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ZnO nanostructure of rods and tubes was synthesized by
hydrothermal method, using aqueous solutions of zinc-nitrate and
hexamethylenetetramine. The experiments were conducted at 90°C for
2h, 4h, 8h and 24h. The influence of reaction time on the formation of
ZnO based samples with different morphologies is investigated. The
structural and morphological properties were examined by X-ray
diffraction (XRD) and scanning electron microscopy (SEM) analyses.
The XRD results confirmed the wurtzite crystal structure of ZnO in
the synthesis and formation of a secondary phase after 8h of
hydrothermal treatment. The SEM investigation shows the obtaining
of nanorods after 2h of reaction and formation of nanotubes at
prolonged reaction time. FT-IR studies were carried out in order to
ascertain the presence of various functional groups in the obtained
materials. DSC analysis confirmed the modifications observed in
samples obtained at different reaction times.

Hy drothermal synthesisat90°C

Zn(NO;),+L2(CHy)¢N4 +H,O

INTRODUCTION

Zinc oxide (ZnO) has a wide band gap (3.37eV)
and large exciton-binding energy (60 meV) having
a lot of applications such as photocatalyst,'” dye
sensitive solar cells,** UV-laser emission, gas
sensor,’ piezoelectric devices,”* optoelectronic
devices,™® transparent electronics,” antibacterial
material.'"®  Nanostructures ~ with  different
morphologies show great potential for next-
generation  devices in  optoelectronics,'
biology,'*'® solar cells** and sensors.*’

* . . . .
Corresponding author: omocioiu@jicf.ro

ZnO has been obtained using several methods
as sol-gel process,"'? wet chemical synthesis,*"'
precipitation” '*'> and hydrothermal synthesis.> >
" 3 Some of the advantages of hydrothermal
method are low temperature, simple devices and
possibility to make green reactions. The sizes and
shapes of ZnO nanostructures are very important in
achieving the wished chemical, physical and
electrical properties. The morphology of ZnO
nanostructures is  strongly influenced by
preparation conditions.
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Demoisson'® demonstrated the effect of the metal
salt concentration — [Zn(NO;),] — in alkali medium
(KOH) on the ZnO crystals growth in a supercritical
domain. Many researchers'>'®'"® have used KOH or
NaOH in hydrothermal synthesis to obtain ZnO rods.
Lu* studied the influence of the alkaline sources
used for hydrothermal synthesis on the morphology
of the obtained ZnO particles. When NH40OH was
used as alkaline source, ZnO crystallized in a rod-like
morphology highly orientated on a-axis.”> When the
alkaline source used was methylethylenamine
(MEA), diethylenamine (DEA) or triethylenamine
(TEA), the ZnO powders crystallized as prismatic
hexa%onal flower-like or sphere-like morphology.”
Jiang™ obtained ZnO microspheres in a hydrothermal
synthesis starting with zinc nitrate and anhydrous

the morphology of ZnO crystals in order to obtain
better properties.

The zinc precursors used usually in the
synthesis of nanomaterials are zinc acetate, zinc
oxide, zinc nitrate and zinc chloride. The literature
data of hydrothermal synthesis starting from zinc
nitrate are presented in Table 1. It could be noticed
that in all cases the ratio between Zn-precursor and
HMTA is 1:1. The obtained morphologies for ZnO
powders were evidenced.

The aim of work is the obtaining of ZnO
starting from zinc nitrate tetrahydrated and
hexamethylenetetramine (HMTA) in a molar ratio
of 2:1, by hydrothermal synthesis at different
reaction times. It has to be mentioned that this ratio
between zinc nitrate and HMTA used for obtaining

