surface morphology of the above samples [37].

5.2. Growth temperature

ZnO nanowire growth by a hydrothermal process is a thermo-activated process; nanowire
formation must be activated by the heating of growth solution to the desired temperature. A
minimum temperature of ~60°C is required to obtain ZnO nanowires. Cesar and his group [38]
reported that the starting temperature of ZnO growth solution on seeded substrate plays a role
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Figure 4. SEM images of ZnO NWs grown as a function of varying solution concentration. (a, a’) 0.029 M, (b, b’) 0.02 M,
and (c, ') 0.018 M, respectively. (a, b, c) are at low magnification; (a’, b’, ¢’) are at high magnification of the NWs with
the diameter distribution of the NWs. The white line on the histograms represents the corresponding fitted Gaussian
distributions (image from [35]).

in their resultant morphologies. Bigger nonaligned ZnO nanowires with a slight coneshaped
achieved when the growth solution heated from room temperature to the required tempera-
ture during synthesization process, while vertically aligned small-diameter ZnO nanowires
achieved when pre-heated solution used in the synthesization process. They put an explana-
tion for that as shown in Figure 6. During the heating process, the ZnO seeds begin firstly to
coalesce to form larger ZnO seeds. Those larger seeds are responsible for obtaining the larger
ZnO nanowire diameters. They concluded that at low-temperature range (60-80°C), both lat-
eral and axial growth are promoted, while at the high-temperature range (T > 80°C), the axial
growth is mainly supported. That means the temperature plays an important role in the growth
kinetic along the c-axis [0001], more than the other directions. Figure 7 represents the evolution
of the average length with the growth temperature for a fixed growth time (2 hours).
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Figure 5. SEM image of ZnO grown at precursor equimolar solution: (a) (5 mM) and (b) (10 mM) (image from [37]).
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Figure 6. Schematic sketch of two possible routes for ZnO nanowire array synthesis (image from [38]).

Unless Sugunan et al. did not significant any difference in the nanowires morphology for
different hydrothermal growth bath temperatures carried out with low precursors concentra-
tion [31]. We found an important role of the synthesization temperature on ZnO nanowires
nucleation and growth, without changing their hexagonal shape [37]. Small aspect ratio, low
densities, and nonalignment hexagonal-shaped ZnO nanorods were achieved, when ZnO
nanorods are synthesized at low precursor equimolar solution (5 mM) and low temperature
(65°C) (Figure 8a). Elevating growth temperature to 85°C increases nanorod density but
affects their shape to become prism-like and branched with growth advancement as shown
in Figure 8b. As we can see from Eq. (1), seven moles of reactants produce 10 moles of prod-
ucts; increasing the reaction temperature leads to increase in HMTA hydrolysis and push the
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Figure 7. Average length of ZnO nanowires as a function of the growth temperature (image from [38]).

Figure 8. SEM images for ZnO synthesized in (a) 65°C and (b) 85°C (images from [37]).

equilibrium forward associated with increased system entropy [39, 40]. It can be recognized
that increasing temperature provides more OH™ ions with mobile energy that enhance ZnO
nucleation to minimize their free energy. During the growth, process nanorod shape changed
from hexagonal to prism-like shape; it was probably due to increasing the electrostatic reac-
tion between the solution ions and ZnO polar surfaces with temperature and increasing ero-
sion reaction on the top of the nanorods.

