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Highly oriented Zn(INOs),-6H>O nanotubes were grown on mica substrates based on an epitaxy
mechanism. The Zn(NO3),-6H,0 nanotubes with rectangular cross-section were self-assembled on
mica surfaces into large-area, interconnected hexagonal networks. Fast evaporation of the solvent
was found to be crucial for the growth of high-quality Zn(NO3), - 6H,0 rectangular nanotubes. ZnO
architectures with tailored porosity were achieved through controlled solid-phase thermal decom-
position of the Zn(NO3),-6H,0 nanotubes. Defects in porous ZnO architectures and the photo-
Iuminescence (PL) properties could be well tuned by varying the annealing conditions. The porous
ZnO interconnected networks were electrically interconnected and electrically functioned as a single
integrated unit with symmetric, linear current—voltage (/—V’) characteristic.

Introduction

It is widely recognized that the properties of nanomaterials
depend not only on the composition and crystal structure and
the size and shape but also on the way that they are organized
into higher-order architectures. ZnO is an important wide
band gap semiconducting material with interesting optical,
optoelectronic, and piezoelectric properties. The optical pro-
perties of ZnO nanostructures largely depend on the size,
shape, defects, and impurities [refs 1, 2, and references
therein]. To achieve ZnO optical devices, it is important
to realize the well-controlled structural properties as well
as the light emissions by manipulating the fabrication of
ZnO nanostructures. A variety of ZnO nanostructures have
been reported, including nanoparticles,> > nanorods,’”®
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nanowires,” ! nanobelts, nanotubes, core—shell
structures,'”?® and other complex hierarchical struc-
tures.>!*> ZnO nanotubes, owing to the large surface area
and possible quantum-confinement effect, have raised
great interest recently.”> >’ A feasible strategy to further
increase the surface area and hence to achieve enhanced
functionality of ZnO nanotubes is the introduction
of pores into their walls. However, such an attribute is
rarely explored so far.?®? Current strategies toward
highly porous structures include thermal decomposition,°
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chemical reduction,’! Kirkendall counterdiffusion,>?
template-assisted methods,*>** etc. The thermal stability
of zinc nitrate hexahydrate has drawn wide attention.>
The releasing of gaseous side products during the thermal
decomposition renders a promising way for the prepara-
tion of porous ZnO structures.

In the present study, we report the one-step synthesis of
highly oriented, interconnected Zn(NO3),-6H>O nano-
tubes on mica substrates and subsequent solid-phase
thermal decomposition into porous ZnO architectures.
The Zn(NO3),-6H,0 nanotubes with rectangular cross-
section were prepared from a thin solution layer governed
by an epitaxial growth mechanism. These epitaxial nano-
tubes were oriented along directions at ~60° to each other
and self-assembled into large-area, interconnected hexa-
gonal networks on mica surfaces. It was found that fast
evaporation of the solvent was crucial for the formation
of high-quality Zn(NOs),-6H,O rectangular nanotubes.
While the overall geometrical configuration of the net-
work-like assemblies was largely retained in the thermal
decomposition of Zn(NOs3), - 6H,O nanotubes, the result-
ing porosity could be tailored by varying the annealing
temperature and time. The photoluminescence (PL) spec-
tra at room temperature (RT) exhibited a strong depen-
dence on the annealing temperatures, implying that
various types of defects were evolved in the porous ZnO
architectures prepared at different temperatures. The
electrical measurements demonstrated that the porous
ZnO interconnected networks were electrically intercon-
nected as a single integrated unit and exhibited a sym-
metric, linear current—voltage (/— V) characteristic.

Experimental Section

Zinc nitrate hexahydrate crystalline powder (reagent grade,
98%) was purchased from Aldrich and used as received. Solu-
tions with concentrations in the range of 0.025—0.4 M were
prepared by dissolving the zinc nitrate hexahydrate powder in
Milli-Q water (Millipore, =18 MQ-cm ™ '). The mica substrate,
KAI(Si3A1040)(OH),, was purchased from Mateck GmbH
(http://www.Mateck.ed). Clean mica surface was prepared by
cleaving in air prior to each sample preparation.