ethylenediamine. Organic  additives such as of ZnO nanorods/tubes was not reported before
polyethyleneglycol (PEG),"®  polyacrylic  acid and it was approached from the scientific point of
(PAA),” cetyl trimethyl ammonium bromide view in order to diminish the quantity of
(CTAB),'® ethylene diamine tetraacetic acid formaldehyde, formed during the synthesis
(EDTA),*" were also used in the reaction to change process, which is a toxic compound.
Table 1
Hydrothermal synthesis for obtaining the nanopowders starting from zinc nitrate (selected references)
Raw materials Hydrothermal synthesis ZnO morphology References
Zn(NOs), / (CH,)6N4 /H,O 200°C for 6h nanorods (pH=7), flakes Rayerfrancis'*
ratio 1:1 HCI (pH=1); KOH (pH=12) 450°C for 3h (pH=1) and flowers (pH=12)
Zn(NOs),-6H,0/ (CH,)¢N, /H,0 sonochemical rods Palumbo™
molar ratio 1:1 at 70-50°C
Zn(NOs),-6H,0/ (CH,)¢N,/ NaOH/H,0 95°C for 10 h/20 h nanorod-based sphere-like Gao"
molar ratio 1:1:10 200°C for 5h superstructures
Zn(NOs3),-6H,0/ NaOH/ PAA/ H,0O 90°C, 30 min a-c) spherical nano-particles Aimable™
a,b)pH 5.6;c)pH 11.2d)pH 12.5 d) nanorods flower-like shape
Zn(NOs3), 6H,0/ H,O/ EtOH/ NaOH 60- 260 °C/16 h 60°C nanoparticles; Reddy"”
180- 220°C nanorods;
260°C flower
Zn(NO;), 6H,0 /C4HgO,/ NaOH/ H,0O 120°C, 17h 3D flower-like Zhao™*
molar ratio 1:2.2:1; pH=14
Zn(NOs),6H,0/ PEG/ H,O/NH,OH 120°C for 24h dumbbell-shaped and Jiang™
450°C for 2h flower-like
Zn(NOs), 6H,0/ NaOH/ CTAB/ H,0 180°C for 3 h nanorods Moulahi™
molar ratio 1:2:1; pH~8
Zn(NOs),/ KOH/ H,0 Supercritical conditions rods Demoisson™
molar ratio 1:4; pH=12.5-13 T=411°C
P =305 bar

EXPERIMENTAL

1. Materials and synthesis method

ZnO nanopowders were synthesized by the hydrothermal
method using aqueous solutions of zinc nitrate tetrahydrate
Zn(NOs),*4H,0 (Merck) and hexamethylenetetramine (HMTA),
(CH,)gN,4 (Merck). Precursor solution with concentration of
0.05 M was prepared using deionized water as solvent and a
molar ratio of Zn(NO3), 4H,0 : HMTA of 2:1. The solutions
were mixed and stirred for 15 min at room temperature to
obtain a clear solution. This precursor solution was used for
hydrothermal synthesis of ZnO powders into Teflon lined
stainless steel autoclaves. The autoclaves were heated in a
conventional laboratory oven at a constant temperature of
90°C for 2h, 4h, 8h and 24h. After the reaction, the as-

prepared powders were filtered and washed several times with
hot deionized water at 85°C to remove residual salts and
organic materials and then dried in air at room temperature.

2. Characterization

The XRD patterns were collected in 2@ range between 10
to 80 with a speed of 5° min™ and a step size of 0.02°. PDXL
software from Rigaku, connected to ICDD data base was used
for phase identification and lattice parameters calculation. The
lattice parameters were refined by whole-powder pattern
fitting method (WPPF) using the split pseudo-Voigt profile
function and B-spline background model. The fitting quality
of the experimental data was checked by using the following
parameters: the goodness of fit S that should be close tolfor a
good fit and Rwp (weighted differences between measured
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and calculated values) that should be close to or less than
10%. The crystallite size has been estimated using Scherrer
Eq. for (001), (002) and (101) crystal planes using formula:

D=k +A/Becos (0) )

Where: k is a shape factor (taken as 0.94), f is the full width
at half maximum of the intensity in radians, A is the wavelength of
the Cu Ka radiation (1.54056 A) and 0 is the Bragg's diffraction
angle.

Vibration spectroscopic analysis was carried out using FT-IR
Nicolet 6700 in 400-4000 cm™ domain. The spectra of powders
were recorded on the pellets of KBr.

The powder behavior at heating was determined by
differential scanning calorimetry (DSC) with DSC Mettler Toledo
823e apparatus.

Morphologies of powders were evidenced with a scanning
electron microscopy (SEM) using a high-resolution microscope
FEI Quanta 3D model at an accelerating voltage of 20kV.

RESULTS

1. Scanning Electronic Microscopy

Fig. la-d show the morphologies of the ZnO
nanorods and nanotubes obtained using the method

presented above. It can be observed that at 2h of
hydrothermal synthesis the nanorod structures
growth and in cases of hydrothermal synthesis of
4h, 8h and 24h nanotubes were obtained. In Fig. 1d
the nanotubes begin to be destroyed.

The cross section of the resulted nanorods
shown in Fig. la is presented in Fig. 2. It can be
noticed that the cross section presents a hexagonal
form. The interesting aspect that should be
mentioned is the darker color of the internal part.
No direct experimental evidences are mentioned in
the literature for the darker color of the internal
part of the nanorods. We assume that it is a
difference in the morphology of the internal and
external part of the nanorods that facilitated the
occurrence of the “Kirkendall effect”.

