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Abstract We report a study on the effect of seeding on
glass substrates with zinc oxide nanocrystallites towards
the hydrothermal growth of ZnO nanorods from a zinc
nitrate hexahydrate and hexamethylenetetramine solution
at 95 °C. The seeding was done with pre-synthesized ZnO
nanoparticles in isopropanol with diameters of about
6—7 nm as well as the direct growth of ZnO nanocrystal-
lites on the substrates by the hydrolysis of pre-deposited
zinc acetate film. The nanorods grown on ZnO nanoparticle
seeds show uniform dimensions throughout the substrate
but were not homogenously aligned vertically from the
substrate and appeared like nanoflowers with nanorod
petals. Nanorods grown from the crystallites formed in situ
on the substrates displayed wide variations in dimension
depending upon the preheating and annealing conditions.
Annealing the seed crystals below 350 °C led to scattered
growth directions whereupon preferential orientation of the
nanorods perpendicular to the substrates was observed.
High surface to volume ratio which is vital for gas sensing
applications can be achieved by this simple hydrothermal
growth of nanorods and the rod height and rod morphology
can be controlled through the growth parameters.
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1 Introduction

Nanostructured materials have received attention in a
wide range of fields due to its interesting properties,
which render them suitable for potential applications in
microelectronic and optoelectronic devices[1]. Compared
to bulk materials, nano-crystalline materials exhibit
completely different properties due to its higher surface-
to-volume ratio and also due to quantum confinement
effects [2]. ZnO nanowires and nanorods are being
actively studied as they are attractive candidates for a
wide variety of applications such as in gas sensors [3, 4],
solar cells [5], piezotronic devices [6], optoelectronics [7],
etc. Different applications will entail different size and
orientation of the nanorods. Gas sensors exploit the
effective surface area for gas adsorption and therefore
dense growth of rods is ideal for such applications.
However, devices based on the piezoelectric property of
the ZnO nanorods will require gaps between the rods,
especially near the tips, to get sufficient deformation for
generating the required voltage. All these call for a sys-
tematic study on the growth dimension and orientation of
the ZnO nanorods which will facilitate the fabrication of
nano devices considerably.

Numerous methods are available for the growth of ZnO
nanorods, however, the most energy-efficient and eco-
nomical method for synthesizing ZnO nanorods is the
hydrothermal process. The hydrothermal process is an
environmentally friendly process and does not require a
complex vacuum environment. This process induces
anisotropic crystal growth in an aqueous solution [4, 8].
The hydrothermal process is surface independent [9] and
provides good control over the morphology of the nano-
wires grown [10]. First reported by Vayssieres et al. [8], the
hydrothermal process uses an equimolar solution of zinc
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nitrate and hexamine to epitaxially grow ZnO rods on
various substrates seeded using small crystallites of ZnO.
With a hexagonal wurtzite structure, the ZnO crystal
exhibits fractional polar characteristics [11] with lattice
parameters a = 0.3296 and ¢ = 0.52065 nm. One end of
the basal polar plane terminates in partially positive Zn
lattice points and the other end terminates in partially
negative oxygen lattice points. Sugunan et al. [10] has
reported that hexamine, being a non ionic tertiary amine
derivative and a nonpolar chelating agent, preferentially
attaches to the nonpolar facets of the ZnO crystal, thereby
exposing only the (001) plane for epitaxial growth. Thus
preferential growth along the (0002) direction is possible.
ZnO nanorods can be grown on a variety of substrates by
affixing pre-synthesized seeds [12]. The seeding of the
substrate with ZnO crystals was found to lower the ther-
modynamic barrier by providing nucleation sites, further
improving the aspect ratio of the synthesized nanowires
[8]. The seeding of the substrate is therefore an important
factor in the hydrothermal growth of ZnO. Seeding can be
carried out by processes such as dip coating and spin
coating [12] using a colloidal solution of ZnO nanoparti-
cles, deposition of a thin layer of ZnO particles through
sputtering [13] or growing a thin crystalline film on the
substrate itself.