To grow Zn(NO3),+-6H,0 rectangular nanotubes, a droplet
(~20 uL) of the zinc nitrate hexahydrate solution was pipetted
onto a freshly cleaved mica surface and then removed quickly by
N, gas flow. Such a process resulted in a thin solution layer on
the mica surface, which was then subjected to rapid evaporation
in N, atmosphere. After the N, gas flow was stopped, the mica
slice was transferred into a desiccator and incubated for 1—3 h.
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To prepare porous ZnO architectures, the as-synthesized Zn-
(NO3),+-6H,0 nanotubes were annealed in a furnace (Barnstead
Thermolyne, F4800 Furnace) at different temperatures for
various lengths of time.

Morphology of the as-synthesized structures was character-
ized using scanning electron microscopy (SEM, JEOL JSM-
5200) and field-emission SEM (FESEM, JEOL JSM-6701F).
The crystallographic and composition information was ob-
tained using powder X-ray diffraction (XRD, Siemens D5000,
operated at 40 kV and 40 mA) with monochromatized Cu Ka
radiation (A = 1.54 A), energy-dispersive X-ray spectroscopy
(EDS, JSM-3010, operated at 300 kV), and selected area elec-
tron diffraction (SAED, JSM-3010, operated at 300 kV). The PL
measurements were performed at RT using a He—Cd laser
(325 nm) as the excitation source (Renishaw system 2000).
The electrical properties were measured at RT in a FESEM
chamber (JEOL, JSM7401-F, vacuum <10~ * Pa) equipped
with nanomanipulators (sProber Nano-M, Zyvex Instruments).
The piezo-controlled tungsten nanoprobes have a tip size typi-
cally <50 nm.

Results and Discussion

1) Highly Oriented Zn(NO3), - 6H,O Rectangular Nano-
tubes. Figure 1 shows typical SEM images of samples
grown from a 0.1 M solution layer evaporated in N,
atmosphere for ~20 s. The mica surface was covered with
interconnected 1D nanostructures that were oriented in
directions at ~60° to each other. These 1D nanostructures
were self-assembled into isolated clusters (Figure 1A) or
into extended networks (Figure 1C). A more careful and
close-up view (Figure 1D) revealed that most of these 1D
nanostructures have open rectangular ends, indicating the
hollow tubular structure. More SEM characterizations of
the tubular structure are described in the Supporting
Information (Figure S1). When a lower concentration of
0.025 M was applied, isolated clusters were found to be the

Figure 1. Highly oriented, interconnected Zn(NOs),-6H>O nanotubes
on mica substrates, grown from a 0.1 M solution layer evaporated in N,
atmosphere for ~20 s. (A) Nanotubes self-assembled in the form of
isolated clusters. (B) Close-up view of a single cluster. (C) Nanotubes self-
assembled in the form of extended networks. (D) Close-up views of (C).
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major product (Figure S2A), whereas extended networks
were predominant at the concentration of 0.4 M (Figure
S2B). The concentration-dependent self-assemblies can be
explained as follows. During evaporation, the thin solution
layer tends to rupture into small droplets to reduce the total
free surface energy.*' On the other hand, the Zn(NO5),-
6H,O crystals appeared at the mica-solution interface
serve as nails that can pin the solution layer against the
mica surface and hence hinder it from rupture.** At higher
concentration, the thin solution layer becomes saturated
soon after the starting of evaporation. The Zn(NO;),-
6H-0 crystals emerge at the mica-solution interface before
the solution layer ruptures, leading to the formation of
large extended networks. On the contrary, when a low
concentration (0.025 M) was applied, the thin solution
layer was found to have ruptured into small isolated
droplets before the occurrence of any noticeable crystal-
lization at the mica-solution interface. Consequently, each
small droplet developed into one isolated cluster.