5.3. The seedless substrate and ZnO seeding layer

It was found that via hydrothermal synthesis method, any substrate can be used for the
growth of vertical ZnO nanowires by using ZnO seeding layer. In this way, ZnO nanowires
can grow on flat surface regardless of the substrate (polymer, glass, semiconductor, metal,
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polydimethylsiloxane (PDMS), polystyrene (PS), polyethylene terephthalate (PET), polyeth-
ylene fibers, microfibers, polyurethane, polyimide, and paper, only controlling the growth
conditions). Typical pre-seeding methods include deposition of ZnO seed on the substrate
by spin coating of ZnO nanoparticles, sputter deposition, and physical vapor deposition. In
order to improve ZnO particle adhesion to the substrate and nanowire vertical growth, ZnO
seeds from zinc acetate must be annealed at a certain temperature. The texture, thickness, and
crystal size of ZnO seed layers also affect the quality of ZnO nanowire growth. Greene et al.
[41] studied the minimum annealing temperature required to form textured seeds from zinc
acetate on a silicon substrate. The results suggest that temperatures between 150 and 200°C
are needed for seed alignment, whereas higher temperatures promote seed crystallinity and
growth. While Baruah and Dutta [22] have reported that a very uniform thin layer of ZnO
nanoparticles could be observed when ZnO seeds are annealed at 350°C. ZnO crystallized into
nanoparticles as well as nanorod-like structures when the annealing temperature was further
increased to 450°C. Ghayour et al. [42] investigated the effect of seed layer thickness on align-
ment and morphology of ZnO nanorods. The results showed that the diameter increased, the
density decreased, and the length of the nanorods slightly decreased when the thickness of
the seed layer increased (Table 1). Wu et al. [43] studied the effects of seed layer characteristics
on the synthesis of ZnO nanowires. The density of nanowires decreased when the thickness
increased, and the diameter of the nanowires was found to increase with the seed layer grain
size. Ji et al. [44] found that the average diameter of nanowires increased and the density
decreased when the seed layer thickness changed from 20 to 1000 nm. Baruah and Dutta [42]
reported that the nanorods grown on seeds crystallized from a zinc acetate solution have a
higher aspect ratio (of the order of 3) than those grown using nanoparticle-seeded substrates.

In seedless substrate thin layer of Au over a thin layer of Ti in order to overcome mismatching
between substrate used and the ZnO particles then are annealed at 350°C under argon atmo-
sphere. The formation of ZnO nuclei on Au surface is a complicated task to accomplish. For
this, different techniques are employed to introduce the negative charges over the Au surface
to attract the positively charged zinc (II) complexes, formed during Egs. (3) and (6). It was
reported that the surface roughness of the substrate has shown a major effect on the orienta-
tion and quality of the NW produced. The smooth Au (111) surface is ideal for the growth of
highly aligned ZnO NWs [36].

It was found that Au provides the proper sites for nanowire ZnO nucleation on its grain
boundary, Figure 9 [38].

Thickness of the seed layer Diameter of ZnO Density of ZnO nanorods  Length of ZnO nanorods
(nm) nanorods (nm) (pm™?) (nm)

20 30 213 1052

40 36 209 1007

160 51 184 998

320 72 169 967

Table 1. The diameter, density, and length of ZnO nanorods corresponding to the thickness of the seed layer (from [42]).
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Figure 9. SEM images for seedless substrate: (a) after annealing and (b) ZnO nanowire growth on Au grain boundary.
From [37].

5.4. Growth solution pH value

Recently, it was found that the introduction of ammonium hydroxide into the growth solution
as an additive could efficiently affect ZnO nanowire morphology and their aspect ratio on
pre-seeding and seedless substrate. Baruah and Dutta [45] synthesized ZnO nanorods on pre-
seeded glass substrates using equimolar concentration of zinc nitrate and HTMA as the precur-
sors. Flower petal-like ZnO nanostructures were obtained when the growth process is initiated
in basic condition (pH 8-12). Akhavan et al. [46] studied the effect of pH change in basic range
on the growth of ZnO nanorods by using zinc nitrate and NaOH as precursors. They reported
that the diameters of the nanowires are increased with pH until they formed a ZnO film when
the pH value reached 11.44 with a fast growth rate of ZnO nanorods on the seeded layer.

On seedless Au substrate, Boubenia et al. [36, 47] controlled both ZnO NW density and their
electrical properties via developed low-cost and scalable bottom-up hydrothermal growth
process using NH,OH addition. They found that small increase in pH value leads to increase
the NW densities, Figure 10. They put an explanation that depends on the formation of Zn
(II) complexes in the solution, which will largely decrease the Zn solubility and lead to a
supersaturation large enough to initiate a large number of ZnO nuclei both in the solution and
onto the Au-coated substrate. They reported that NH,OH addition has no effect on preferred
growth direction of the resultant, a perfect hexagonal prism-shaped NW, and their arrays
exhibit a strong preferential c-axis orientation vertically to the growth substrates.