In this work, we have compared the growth of ZnO
nanorods on substrates seeded with pre synthesized and in
situ grown nanoparticles of ZnO on glass substrates.
Undoped ZnO are usually n-type material but doping of
zinc oxide is often used to produce the defects that increase
its influence on the sensors conductivity and enhance their
properties with impurities, such as Sn, Cu, Al, etc. The
main aim of this work was to study the effect of processing
conditions on the growth of ZnO nanorods.

2 Experimental
2.1 Synthesis of ZnO nanoparticles

ZnO nanoparticles were synthesized in 2-propanol using
the procedure reported by Bahnemann et al. [14] 1 mM
zinc acetate [Zn (CH3COO),, Merck, 99% purity] solution
was prepared in 20 ml of 2-propanol [(CH;),CHOH,
Carlo Erba, 99.7% purity] under vigorous stirring at
50 °C. The solution was then diluted to 230 ml with
2-propanol and cooled in the ambient following which
20 ml of 20 mM sodium hydroxide in 2-propanol was
added dropwise to the solution under continuous stirring.
The mixture was then kept in a temperature controlled
water bath at 60 °C for 2 h. The transparent colloidal
solution of ZnO nanoparticles was found to be stable over
a period of several months.

2.2 Seeding on glass substrates

The substrates were first dipped in a 1% solution of
dodecane thiol to self-assemble a thin layer of thiol on the
silica surface [15] and thereby assist in the proper attach-
ment of the seeds to the glass substrate. The seeding was
carried out by dipping the substrate in a concentrated col-
loidal solution of ZnO nanoparticles using a custom-built
dip coater [16] Claesson and Philipse [17] have reported
that the surface functionalization of silica using thiol lead
to irreversible binding of metal oxide particles from a
solution. The loosely attached nanoparticles were then
removed after each dipping by washing with deionised
water so that particles attach properly in successive dip-
ping. The thin film of ZnO nanocrystallites was prepared
by dip coating using a 1 mM zinc acetate solution in eth-
anol. Preheating of the substrate was done at 100 and
120 °C and post annealing at different temperatures (100,
150, 200, 250, 350 and 450 °C) for 1 and 5 h were carried
out during the experiments reported in this work.

2.3 Hydrothermal growth of ZnO nanorods

The ZnO nanorods were grown in a sealed chemical bath
containing a 10 mM solution of zinc nitrate hexahydrate
[Zn(NOs3),.6H,0, Aldrich, 99% purity] and hexamethylene
tetramine (CgH{,N,4, Carlo Erba, 99.5%) at 90 °C. As the
growth rate considerably decreases after about 5 h, the
precursor solution was changed every 5 h and growth was
continued up to 15 h. The samples were then heated at
250 °C for 1 h to remove any organic deposits from the
precursors.

2.4 Characterization

Transmission electron microscopy (TEM) was done to
characterize the ZnO seed nanoparticles using a JEOL/JEM
2010 TEM operated at 20 KV. Image processing software
(Scion Image) was used to quantify the nanorod dimen-
sions and density of growth on scanning -electron
microscope (SEM) images taken in a JEOL JSM-6301F
SEM.

3 Results and discussion

The colloidal solution consisted of uniform ZnO nanopar-
ticles with diameters of approximately 6-7 nm, as
observed from the TEM image shown in Fig. 1a. In alco-
hol, the surface remains positively charged as the surface
groups do not readily exchange protons with alcohol as
they do with water. Acetate ions interact with the surface of
zinc oxide. The (100) surface are both monodentate and
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tridentate oxygen coordination sites while the (001) surface
is a monodentate Zn-O site. The (001) surface is charac-
terized by Zn3—O site that is distinct from the tridentate site
found on the (100) surface due to differences in bond
length. The growth rate of crystal is affected by the
chemical processes of monomer addition, as well as the
charge state of each facet, whereby a highly charged facet
will repel ions of like charge and thereby slow the growth
rate, leading to the formation of stable zinc oxide nano-
crystals. The electron micrographs were analyzed to
determine the particle size distribution, which shows the
dominance of particles in the 67 nm range (Fig. 1b). The
nanoparticles were synthesized in alcoholic media to avoid
the formation of hydroxides since Zn(OH), forms more
readily in water than ZnO, and as the dielectric constant of
water (78.4 at 25 °C) is much higher than that of alcohol
(around 18 at 25 °C), the nucleation and growth of the ZnO
nanoparticles is much faster in alcohol resulting in finer
well defined crystallite growth. The particles are mono-
crystalline with a wurtzite structure as has been reported
elsewhere [18].