Similar experiments were carried out on other sub-
strates, including amorphous glass, Si(100), and highly
ordered pyrolytic graphite (HOPG). Tubular crystals
with random orientation were obtained on the surfaces
of amorphous glass and Si(100) (Figure S3). However, no
noticeable crystals were obtained on the surface of
HOPG. This could be most likely due to the hydrophobic
nature of the HOPG surface. [tis probably that the N, gas
flow completely removes the solution droplet from the
HOPG surface. Consequently, thin solution layer is never
formed on the HOPG surface, which is essential for the
growth of Zn(NOs),+-6H,0 crystals. The hexagonal pat-
terning on mica suggests a possible epitaxial growth
mechanism, which is attributable to the surface lattice
structure and ionic nature of mica. XRD results further
suggests that the Zn(NOs),-6H,O nanotubes have {113}
planes parallel to the mica substrate (as will be discussed
later). Figure 2A and 2B shows the schematic models of the
unit cell of orthorhombic Zn(INO3),-6H-O and its (113)
plane, respectively. The atomic arrangement of the upper-
most layer of cleaved mica is displayed in Figure 2C. Upon
exposure to solution, K* cations at the uppermost layer will
enter into the solution, leaving the vacancies (represented
by the red dots in Figure 2D) available for the cation species
in the solution. Figure 2D depicts the epitaxial alignment of
Zn(NO3),-6H»0O (113) plane at the cleaved mica surface.
The Zn(H,0),> " cations locate either at the vacancy sites or
at the bridge sites (the middle sites between two neighboring
red dots). The epitaxial orientations are [010]pica I
[110]nitrate and [100]mica ! [211]nitrate- The lattice mismatches
along the directions of [010]ica and [100] ;e are calculated
to be —1 and 10%, respectively. The growth of 1D Zn-
(NO3),-6H,O nanotubes can be attributed to both its
anisotropic orthorhombic structure* and the anisotropic
lattice mismatches along two perpendicular directions.
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Figure 2. (A) Unit cell of orthorhombic Zn(NO3),-6H,0. For clarity,
H atoms of the water molecules are not shown. (B) (113) plane of
Zn(NO3),-6H»0. For clarity, NO3;~ anions are not shown. (C) Atomic
arragement of the uppermost layer of cleaved mica. (D) Schematical
model illustrating the epitaxial alignment of the Zn(NO3),-6H,0 (113)
plane at the cleaved mica surface. For clarity, the water molecules
coordinated with Zn>" cations are not shown. Blue, red, grey, and purple
balls represent N, O, Zn, and K atoms, respectively.

The nanotubes grow preferentially along the direction of
[010]mica OF [110]nitrate (the direction with smaller lattice
mismatch), whereas the growth is essentially hindered
along the direction of [100],ica OF [211]nitrate (the direction
with larger lattice mismatch). Owing to the crystal symme-
try of mica substrate, preferential growth can also take
place along the identical directions of [210]nica and
[210]mica. The nanotubes elongate until encounter each
other or the complete depletion of Zn(NOj3),-6H,0 in
solution, resulting in the formation of interconnected hex-
agonal networks.

The N,-blowing time was found to be crucial for the
nanotube growth. When the N, gas flow was cut off
immediately after the solution droplet was removed from
the mica surface, large thin-walled nanotubes with ran-
dom orientation together with partially folded-up, rando-
mly oriented small nanotubes were obtained (Figure S4).
On the other hand, increasing the N,-blowing time will
yield more oriented small nanotubes (Figure 3). Due to
large diameters and thin walls, most of the thin-walled
nanotubes collapsed (Figures 3 and S4). Even though,
their tubular structure can still be identified from the
upward opening ends (denoted by the arrowheads,
Figure 3B). The folding-up of these large collapsed
nanotubes began either from one end of the large col-
lapsed nanotube (Figure 3B, denoted by the arrows)
or from its two long sides (Figure 3C). The folding-
up were more complete with a longer N»-blowing time
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Figure 3. Zn(NO;),-6H,0 nanotubes grown from a 0.4 M solution layer evaporated in N, atmosphere (A-C) for ~5 s and (D-F) for ~10 s. Inset of (A)
shows a large thin-walled nanotubes. (G) Schematic model illustrating the folding-up of large thin-walled nanotube into small rectangular nanotube.