In order to adjust the pH value of the growth solution on a seeded substrate for 2 hours at
90°C, Cesar et al. [38] added HCI or NaOH to the growth solution. They observed that the
ZnO nanowires are well oriented quasi-perpendicularly to the substrate and have a quite
homogeneous diameter distribution for all the pH values used. But they found that pH
affected ZnO nanowire morphologies. Different morphologies could be obtained: hexagonal

"
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Figure 10. The variation of ZnO NW density with the change in NH,OH concentration (from [36]).

nanorods for pH =7, double cone-shaped tip nanorods for pH = 8, nanoprisms for pH = 10,
and nanoflowers for pH = 12. For the pH value in the acid range (pH < 7.0), an attack on the
seed layer leads to an inhomogeneous surface.

Igori Wallace [30] confirmed the ZnO nanowire shape changing with pH raising from 8.1 to
9 and 10 from hexagonal shape to tapered flower-like shape, respectively. They referred this
change to the competition between growth and erosion. As is well known, the hexagonal
wurtzite ZnO crystal is a typical polar crystal with a dipole moment in the direction of c-axis;
the 0001 crystal plane represents the polarity and is metastable, but the side planes are non-
polar and relatively stable. The metastable polar top planes are able to attract hydroxyl ion
OH- from the solution which contributes to the nanowire growth. Upon the addition of aque-
ous ammonia, OH~ was increased, and its total amount was not consumed completely during
the growth. The rest of the OH in solution took part in the erosion reaction at the same time.
So the relative erosion process became intensive as the pH was increased.

In our previous work [37], we found that NH,OH addition to the equimolar growth solu-
tion could change nanostructure shape and its growth direction on a seedless substrate using
the hydrothermal process at 85°C. Adding NH,OH to low-concentration nutrient solution
(5 mM) changed ZnO nanostructure shape from prism-like to hexagonal shape as shown in
Figure 11a and b. While adding NH,OH to (10 mM) concentration nutrient solution, as we
mentioned in the effect of precursor concentration, increase aspect ratio, nanorod density,
and change their shape to typical hexagonal dumbbell-like, Figure 12a and b. XRD spectrums
confirm the change in ZnO dominate growth surface from (002) to (112) under the addition
of NH,OH. ZnO grown on <111> oriented nano-gold layer has wurtzite structure along high
energy polar surfaces and XRD spectrums (Figure 2c) also. NH,OH addition leads to reduce
HMT hydrolysis and Zn(OH), formation (Eq. (5) while tended to increase reaction no. 7
which means increasing growth instead of nucleation. Branching of nanorods appears when
a distortion in the nanorods takes place due to stress induced with the locally increased pH
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Figure 11. SEM images for ZnO shape change using equimolar growth solution 5 mM (a) without addition and (b) with
the NH,OH addition (image from [37]).

Figure 12. SEM images for ZnO shape change using equimolar growth solution 10 mM (a) without addition and (b) with
the NH,OH addition (image from [37]).

value near the interface between nanorods and solution that repulse Zn ions electrostatically
in order to reduce the surface energy from this distortion.

Increasing nutrient to HMTA ratio to 2:1 (25 mM nutrient, 12.5 mM, and low amount of
0.35 mM NH,OH) creates clear growth solution. Increasing Zn ion in the growth solution
leads to fasten its precipitation as ZnO clusters on Au grain boundary of seedless substrate,
Figure 12a and c. These clusters form very small-diameter nanowires grown fast as a forest-
like structure. The fast depletion of Zn ions from the solution leads to increase OH™ and then

13
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pH value of the solution and at ZnO/solution interface which prompts the branching process.
Increasing the amount of NH,OH in the above solution creates a milky-like solution produc-
ing high-density vertically aligned ZnO nanorods (Figure 12b), due to the effect of NH,OH in
controlling HMT hydrolysis and fasting ZnO precipitation from the solution. With time Zn ion
depletion increased which leads to increase in OH~ and pH value creating very small-diameter
nanowires with nanorods that eroded according to long-time exposure to alkaline media.

5.5. Growth duration time

Yuan et al. [23] reported that the average diameter and length of ZnO nanowires increased
while the aspect ratio reduced with growth duration time till slowed down due to depletion
of the precursor when ZnO nanowires are synthesized using equimolar (50 mM) zinc nitrate
and HMTA at 93°C (Figure 13).