A SEM micrograph of the thiolated glass substrate
seeded with ZnO nanoparticles is shown in Fig. 2a. It can
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Fig. 2 a Schematic diagram showing the possible agglomeration of
ZnO nanoparticles upon evaporation of the solvent (A) thin layer of
colloidal nanoparticles (B) agglomerated clumps of ZnO nanoparti-
cles with various orientations of the c-axes of the nanocrystallites (C)

@ Springer

Size Distribution b

4-5nm 5-6nm 6-7nm 7-8nm 8-9nm

be observed that the ZnO nanoparticles agglomerate during
the seeding process to form bigger clumps of around
3040 nm sizes. This can be attributed to occur due to the
surface tension of the solvent (ethanol) which brings
the particles together during the drying process [19]. The
gradual evaporation of the solvent from the surface of the
substrate leads to cracks in the thin film of the nanoparti-
cles grown on the substrates. As the particles are brought
together due to surface tension of the solvent during
evaporation, it is unlikely that the crystallites would be
preferentially oriented on the substrate surface [20]. As a
result of multifarious orientations of the seed crystallites,
the nanorods grow in various directions resulting in a
flower like growth. However, as the seed particles are of
comparable sizes (6—7 nm), all the nanorods have similar
dimensions (width ~400 nm) which can be observed in
the SEM image shown in Fig. 2b.

To obtain highly oriented growth, seeding the substrate
through direct hydrolysis on the substrate using zinc ace-
tate appears to be a more promising technique than using
pre-synthesized ZnO crystallite seeds self-organised on the
substrate. Orientation of the crystallites formed in the thin
film grown on the substrate depends upon the preheating as

ZnO nanorods grow from the seed crystallites in the direction of the
c-axes b Scanning electron microscope (SEM) image of ZnO particle
seed layer using colloidal ZnO nanoparticles. Inset: ZnO nanorods
grown using a 10 mM growth solution for 15 h
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well as the post annealing temperatures [21]. Zinc acetate
is known to decompose at a temperature of 237 °C [22]
through the formation of basic zinc acetate arising from the
loss of acetic anhydride. Acetic anhydride further hydro-
lyses to form acetic acid as in Eq. 1.

4Zn(CH;C0O0), + H,0 - Zn,O(CH3;COO0)¢ + 2CH3;COOH

(1)
When the temperature of the reactant solution is increased
to about 300 °C, decarboxylation occurs and basic zinc

acetate decomposes to its oxide leading to the formation of
ZnO nanocrystallites, as shown in Eq. 2 [23].

Zn4O(CH;COO)s - 4Zn0 + 3CH;COCH; +3CO,  (2)

As zinc acetate is available in hydrated form and also the
seeding solution was an aqueous solution, ZnO crystals can

start forming from zinc hydroxides at temperatures as low
as 80 °C [24]. In order to study the effect of annealing of
the seeded substrates on the morphology of the ZnO
nanorods grown by the hydrothermal process, a series of
experiments were designed wherein seeded substrates were
annealed in the ambient at temperatures starting from
slightly above the preheating temperature of 120 °C i.e.,
150-450 °C for a period of 1 h.