(Figure 3D-F). As discussed above, the oriented nano-
butes were epitaxially grown on the mica substrate. The
randomly oriented nanotubes shown in Figure S4, how-
ever, are nonepitaxial ones that crystallized at the solu-
tion-air interface and then deposited on the mica
substrate. Figure S4 shows that some nonepitaxial nano-
tubes were folded up. Therefore, the folding-up beha-
vior might be governed by some reason other than the
lattice-mismatch-induced stress, which typically exists
in the epitaxial crystals. Note that the thin solution layer
was evaporated in two stages. First, it was rapidly eva-
porated in N, atmosphere. After the N, gas flow was
stopped, the remaining solvent would be evaporated
slowly in the desiccators. Therefore, a longer N,-blowing
time would lead to an overall faster crystal growth. The
fast-grown nanotubes are of plenty of crystallographic
defects. Stress originating from the crystallographic de-
fects may be responsible for the folding-up phenomena.
Figure 3G schametically illustrates the folding-up pro-
cess beginning from the long sides of large collapsed
nanotube.

2) Porous ZnO Architectures. The thermal transforma-
tion of Zn(NO5),-6H,0 into ZnO begins at ~40 °C.*
Intermediate hydrates of Zn(OH)(NOs):-H,O and Zns-
(OH)4(NOs3), as well as gaseous side products of the solid-
phase transformation were reported in literature.’”*
Curve (i) in Figure 4A shows the XRD pattern of bare
mica. The Zn(NO3),+-6H,O nanotubes grown on mica
substrate presents a strong (113) reflection at 44.4° at RT
(curve (i1), Figure 4A). The XRD results indicate that the

(44) Malecki, A.; Malecka, B.; Gajerski, R.; Labus, S. J. Therm. Anal.
Calorim. 2003, 72, 135.

as-synthesized Zn(NOj3),-6H,0 nanotubes were single-
crystalline and with {113} planes (also the peripheral
planes) parallel to the mica substrate. The small peak at
10.87° can be indexed to the (200) reflection of Zn(NO3)-
(OH)-H,0 — one of the intermediate hydrates in the
thermal decomposition of Zn(NO3)2-6H20.39 This indi-
cates that a mild solid-phase transformation of Zn-
(NO3),:6H,O nanotubes readily took place at RT.
The Zn(NO3),-6H,O nanotubes were then subjected to
thermal annealing at 255 °C for various lengths of
time. The evolution of XRD patterns were traced and
shown in Figure 4A. The XRD pattern at 1 h (curve (iii))
shows reflections from the intermediate Zn;(OH)4(NO3),
but with no reflection from Zn(NO3),-6H,0, implying
a completed conversion from Zn(NOs),:-6H,O into
Zn3(OH)4(NOs3),. The reflections of Zn;(OH)4(NOs),
vanished at 4 h (Curve (iv)), indicating the end of thermal
decomposition. On the other hand, the ZnO (002) ref-
lection (hexagonal wurtzite, JCPDS card no. 36-1451)
started to appear at 4 h, which was enhanced either
by a prolonged annealing at the same temperature
(Figure 4B) or by annealing at higher temperatures
(Figure 4C).