Baruah and Dutta [22] carried out ZnO nanowire experiments on zinc acetate-seeded sub-
strates for different growth durations from 5 to 15 hours also confirmed increasing the length

a N
‘ﬁ: il;“zlﬁrﬁQ ™ HV N
@ | 11:39:49AM |30 ps | 20,00 kV | 13.8 pm

Figure 13. SEM images for ZnO nanorod morphology fabricated at 25 mM nutrient, 12.5 mM HMTA, and 0.35 mM
NH,OH: (a) clear, (b) milky, and (c) low magnification of clear (images from [37]).
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and diameter of the ZnO nanowires with time. The nanowire growth slowed down after a
certain period; to keep up the growth rate, they supply fresh solution to the growth solution
(Table 2).

Cesar et al. [38] investigated the effect of the growth time on the ZnO nanowire morphology
synthesized at 90°C with pH of 7.0 for a growth time from 30 min to 6 hours. There are two
growth stages for the synthesis of ZnO nanowires: the first stage of about 13 nm/min growth
rate until 1 hour and the second one with a slower growth rate of about 2.5 nm/min, the
growth time situated between 1 and 6 hours (Figure 14).

ZnO nanostructure morphology would not be affected by increasing duration growth time
when it was synthesized atlow equimolar solution and growth temperature of 65°C. Activation
energy is required to enhance the HMT hydrolysis and ZnO precipitation from the solution; it
needs higher growth temperature. Extended duration growth time with rising growth solu-
tion temperature to 85°C leads the prism-like ZnO nanorods to branch. Advance growth time
with NH OH addition to 5 mM nutrient solution at 85°C changed the nonaligned hexagonal
nanorods to a branched nanorod as shown in Figure 15a. Increasing the growth solution

Growth time (h) Average diameter (nm)
0.5 35

1 37

15 55

2 90

2.5 100

3 100

Table 2. Average diameter of ZnO nanowire changes with growth time (data from [23]).
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Figure 14. Average length of ZnO nanowires as a function of the growth time (from [38]).
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Figure 15. SEM images for ZnO nanostructure branched after long-time growth (a) with NH,OH addition to 5 mM
nutrient solution at 85°C and (b) without NH,OH addition to 10 mM nutrient solution at 85°C (image from [37]).
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Figure 16. SEM images for ZnO nanostructure density and size for different growth NH,OH addition to 10 mM nutrient
solution at 85°C: (a) 10 hours, (b) 24 hours, (c) 10 hours, and (d) 24 hours (image from [37]).
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Figure 17. SEM images for ZnO nanorod morphology fabricated at 25 mM nutrient, 12.5 mM HMTA, and 0.35 mM
NH,OH milky color after long growth time (images from [37]).

concentration to 10 mM equimolar precursor’s ratio, at 85°C solution temperature, leads the
prism-like-shaped nanorods to branch early; lateral growth direction increased until getting
continuous film after 24 hours as shown in Figure 15b. Advance growth with NH,OH addi-
tion changes the dominant growth surface to (112) from the first growth hours as shown in
XRD spectrum,; this replicated from nanorod shape change to a typical hexagonal dumbbell-
like one.

Increasing growth time to samples in 10 mM nutrient solution at 85°C NH,OH addition leads
to increase density and particle size as shown in Figure 16.

With growth duration time, NH,OH addition could prompt heterogeneous growth on the
substrate, while the homogeneous nucleation in the bulk solution is suppressed so the growth
could last for a long time without replenishing the solution [39]. Under this environment, an
expectation of a local rise in pH value with growth time may assist initiation of more secondary
nucleate branches on nanorod side surface [48]; this may explain the change in ZnO nanorod
dominant growth surface and branching with NH OH addition to the growth solution.

Long growth time for samples fabricated at 25 mM nutrient, 12.5 mM HMTA, and 0.35 mM
NH,OH milky color leads to destruction of the ZnO nanowire structure due to long exposure
to alkaline media, and increasing pH value in regions close to nanowires would erode their
structure as shown in Figure 17.

