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Near-Room-Temperature Production of Diameter-Tunable ZnO Nanorod
Arrays through Natural Oxidation of Zinc Metal

Zhongping Zhang,"”! Haidong Yu,™ Xiaoqiong Shao,"” and Mingyong Han*!*"!

Abstract: A simple, low-temperature
strategy has been developed for the
low-cost and large-area fabrication of
ZnO nanoarrays on a zinc substrate by

nanoarrays with large-area homogenei-
ty and consisting of nanorods or nano-
wires with predictable morphologies,
such as tunable diameters and identical

lengths. The chemical-liquid-deposition
process, an analogue to the widely used
chemical-vapor-deposition  technique,
has been used for the near-room-tem-

the natural oxidation of zinc metal in
formamide/water mixtures. The one-
step, wet-chemical approach has exhib-
ited well-controlled growth of highly
oriented and densely packed ZnO

oxide

Introduction

Nanostructured zinc oxide (ZnO) with diverse morpholo-
gies, such as nanowires, nanorods, nanobelts, nanotubes, and
nanorings, has been extensively studied due to its unique
physical properties, including its wide band gap and large
excitonic binding energy at room temperature; such proper-
ties suggest promising applications in short-wavelength op-
toelectronic devices, solar energy conversion, transparent
conducting coating materials, and sensors.'"!!) The recent
demonstration of room-temperature ultraviolet lasing from
well-oriented ZnO nanowire or nanorod arrays (nanoarrays)
has further stimulated substantial efforts to develop method-
ologies for the synthesis of one-dimensional ZnO nanostruc-
tures to be used for constructing electronic and optoelec-
tronic devices.'! Among the various techniques reported in
the literature, two vapor-phase-deposition techniques are
the most popular for high-temperature growth of high-quali-
ty ZnO nanoarrays, but are also energy-consuming. Simple
physical vapor deposition generally requires an economical-
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perature production of ZnO nanoar-
rays through continuous supply, trans-
port, and thermal decomposition of
zinc complexes in a liquid phase.

nanostruc-

ly prohibitive high temperature (>800°C),['>"*) and complex
chemical vapor deposition involves expensive substrates, so-
phisticated equipment, and rigorous experimental condi-
tions, although the organometallic zinc precursors used can
reduce the reaction temperature to 400°C.'"*'! Recently,
low-temperature (90-95°C) preparation of homogeneous
and dense ZnO nanoarrays has also been achieved through
a two-step, wet-chemical process, which includes the coating
of a substrate with ZnO seed particles and the thermal de-
composition of Zn-amide complexes in a mixed zinc salt/
amide aqueous solution.”??? However, it is still a challenge
to develop a simple, mild, and practical strategy for the low-
cost and large-area fabrication of high-quality ZnO nanoar-
rays; such a strategy is in great demand for use in promising
applications.

Here, we report the near-room-temperature production of
highly oriented and densely packed ZnO nanoarrays by
using the very simple, natural oxidation of zinc metal in a
mixture of formamide and water; the process is based on
heterogeneous nucleation and subsequent crystal growth of
1D nanostructures on the zinc substrate. This direct, one-
step approach allows the well-controlled growth of high-
quality, well-aligned ZnO nanoarrays with large-area homo-
geneity and consisting of nanowires or nanorods with pre-
dictable morphologies, such as identical lengths and tunable
diameters. Such diameter-tunable 1D ZnO nanostructures,
ranging from tens to hundreds of nanometers, can be ach-
ieved by systematically adjusting the volume content of for-
mamide in water, by which the controlled supply rate of
zinc reactants can be continuously adjusted.
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This newly developed chemical-liquid-deposition process
for the fabrication of ZnO nanoarrays through the continu-
ous supply, transport, and thermal decomposition of organo-
metallic zinc precursors in the liquid-phase is similar to the
widely used chemical-vapor-deposition technique. The
simple, self-seeding growth of ZnO nanoarrays not only has
an attractive low temperature, but also avoids the use of
exotic metals or metal oxides as catalysts or seed particles,
respectively. Like chemical vapor deposition, highly pure
zinc metal is used as the zinc source, which can also avoid
introducing impurities, such as counterions, from Zn salts
that are often involved in other wet-chemical approaches.
The exclusion of exotic metal catalysts and counterions is
very important for fabricating reliable devices, because even
very low concentrations of impurity could cause dopant spe-
cies to be incorporated in semiconductor nanorods, and thus
generate unintentional defect levels and significantly affect
the device properties. In addition to the production of large
areas of ZnO nanoarrays with diameter-tunable nanorods,
this simple strategy can also be developed for the fabrica-
tion of nanostructures of other transition-metal oxides.