Morphology evolution as a function of the annealing
condition was monitored as well. Low-magnification SEM
images (Figure S5) show that the overall geometrical
configuration of the interconnected networks was largely
retained after the high-temperature annealings. Close-up
view revealed that nanosized pores began to be noticeable
after annealing at 255 °C for 1 h, with small size and low
density (Figure 5A). Both the pore size and density were
greatly enhanced after annealing for another 3 h at the
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Figure 4. (A) Annealing time-dependent evolution of XRD patterns
while annealing at 255 °C, recorded with a time-per-step parameter
of 1 s: (i) bare mica; (ii) Zn(NOs),-6H,0 nanotubes at RT; (iii) after
annealing at 255 °C for 1 h; and (iv) after annealing at 255 °C for 4 h.
ZnA, ZnB, and ZnC denote Zn(NO;),-6H,0, Zn(OH)(NOs)-H,O0,
and Zn;(OH)4(NOs),, respectively. (B) Evolutions of ZnO XRD pat-
terns as a function of the annealing time at 255 °C and (C) as a funtion
of the annealing temperature, recorded with a time-per-step parameter
of 20 s.

same temperature (Figure 5B). When Zn(NOs),-6H,O
nanotubes were subjected to high-temperature annealing,
pores are supposed to form in the nanotube walls as a result
of releasing the gaseous side products. On the other hand,
pores might be formed due to the structural contraction
from Zn(NO5),-6H,O (with density ~2.065 g-cm™>) to
ZnO (with density ~5.606 g-cm ) during the thermal
annealing. Besides, the formation of pores might also be

Chem. Mater., Vol. 22, No. 4, 2010 1537

“F (released gaseous side products)

Figure 5. Annealing time-dependent morphology evolution of the por-
ous ZnO architectures, after annealing at 255 °C for (A) 1 h, (B) 4 h,
and (C) 30 h. The right panel is the close-up view of the left panel.
(D) Schematic model illustrating the formation of pores in the nanotube
walls as a result of releasing the gaseous side products.

attributed to the self-organization and recrystallization of
ZnO at high temperatures. After a long-term heating up to
30 h, the pore size was further increased, whereas the
density dropped significantly (Figure 5C). This could be
because the small pores have merged into larger ones, as
schematically illustrated in Figure 5D. On the other hand,
large pores could also be obtained by increasing the
annealing temperature to 355 °C (Figure S6).

Nanosized ZnO granules started to appear at the
temperature of 380 °C because of a rapid decomposition
(Figure 6A). A close-up view disclosed that the ZnO
granules formed at this temperature were still con-
nected to each other (Figure 6A-2). Well-defined ZnO
granules with an average size of ~20 nm were obtained
at 430 °C. At the same time, the initial hollow tubular
structure was replaced by an erect thin-ribbon structure
(Figure 6B), which eventually fell on the mica substrate
(Figure 6C). At higher temperatures, larger-sized ZnO
granules were obtained as the small granules were melted
and merged into larger ones. For example, the ZnO
granules obtained at 655 °C had an average size of
~75 nm.

All the annealed samples exhibited two main PL emis-
sions (Figure 7): the near-band-edge (NBE) excitonic
related ultraviolet (UV) emission centered at ~380 nm,
and the broad deep-level (DL) related visible emission in a
wide range of 520—750 nm. Both UV and visible emis-
sions show a strong dependence on the annealing tem-
perature. With an increase in the annealing temperature,
the intensity of UV emission was largely enhanced due to
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Figure 6. Nanosized ZnO granules after annealing 4 h at (A) 380 °C,
(B) 430 °C, and (C) 655 °C. The right panel is the close-up view of the left
panel.

Intensity (a. u.)