2. X-Ray diffraction

Fig. 3 presents the XRD patterns of powders
obtained after different reaction times. All powders
showed a good crystallinity after hydrothermal

Fig. 1 — SEM of powders obtained by hydrothermal method at different reaction times:
a) 2h; b) 4h; ¢) 8h; d) 24h.
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synthesis as can be observed from diffraction lines
intensities. The XRD patterns of the powders
obtained after 2 h and 4 h time of reaction show the
diffraction lines corresponding to hexagonal ZnO
phase (wurtzite structure) according to JCPDS file
No.01-080-0075. In the case of powders obtained
after 8h and 24h time of reaction, besides the
diffraction lines from ZnO wurtzite structure
additional diffraction lines corresponding to
Zn(OH)NO;H,O phase (JCPDS cards No. 01-084-
1907)  have been observed. The amount of the
secondary phase increases with increasing the
duration, time of the hydrothermal synthesis. The
wurtzite phase decreases accordingly. The lattice
parameters and crystallite size calculated from X-ray
data are listed in Table 2. One can observe an
increase of c¢/a ratio in comparison with the c/a ratio
of the indexed value in JCPDS file. In a real ZnO
crystal, the wurtzite structure deviates from the ideal
arrangement, by changing the c/a ratio. In addition to
composition, the lattice parameter can be affected by
free charge, impurities, stress, and temperature. ** In
our case the presence of the secondary phase could
contribute to the c/a ratio modification. The
crystallite size was found to be in the range of 221-
253 A depending on the reaction times.

321.0 nm

3. Infrared spectroscopy

By FTIR spectroscopy supplementary
information on the structure of the resulted powders
were obtained. The method allows evaluating the
presence of the chemical groups from the vibration
modes of their bonds. In Fig. 4 the infrared spectra of
Zn0O, which were acquired in the range of 400-4000
cm’, are shown. The stretching and the bending
vibration of water are seen at 3359 cm™ and 1636 cm’
1252 The bands at 1395, 1507 and 832 cm’ are
characteristic to vibration mode of NO;" group.”” The
nitrate bands positions are shifted from those
observed in the literature. This reflects the change in
the structural environment of nitrate. In the spectra of
powders at 8 and 24 hours of reaction (Fig. 1c and
1d) higher intensities of these bands are obtained
probably due to the formation of secondary phase.
The analysis of the spectra shows the existence of
bands relating to the different vibration modes zinc—
oxygen between 400 and 700 cm™. In fact, the bands
situated at 506 and 421 cm’ are attributed to the
vibrations of elongation and of deformation
respectively of the vibratory Zn-0.>%

Fig. 2 — SEM image of cross section of nanorods obtained by hydrothermal method for 2h.

Table 2
The lattice parameters (a=b, c) and the average crystallite size (D.)
Sample Phase Lattice parameters c/a Dc Ryp S
a=b (A) cA) ratio N)
ZnO 01-080-0075 ZnO 3.2539 5.2098 1.6011 - - -
ZnO-2h ZnO 3.2526 5.2120 1.6024 241 7.93 1.1857
Zn0O-4h ZnO 3.2515 52113 1.6027 246 8.56 1.1946
ZnO-8h ZnO 3.2519 5.2088 1.6018 253 8.51 1.2311
Zn0-24h ZnO 3.2525 5.2127 1.6026 221 11.37 1.7979
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Fig. 3 — XRD patterns of powders obtained by hydrothermal method at different reaction times:
a) 2h; b) 4h; c) 8h; d) 24h.

4. Differential scanning calorimetry

In Figs. 5a-5d the DSC analysis is presented. In
the case of powders obtained by hydrothermal
synthesis for 2h and 4h no thermal transformation
can be seen in the thermograms. In Figs. 4c and 4d
where the DSC curves for the powders obtained
after 8h and 24h of reaction are given, endothermic
effects can be observed at 237°C and 264°C,
respectively. The effect can be assigned to
decomposition of secondary phase with nitrate and
hydroxyl evolution. The same observations were
reported in case of study of the Zn(OH)NO;H,O
decomposition by DTA/TG.”