6. Conclusion

This book chapter provides an overview of the ZnO nanowire synthesis by hydrothermal
process, the simple and efficient method that has received increased attention. A mixture of
zinc nitrate and hexamine as precursor is the most popular precursor used. In this chapter we
tried to focus on the parameters affecting its morphology. We reported the effect of precursor
type and concentration, pH of the growth solution, bath temperature, and duration time. Itis a
review from published works with our experience in ZnO synthesis by hydrothermal method.
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In brief conclusion, increasing the precursor concentration and growth temperature could
increase nanowire density and change their morphology. Precursor concentration has the
ability to increase their sizes too. Growth starting temperature influenced the nanowire align-
ments and also affected the density and nanowire morphology. ZnO nanowires could be
synthesized via hydrothermal synthesis method on any substrate, seeded or seedless. The
thickness of these seed layers affects their diameter and density. Increasing duration growth
time also could increase the diameter and length of the nanowires. NH,OH addition to the
growth solution changes its pH value that could increase density and change nanostructure
shape and its growth direction on a seeded and seedless substrate.

Acknowledgements

The author would like to thank CRDF global for their support. The author Shrok Allami would
like to express thanks to her host G.P.Li, director of California Institute for Telecommunications
and Information Technology (Calit2), University of California Irvine, USA, and SEM and XRD
Lab staff in UCI for their great support and advisements to conduct this work.

Author details

Shrok Allami
Address all correspondence to: shrokabdullah@yahoo.com

Hydrogen and Biofuel Department, Renewable Energy Directory, Ministry of Science and
Technology, Baghdad, Iraq

References

[1] Wang ZL. Venturing in ZnO nanostructures: From discovery to scientific understanding
and to technology applications. Chinese Science Bulletin. 2009;54(22):4021-4034

[2] LuF, CaiW, Zhang Y. ZnO hierarchical micro/nanoarchitectures: Solvothermal synthesis
and structurally enhanced photocatalytic performance. Advanced Functional Materials.
2008;18(7):1047-1056

[3] Klingshirn CF. ZnO: Material, physics and applications. Chemphyschem. 2007;8(6):
782-803

[4] ChuS, Wang G, Zhou W, et al. Electrically pumped waveguide lasing from ZnO nanow-
ires. Nature Nanotechnology. 2011;6(8):506-510

[5] Na]JH, Kitamura M, Arita M, Arakawa Y. Hybrid pn junction light-emitting diodes based
onsputtered ZnO and organic semiconductors. Applied Physics Letters. 2006;95(25):53303



[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

ZnO Nanowire Hydrothermal Synthesization: Parameters Affecting Their Growth Direction...

Sudhagar P, Kumar RS, Jung JH, et al. Facile synthesis of highly branched jacks-like
Zn0O nanorods and their applications in dye-sensitized solar cells. Materials Research
Bulletin. 2011;46(9):1473-1479

Wang ZL, Yang R, Zhou ], et al. Lateral nanowire/nanobelt based nanogenerators, piezo-
tronics and piezophototronics. Materials Science and Engineering R. 2010;70(3-6):320-329

Xu S, Lao C, Weintraub B, Wang ZL. Density controlled growth of aligned ZnO nanowire
arrays by seedless chemical approach on smooth surfaces. Journal of Materials Research.
2008;23(8):2072-2077

Lu CY, Chang SJ, Chang SP, et al. Ultraviolet photodetectors with ZnO nanowires pre-
pared on ZnO: Ga/glass templates. Applied Physics Letters. 2006,89(15):153101

Cho S, Kim S, Jang JW, et al. Large-scale fabrication of sub-20-nm-diameter ZnO nanorod
arrays at room temperature and their photocatalytic activity. Journal of Physical
Chemistry C. 2009;113(24):10452-10458

Sapkota A, Anceno AJ, Baruah S, Shipin OV, Dutta J. Zinc oxide nanorod mediated visible
light photoinactivation of model microbes in water. Nanotechnology. 2011;22(21):215703

Liu JP, Huang XT, Li YY, Ji XX, Li ZK, He X, et al. Vertically aligned 1D ZnO nanostruc-
tures on bulk alloy substrates: Direct solution synthesis, photoluminescence, and field
emission. Journal of Physical Chemistry C. 2007;111:4990-4997