Figure 3a shows the SEM image of the seed layer grown
with a preheating temperature of 120 °C and post anneal-
ing at 150 °C for 1 h. Some crystals can be observed
dispersed in an amorphous phase as evidenced from the
diffraction pattern shown in Fig. 4b. The ZnO nanorods
grown on this substrate showed wide variations in size with
widths ranging from 50 nm to about 800 nm, as can be
observed in the SEM image in Fig. 3b. The directions of

Fig. 3 a Substrate seeded with zinc acetate with preheating at 120 °C and post annealing at 150 °C b Scanning electron microscope (SEM)

image of ZnO nanorods grown on (a) using a 10 mM chemical bath

Fig. 4 a Transmission electron microscope (TEM) image of the seeds formed at a preheating temperature of 120 °C and post annealing at
150 °C for 1 h b Diffraction pattern on the seed layer ¢ HRTEM image of a single particle
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growth of the rods are not specific and the nanorods appear
haphazardly distributed on the substrate. Figure 4a show
the TEM image of a similar film grown on a carbon coated
copper grid. Even with high resolution TEM (Fig. 4c) the
crystalline facets of the ZnO nanocrystallites could not be
discerned.

Upon increasing the post annealing temperature to
250 °C, crystallization is enhanced with the crystallites
forming 50 nm nanoparticles which also merge into larger
agglomerates. The particles are clearly visible in the SEM
image shown in Fig. 5a. Figure 5b show the nanorods
grown from the seeded layer shown in Fig. 5a. The nano-
rods did not follow a specific growth direction, but
compared to the previous case of post annealing at 150 °C,
the size distribution of the nanorods is very narrow, with

Fig. 5 a Substrate seeded with
zinc acetate with preheating at
120 °C and post annealing at
250 °C for 1 h b Scanning
electron microscope (SEM)
image of ZnO nanorods grown
on (a) using a 10 mM chemical
bath

majority of the rods grown with widths lying between 130
and 160 nm.

The diffraction pattern shown in Fig. 6b indicates the
presence of single crystalline phases. Measurements done
on various sections of the TEM image shown in Fig. 6a
gave lattice fringe widths of 0.26, 0.28, and 0.29 nm,
indicating the presence of the (002), (100), and (101) faces
of the wurtzite structure of the ZnO crystal. The presence
of all these faces are in conformation to the SEM image in
Fig. 5b where the nanorods are observed to grow in dif-
ferent directions in effect not showing any preferential
orientation on the substrates. To grow nanorods vertically
from the substrate, the seed crystalline film should have the
(002) face oriented upwards, which is the anisotropic
growth direction [10, 25, 26].

Fig. 6 a Transmission electron microscope (TEM) image of the seeds formed at a preheating temperature of 120 °C and post annealing at
250 °C for 1 h b Diffraction pattern on the seed layer ¢, d, e Lattice spacing measured on different areas of the HRTEM micrograph shown in (a)
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At a post annealing temperature of 350 °C, a very uni-
form thin layer of ZnO nanoparticles could be observed
(Fig. 7a). Lattice spacing of 0.26 nm measured at different
sections of the TEM image of Fig. 8a confirm the existence
of a highly oriented crystalline layer with the c-axis
pointing vertically out of the substrate. Three of the mea-
sured areas are shown in Fig. 8b—d. As expected, the ZnO

nonorods grown from this highly oriented seed layer are
vertical with almost comparable widths lying between 200
and 300 nm. The top view and the cross-sectional micro-
graph of the nanorods are shown in Fig. 7b, c.