5. Mechanism of rods and tubes formation

The behavior of hexamethylenetetramine in the
formation of ZnO can be given by the reactions
presented below.”® The decomposition of the

hexamethylenetetramine in water, at 60°C, led to
formation of ammonia and formaldehyde as can be
seen in following reactions:

(CH2)6N4 + 6H20—> 4NH3 + 6HCHO (1)
NH; + H,0— NH,+OH" (2)

The overall reactions in the solution are shown
1,32
below: 33

Zn(NO;), 4H,0 + 20H" — Zn(OH), +

+2NO; + 4H,0 (3)
Zn(OH), — Zn*" + 20H 4)
Zn*" + 20H — ZnO + H,0 (5)

In this work, after 2 h of reaction in
hydrothermal conditions with high pressure and
temperature of 90°C the ZnO nanorods were
obtained. The literature data show that the growth
of ZnO crystals began with nucleation of
hexagonal pellets followed by the addition of the
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formed structural units on the (100) direction
resulting the formation of nanorods.’”>* In the case
of studied samples the orientation on (100)
direction is demonstrated by formation of
nanorods, only. If the growing follows other
directions then obtaining of nanorod is impossible
and nanoflowers have been obtained as can be seen
in references.'"™ The ZnO nanotubes can be
formed with one-step synthesis in suitable
preparation conditions, as follows: (a) formation of
crystal nucleus of ZnO at initial stage under
hydrothermal reaction conditions; (b) additions of
the structural units on the (100) direction to form
of ZnO rods; (c) etching of the ZnO rods in
solution, (d) Crater generation at the top of ZnO
rods in solution; (¢) Formation of the ZnO
nanotubes in aqueous solution.

In the cases of our synthesis the nanorods and
their growth according to the proposed mechanism
— steps (a) and (b) — is presented in Fig. 6.
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When reaction time is increased the formation
of nanotubes takes place by craterlet generation on
the top of ZnO nanorods, by disolving ZnO in
reaction medium with formation of
Zn(OH)NO3;H,O. The initial stage of the
transformation of nanorods into nanotubes is
presented in Fig. 7.

It is reported that well defined side facets are
highly stable as compared to the central portion of
the hexagonal structure and are more defects
prone.” Hence, slightly higher pH and heating
temperature might enhance the etching in the
central zone of the hexagonal disks, and create
hollow structure.”® This observation is confirmed
by FTIR results (Fig. 4) that show even after
washing of samples with hot water for removal of
residues from the surface of nanotubes and
nanorods; the FTIR spectra of samples at 2h and
4h identify weak bands of NO; group, probably
bonded on the core of nanorods.
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Fig. 4 — FT-IR spectra of powders obtained by hydrothermal method at different reaction times:
a) 2h; b) 4h; c) 8h; d) 24h.
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Fig. 5 — DSC of powders obtained by hydrothermal method at different reaction times:
a) 2h; b) 4h; c) 8h; d) 24h.

Fig. 6 — SEM image of nanorods and their growth according to the proposed mechanism.
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Fig. 7— SEM image that presents the initial stage nanorods into nanotubes transformation.

According to literature data®®® the Kirkendall
effect induces the void formation based on the
different diffusion rates between two species. With
increasing of reaction time, the inner core
continuously reacts with OH’, thus resulting in
hollow tubular structures.”® It must be noted that
the consumed hydroxyl anions in reaction (3) are
regenerated in reaction (4). Due to the fact that in
the solution, NOj;™ ions also exist [see reaction (3)],
the possible reaction of secondary phase formation
takes place:

Zn*"+ NO;s + OH — Zn(OH)NO;H,0 (6)

By increasing the reaction time over 8h, due to
the interaction of ZnO with the reagents in
solutions, hydrozincite is formed, identified as
secondary phase by XRD and FTIR. The proposed
mechanism is similar to that previously published
for ZnO nanotubes based thin films.*****

CONCLUSIONS

In summary, we have obtained hexagonal ZnO
nanorods and nanotubes with high crystalline
quality by hydrothermal method, starting from zinc
nitrate tetrahydrate and hexamethylenetetramine.
Even if the quantity of HMTA was decreased at
half comparing with other synthesis from literature
ZnO powders with different structure and
morphologies were obtained, according to the
SEM, FTIR XRD and DSC results that were in
good agreement.

This work made obvious the effect of reaction
time on the morphology of ZnO nanopowders. The
ZnO nanorods were obtained after a hydrothermal

process of 2h. In case of increasing the synthesis
time to 4h nanotubes of ZnO were obtained. The
ZnO powders with different morphologies
obtained after 2h and 4h show wurtzite single
phase. The powders obtained after 8h and 24h in
hydrothermal  conditions  have  nanotubes
morphology and the secondary phase appears in
their XRD patterns.
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