Results and Discussion

When the zinc substrate is simply immersed into a forma-
mide/water mixture for 24 h at temperatures as low as 45°C,
the spontaneous chemical liquid deposition and growth of
ZnO nanorods on it is sparse, because foreign seed particles
were not introduced onto the substrate. However, at an opti-
mized temperature of 65°C high-quality ZnO nanoarrays
can be produced readily by this simple approach. Figure 1
shows the well-aligned nanorod array with large-area homo-
geneity that was grown on a zinc substrate in 5% forma-
mide/water at 65°C for 24 h. The uniform nanorods, with an
average diameter of ~140 nm, were densely packed on the
substrate. The flat-surface appearance of the nanorod array
indicates the uniform length of the nanorods. The well-facet-

Figure 1. Scanning electron microscopy (SEM) image of a ZnO nanorod
array grown on a zinc substrate immersed in formamide/water (5% v/v)
at 65°C for 24 h.
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ed end and side surfaces of the hexagonal nanorods is also
shown clearly in Figure 1 (inset image).

The presence of wurtzite ZnO was identified by analysis
of the X-ray diffraction (XRD) pattern of the nanorod array
(Figure 2A). In addition to the diffraction peaks from the
zinc metal, there is only one very strong (002) diffraction
peak from the ZnO nanorods, whereas other ZnO peaks are
either very weak or not detected. The predominant (002) re-
flection, with a narrow full width at half maximum of ~0.7°,
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Figure 2. Structural investigation of ZnO nanorods grown on a zinc sub-
strate immersed in a 5% formamide/water mixture. A) X-ray diffraction
pattern of a highly oriented array of ZnO nanorods (I: hexagonal ZnO,
@®: Zn substrate), B) TEM image of nanorod morphology and SAED
pattern of the selected nanorod, and C) high-resolution TEM image of
an isolated nanorod, indicated in (B).
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indicates the highly preferential growth of the nanorods per-
pendicular to the zinc substrate and the highly oriented c-
axis alignment of the nanorods over a large substrate area.
Figure 2B shows the transmission electron microscopy
(TEM) image of single nanorods carefully removed from
the Zn substrate. Each nanorod, ~1.6 um in length, has a
uniform diameter along its entire length. The selected-area
electron diffraction (SAED) pattern of a single nanorod
(inset of Figure 2B) demonstrates the single-crystal nature
of nanorods grown along the [0001] direction. Figure 2C
shows the high-resolution TEM image of the single nanorod
circled in Figure 2B. The lattice spacing of 0.52 nm corre-
sponds to the d spacing of the (0001) crystal planes, further
confirming (0001) to be the preferential growth direction.
The anisotropic growth of the ZnO crystal along the [0001]
direction may be caused by the inherent polar properties
along the c axis. The velocities of crystal growth in different
crystallographic planes were reported to be Vgiig)> Vigi11y >
Voo = Voo -2>** A strong room-temperature photolumi-
nescence spectrum of the resulting ZnO nanoarrays can ex-
hibit near-band-edge emission by using a He—Cd laser as the
excitation source.

It is known that the oxidation of zinc metal by naturally
dissolved oxygen is very slow in water due to the passive
surface layer of oxide. However, in the presence of forma-
mide the spontaneous natural oxidation process can be dras-
tically accelerated at room temperature, releasing zinc ions
into the reaction solution (Figure 3, A) through the forma-
tion of zinc-formamide complexes (Equation 1).