When the annealing temperature was further increased
to 450 °C, ZnO crystallized into nanoparticles as well as
nanorod like structures which are visible in the SEM image

Fig. 7 a ZnO seeds on glass substrate prepared from zinc acetate with a preheating temperature of 120 °C and post annealing at 350 °C for 5 h
b Scanning electron microscopy (SEM) image of ZnO nanorods grown on substrate (a) and ¢ cross-sectional view of the vertical nanorods

Fig. 8 a Transmission electron microscope (TEM) image of the seeds formed at a preheating temperature of 120 °C and post annealing at
350 °C for 1 h b, ¢, d Lattice spacing measured on different areas of the HRTEM micrograph shown in (a)
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Fig. 9 a Substrate seeded with zinc acetate with preheating at 120 °C and post annealing at 450 °C for 1 h b Scanning electron microscope
(SEM) image of ZnO nanorods grown on (a) using a 10 mM chemical bath

74

Fig. 10 a Transmission electron microscope (TEM) image of the seeds formed at a preheating temperature of 120 °C and post annealing at
450 °C for 1 h. Inset: Diffraction pattern (b) HRTEM micrograph showing a single nanorod

shown in Fig. 9a. Owing to wide variation in sizes of the
nucleation seed crystallites, the nanorods grown on such a
seeded substrate had widths varying from 50 nm to about
700 nm (Fig. 9b). The nanorods grew without any specific
orientation.

The TEM image taken on a similar seed layer grown on
a copper grid is shown in Fig. 10a. The ZnO nanorods are
longer than those seen in the SEM image in Fig. 9a prob-
ably due to the presence of copper in the TEM grid which
may have acted as a catalyst aiding the ZnO crystal growth.
The diffraction pattern (inset of Fig. 10a) shows the single
crystalline nature of the ZnO nanorod like crystals. Fig-
ure 10b shows a HRTEM image of a single rod.

As the (001) direction is the fastest growing direction
for ZnO crystals, the lengths of the nanorods grown for a
specific duration are comparable no matter whether they
are grown from nanoparticle seeds or nanocrystalline thin

@ Springer

films. However, the lateral growth is observed to be
higher in the case of nanoparticle seeding which can be
attributed to the density of the nucleation sites, which is
less as compared to in situ growth of nanocrystallites
using zinc acetate. From the comparative graphs shown
in Fig. 11, it can be observed that even though the
growth of the nanorods was done at the same concen-
tration of 10 mM, the growth of the non polar facets
contributing to the width of the nanorods was much
higher (more than 3 times) when the rods grow out from
pre-synthesized ZnO seeds. The nanorods grown on
seeds crystallized from zinc acetate solution, therefore,
have a higher aspect ratio (of the order of 3) and offer
large surface to volume ratio and are ideal for sensors.
Figure 12 show SEM micrographs of vertical growth of
ZnO nanorods on zinc acetate seeded substrates for
different growth durations (5, 8, 10 and 15 h).
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Fig. 11 Comparative growth of 1000 - 8000 -
ZnO nanorods grown on a b
substrates seeded using ZnO 800 6000 -
nanoparticles and zinc acetate - seeding with NP £ seeding with zinc acetate ——
for a duration of 15 h a width £ 500+ £ )
b length ; £ 40001 seeding with NP
E 4001 seeding with zinc acetate 5
200 4 2000
0 T T y " 0 : : , , ;
0 3 6 g 12 15 0 3 & 9 12 15

time (hours)

time (hours)

Fig. 12 Scanning electron microscope (SEM) images of the ZnO nanorods grown in a chemical bath of 10 mM concentration with different

growth durations a 5 hb 8 h ¢ 10 h and d 15 h. Insets: top views

4 Conclusion

We have successfully grown ZnO nanorods with different
orientations to cater to the multifarious applications of
ZnO in photonics, piezotronics and filters for the elec-
tronic industry. This work highlights the importance of
seeding on the growth and orientation of the ZnO nano-
rods. While seeding with ZnO nanoparticles in colloidal
form produced nanorods which were oriented like flowers,
seeding with zinc acetate gave different morphology and
orientations based upon the preheating and post annealing
temperatures used during the growth of the seed layer.

Vertically aligned rods were obtained on substrates seeded
using a preheating temperature of 120 °C and a post
annealing temperature of 350 °C for 5 h. Aspect ratio of
the nanorods grown on zinc acetate seeded substrates was
higher than the ones grown from nanoparticles seeded
substrates by a factor close to 3.
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