Liu B, Zeng HC. Hydrothermal synthesis of ZnO nanorods in the diameter regime of
50 nm. Journal of the American Chemical Society. 2003;125(15):4430-4431

An G, Sun Z, Zhang Y, et al. CO,-mediated synthesis of ZnO nanorods and their applica-
tion in sensing ethanol vapor. Journal of Nanoscience and Nanotechnology. 2011;11:
1252-1258

Na JH, Kitamura M, Arita M, Arakawa Y. Hybrid pn unction light-emitting diodes based
on sputtered ZnO and organic semiconductors. Applied Physics Letters. 2009;95(25):
253303

Xu ], Han J, Zhang Y, Sun Y, Xie B. Studies on alcohol sensing mechanism of ZnO based
gas sensors. Sensors and Actuators, B. 2008;132(1):334-339

Lu CY, Chang SJ, Chang SP, et al. Ultraviolet photodetectors with ZnO nanowire spre-
pared on ZnO: Ga/glass templates. Applied Physics Letters. 2006;89(15):153101

Sapkota A, Anceno AJ, Baruah S, Shipin OV, Dutta J. Zinc oxide nanorod mediated visible
light photo inactivation of model microbes in water. Nanotechnology. 2011;22(21):215703

Wang X, Wang W, Liu P, Wang P, Zhang L. Photocatalytic degradation of E. coli mem-
brane cell in the presence of ZnO nanowires. Journal Wuhan University of Technology,
Materials Science Edition. 2011;26(2):222-225

Srinivasan SS, Wade ], Stefanakos EK, Goswami Y. Synergistic effects of sulfation and
co-doping on the visible light photocatalysis of TiO,. Journal of Alloys and Compounds.
2006;424(1-2):322-326

19



20 Nanowires

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

Kim AR, Lee J-Y, Jang BR, Lee JY, Kim HS, Jang NW. Effect of Zn* source chemistry and
materials research concentration on hydrothermally grown ZnO nanorods. Journal of
Nanoscience and Nanotechnology. 2011;11:6395-6399

Baruah S, Dutta J. Effect of seeded substrates on hydrothermally grown ZnO nanorods.
Journal of Sol-Gel Science and Technology. 2009;50(3):456-464

Yuan Z, Yu J, Wang N, Jiang Y. Well-aligned ZnO nanorod arrays from diameter-
controlled growth and their application in inverted polymer solar cell. Journal of
Materials Science: Materials in Electronics. Nov 2011;22(11):1730-1735

Al-Harbi T. Hydrothermal synthesis and optical properties of Ni doped ZnO hexagonal
nanodiscs. Journal of Alloys and Compounds. 2011;509(2):387-390

Wang J, Gao L. Wet chemical synthesis of ultralong and straight single-crystalline ZnO
nanowires and their excellent UV emission properties. Journal of Materials Chemistry.
2003;13(10):2551-2554

Gong L, Wu X, Chen H, Qu F, An M. Synthesis of vertically aligned dense ZnO nanow-
ires. Journal of Nanomaterials. 2011;2011:5. Article ID: 428172

Hu H, Huang X, Deng C, Chen X, Qian Y. Hydrothermal synthesis of ZnO nanowires
and nanobelts on a large scale. Materials Chemistry and Physics. 2007;106(1):58-62

Govender K, Boyle DS, Kenway PB, O’'Brien P. Understanding the factors that govern
the deposition and morphology of thin films of ZnO from aqueous solution. Journal of
Materials Chemistry. 2004;14(16):2575-2591

Tian JH, Hu J, Li SS, et al. Improved seedless hydrothermal synthesis of dense and
ultralong ZnO nanowires. Nanotechnology. 2011;22(24):245601

Wallace I, Eshu OV, Chukwunonso OB, Okoro UC. Synthesis and characteriza-
tion of zinc oxide (ZnO) nanowire. Journal of Nanomedicine and Nanotechnology.
2015;6(5):1000321. DOI: 10.4172/2157-7439.1000321

Sugunan A, Warad HC, Boman M, Dutta J. Zinc oxide nanowires in chemical bath on
seeded substrates: Role of hexamine. Journal of Sol-Gel Science and Technology. 2006;
39(1):49-56