355°C

400 500 600 700
Wavelength (nm)

Figure 7. PL spectra of the porous ZnO architectures annealed at
different temperatures.

an improved crystallinity of the ZnO samples.*> The
yellow-IR emissions can be attributed to the oxygen
interstitials in the oxygen-rich ZnO,***" which is also
supported by the EDS analysis (Figure S7A). The 655 °C-
annealed ZnO sample exhibited strong green-red emis-
sion. The largely enhanced intensity indicates the pre-
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Phys. Lett. 1999, 75, 2761.
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42,3031.
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sence of large amount of defects.*® An obvious blue shift
of the visible emission was noticed as compared to the
ZnO samples annealed at low temperatures. The green
and yellow-red emissions are attributed to the oxygen
vacancies and interstitials, respectively.*”>! Generally,
the green and yellow emissions cannot be observed
simultaneously in the same sample.’* In our case, the
high-temperature annealing at 655 °C could possibly have
broken the Zn—0 bonds.*® The ionized oxygen diffused
out and resulted in the oxygen vacancies. The presence of
oxygen vacancies in the high-temperature samples was
also confirmed from the EDS spectrum (Figure S7B).
Due to the short annealing time (4 h in this case), the
oxygen vacancies (i.e., green defects) were limited in the
surface layer with the interior oxygen interstitials (i.e.,
yellow-red defects) unmodified. As a result, broad green-
red emission was achieved.

Electrical properties of the porous ZnO interconnected
networks were examined using two-probe electrical mea-
surements. Single porous ZnO architecture in the net-
work assembly exhibited a symmetric, nonlinear /—V
response with a measured resistance (Ryy) of ~0.74 MQ
(Figure 8A). The symmetric, nonlinear nature of the I—V
curve could either be due to the intrinsic semiconducting
nature of the porous ZnO or be characteristic of the
Schottky contact between the tungsten probe and the
ZnO sample. As the distance between two probes was
increased, a rise in the resistance and a transition from
the nonlinear to linear /—V response was observed
(Figure 8B—C). The results indicate that the large inter-
connected network was electrically interconnected and
functioned as a single integrated unit. In addition to
the longer electrical path, the rise in resistance could be
attributed to the large number of interfaces between the
interconnected ZnO architectures. The linear /—J char-
acteristic could be due to the dominant contribution from
the interconnected ZnO architectures compared to that
from the Schottky contacts. We have also studied the
electrical properties of the isolated clusters with different
sizes (Figure S8). Similar to the extended network, the
clusters showed a symmetric, linear /—J response. We
have measured the conductivity of the porous ZnO inter-
connected networks under UV irradiation. The conduc-
tivity of the ZnO networks was largely enhanced due
to the UV irradiation. The conductivity of ZnO can also
be modified by the adsorption of gases, such as CO.>
NH->* Further investigations on the possible applications
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Figure 8. Electrical properties of the porous ZnO interconnected net-
works as a function of the distance between two tungsten probes: (A) Ry
~0.74 MQ, (B) Ry ~ 3.21 MQ, and (C) Ry ~ 6.0 MQ.

of the porous ZnO interconnected networks in photo and
gas-sensing will be explored.
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Conclusions

In conclusion, the epitaxial growth of Zn(INO3),-6H,O
rectangular nanotubes on mica substrates was demon-
strated. The solid-phase thermal transformation of Zn-
(NO3),-6H,0 nanotubes into porous ZnO architectures
was explored. The epitaxial Zn(NOs),-6H->O nanotubes
were oriented in directions at approximately 60° to each
other and self-assembled into large-area, interconnected
hexagonal networks. The ZnO architectures with well-
tailored porosities were fabricated through the solid-
phase thermal decomposition of Zn(INOs3),-6H,0 nano-
tubes under different annealing conditions. The PL
spectra exhibited a strong dependence on the annealing
temperatures, suggesting the presence of various types of
defects in the porous ZnO architectures annealed at
different temperatures. The porous ZnO interconnected
networks were electrically interconnected and functioned
as a single integrated unit that exhibited a symmetric,
linear /—V characteristic. The epitaxial growth together
with the folding-up phenomena renders an intelligent
approach to synthesize oriented tubular structures. The
synthesis approach described in this article could be
further explored to synthesize other 1D materials with
unique structures and properties.
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