Zn 4+ H,0 + 40, — [Zn(formamide),]*" +2 OH" (1)

As shown by the data taken at 65°C in Figure 3, more
zinc-formamide complexes can be supplied and accumulated
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Figure 3. Temporal evolution of zinc concentration in a 5% formamide/
water mixture at room temperature (2). Temporal evolutions of zinc con-
centrations in 5 (), 10 (¢), and 20% (o) formamide/water mixtures at
65°C.
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continuously by zinc oxidation at an elevated temperature
for 24 h. To understand the formation mechanism of ZnO
nanorods on the substrate at elevated temperatures, the ki-
netic process of crystal growth was studied carefully in a
5% formamide/water mixture. In the temporal evolution of
zinc oxidation over 24 h at 65°C (Figure 3, V) the zinc con-
centration increased proportionally with reaction time, due
to the continuous release of zinc ions into the reaction
liquid, and up to 0.23 mm of Zn complexes were accumulat-
ed gradually after 24 h in the formamide/water mixture. As
shown too by Figure 3(v), the oxidation of the zinc metal
in the beginning was very slow, and the resulting low zinc
concentration can induce heterogeneous nucleation prefer-
entially on the zinc substrate. By prolonging the reaction
time, freshly produced Zn species can be continuously sup-
plied for subsequent crystal growth on the heterogeneous
nuclei, by means of thermal decomposition of the resulting
Zn-formamide complexes. Figure 4 shows an SEM image of

Figure 4. SEM image of ZnO particle seeds grown on a substrate im-
mersed in a 5% formamide/water mixture, after 5 h at 65°C.

a ZnO crystal at an intermediate stage of growth (5% for-
mamide/water after 5 h). An approximate monolayer of uni-
form ZnO seed particles, ~120 nm in size, can be seen to
have grown on the substrate at this stage. With a further in-
crease in reaction time, these short seed nanoparticles can
continuously grow to eventually form ZnO nanorods.

The diameter-tunable growth of ZnO nanorods is demon-
strated in Figure 5. Well-oriented ZnO nanorods with differ-
ent diameters were chemically synthesized on substrates im-
mersed in 2, 5, and 10% formamide/water mixtures. With
this increasing formamide content, the average nanorod di-
ameter gradually increased from 50, to 140, to 320 nm, re-
spectively (Figure 5A-C). The average ZnO nanorod diame-
ter is plotted in Figure 6 as a function of formamide content
(2,3,5,6, 8, or 10%). The average diameter increased pro-
portionally with the increase in formamide content. This
linear relationship demonstrates that the nanorod diameter
can be controlled and predicted by simply adjusting the pre-
determined content of formamide.

— 3151


www.chemeurj.org

CHEM

M. Y. Han et al.

A EUROPEAN JOURNAL

Figure 5. SEM images of ZnO nanorod arrays prepared within 24 h from
A)2,B)5, and C) 10% formamide/water mixtures. A) Inset shows TEM
and SAED images of one single-crystal ZnO nanowire.

The time-dependent evolution of zinc concentration in
the reaction solution for different formamide contents was
monitored by inductively coupled plasma atomic emission
spectrometry (ICP-AES, Figure 3). With an increase of for-
mamide content from 2, 5, 10, 20, to 40 %, the zinc concen-
tration increased dramatically after 24 h crystal growth
(from 0.12, 0.23, 0.37, 0.86, to 1.49 mm, respectively). This
clearly shows that the zinc concentration can be continuous-
ly tuned from low to high level by increasing the formamide
content in the formamide/water mixture, which enhances
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Figure 6. Linear relationship of ZnO nanorod diameter to formamide
content.

the oxidation rate of the zinc metal. The increased supply
rate of zinc-formamide complexes with increasing forma-
mide content may be the main reason for the formation of
thicker nanorods. It was observed that, within the range of
2-10% formamide, ZnO nanorods or nanowires could be
grown on the zinc substrate exclusively. When the forma-
mide content was increased twofold, from 10 to 20 %, the
concentration level of zinc complexes accumulated was
much higher, leading to the overgrowth of irregular crystal
nanorods on the substrate. It was also noted that the ZnO
nanowires produced in a 2% formamide/water mixture had
a 50 nm diameter, regular-shaped edges, and a single-crystal
wurtzite structure, which grew preferentially along the ¢
axis, as shown in the TEM and SAED images of Figure SA.