Weintraub B, Zhou Z, Li Y, Deng Y. Solution synthesis of one-dimensional ZnO nanoma-
terials and their applications. Nanoscale. 2010;2(9):1573-1587

Wang SF, Tseng TY, Wang YR, Wang CY, Lu HC, Shih WL. Effects of preparation condi-
tions on the growth of ZnO nanorod arrays using aqueous solution method. International
Journal of Applied Ceramic Technology. 2008;5(5):419-429

Kim AR, Lee J-Y, Jang BR, Lee JY, Kim HS, Jang NW. Effect of Zn*" source concentration
on hydrothermally grown ZnO nanorods. Journal of Nanoscience and Nanotechnology.
2011;11:6395-6399

Gokarna A, Parize R, Kadiri H, Nomenyo K, Gilles Patriarche A, Miskac P, et al. Highly
crystalline urchin-like structures made of ultra-thin zinc oxide nanowires. RSC Advances.
2014;4:47234-47239



[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

ZnO Nanowire Hydrothermal Synthesization: Parameters Affecting Their Growth Direction...

Boubenia S, Dahiya AS, Poulin-Vittrant G, Morini F, Nadaud K, Alquier D. A facile
hydrothermal approach for the density tunable growth of ZnO nanowires and their
electrical characterizations. Scientific Reports. 2017;7:15187. DOI: 10.1038/s41598-017-
15447-w

Al-lami S, Jaber H. Controlling ZnO nanostructure morphology on seedless substrate
by tuning process parameters and additives. Chemistry and Materials Research.
2014;6(4):101. www .iiste.org ISSN 2224-3224 (Print) ISSN 2225-0956 (Online)

Chevalier-César C, Capochichi-Gnambodoe M, Leprince-Wang Y. Growth mechanism
studies of ZnO nanowire arrays via hydrothermal method. Applied Physics A. 2013.
DOI: 10.1007/s00339-013-7908-8

Xu S, Wang ZL. One-dimensional ZnO nanostructures: Solution growth and functional
properties. Nano Research. 2011;4(11):1013-1098

Govender K, Boyle DS, Kenway PB, O'Brien P. Understanding the factors that govern
the deposition and morphology of thin films of ZnO from aqueous solution. Journal of
Materials Chemistry. 2014;14:2575-2591

Greene LE, Law M, Tan DH, et al. General route to vertical ZnO nanowire arrays using
textured ZnO seeds. Nano Letters. 2005;5(7):1231-1236

Ghayour H, Rezaie HR, Mirdamadi S, Nourbakhsh AA. The effect of seed layer thick-
ness on alignment and morphology of ZnO nanorods. Vacuum. 2011;86(1):101-105

Wu WY, Yeh CC, Ting JM. Effects of seed layer characteristics on the synthesis of ZnO
nanowires. Journal of the American Ceramic Society. 2009;92(11):2718-2723

Ji LW, Peng SM, Wu JS, Shih WS, Wu CZ, Tang IT. Effect of seed layer on the growth of
well-aligned ZnO nanowires. Journal of Physics and Chemistry of Solids. 2009;70(10):
1359-1362

Baruah S, Dutta ]J. pH-dependent growth of zinc oxide nanorods. Journal of Crystal
Growth. 2009;311(8):2549-2554

Akhavan O, Mehrabian M, Mirabbaszadeh K, Azimirad R. Hydrothermal synthesis of
ZnO nanorod arrays for photocatalytic inactivation of bacteria. Journal of Physics D.
2009;42(22):225305

Dahiya AS, Boubenia S, Franzo G, Poulin-Vittrant G, Mirabella S, Alquiera D.
Photoluminescence Study of the Influence of Additive Ammonium Hydroxide in
Hydrothermally Grown ZnO Nanowires. Posted: 16 March 2018. Preprints (www.pre-
prints.org). DOI: 10.20944/preprints201803.0138.v1

Zhang TR, Dong W], Keeter-Brewer M, Konar S, Njabon RN, Tian ZR. Site-specific
nucleation and growth kinetics in hierarchical nanosyntheses of branched ZnO crystal-
lites. Journal of the American Chemical Society. 2006;128:10960-10968

21



ntechOpen

ntechOpen