When the preparation of ZnO nanorods is carried out at
65°C, the continuous heterogeneous growth of ZnO nano-
rods on the Zn substrate can gradually block the dissolution
process of the Zn metal. After 24 h, the growth rate is re-
duced considerably, resulting in the very flat surface of the
ZnO nanorod array. On increasing the reaction temperature
to 95°C, the supply rate of zinc precursor can be increased,
and a homogeneous nucleation process can occur in so-
lution. The ZnO nanorods obtained at this temperature
were not very uniform and the top surface of the nanoarray
was also covered with precipitated ZnO aggregates. With in-
creasing reaction time, the Zn substrate was completely con-
verted to ZnO crystals, leading to homogeneous nucleation
and growth of nanoparticles in solution.

In the growth mechanism of oriented nanorod arrays, het-
erogeneous nucleation at the initial stage is crucial for the
perpendicular and in-plane alignment of the nanorods.
Given that foreign seed particles were not introduced for
the growth of ZnO nanorods in the present work, the heter-
ogeneous nucleation may occur at any sites on the substrate
for catalyst-free crystal growth. As both Zn and ZnO crys-
tals have hexagonal structures with lattice constants of a=
0.2665, ¢=0.4947 nm and a=0.3249, ¢=0.5206 nm, respec-
tively, ZnO particles tend to have an epitaxial orientation of
lattice planes with the zinc metal base. As shown in
Figure 4, the epitaxial heterogeneous nucleation can result
in a uniform distribution of ZnO particle seeds on the sub-
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strate at the early stage of crystal growth; with their further
growth, these seeds can subsequently lead to a uniform dis-
tribution of ZnO nanorods on the substrate (Figure 1).

It is generally known that the oriented growth of 1D
nanostructures on bare substrates results from the epitaxial
relationship between the lattice planes of the nanorods and
substrate.'¥! It has also been reported that oriented ZnO
nanorods can epitaxially grow on AlL,O;, with 17 % lattice
mismatch between nanorod and substrate.”” Similarly, it is
believed that ZnO particle seeds nucleate and grow epitax-
ially on a zinc metal substrate, resulting in the perpendicular
growth (relative to substrate plane) of nanorods with prefer-
ential c-axis orientation, because both Zn and ZnO crystals
have the same hexagonal structure, with a relatively small
lattice mismatch of 4.9 and 18.0% along the ¢ and a axes,
respectively. As shown in Figures 1 and 5, nearly all the
nanorods grow perpendicularly from the substrate. For
those nanorods that do not grow perpendicularly, their
growth may become physically limited as they begin to im-
pinge on neighboring, non-misaligned nanorod crystals, ulti-
mately giving rise to the preferentially oriented nanorod
array.

Conclusion

In summary, we report a chemical-liquid-deposition process,
as an analogue to the widely used chemical-vapor-deposition
technique, for the near-room-temperature growth of ZnO
nanoarrays by means of the continuous supply, transport,
and thermal decomposition of zinc-formamide complexes.
This simple, low-temperature strategy has been developed
for the low-cost and large-area fabrication of ZnO nanoar-
rays, by using the natural oxidation of zinc metal in forma-
mide/water mixtures. This one-step, wet-chemical approach
exhibits well-controlled growth of highly oriented and
densely packed ZnO nanoarrays, displaying large-area ho-
mogeneity and consisting of nanorods or nanowires with
predictable morphologies, such as tunable diameters and
identical lengths. It is noted that these diameter-tunable
ZnO nanowires or nanorods, ranging from tens to hundreds
of nanometers, have been achieved by systematically adjust-
ing the volume content of formamide in the formamide/
water mixture; this adjustment can continuously alter the
supply rate of zinc reactants and control the self-seeding
growth of nanoarrays. Room-temperature photolumines-
cence spectra of ZnO nanoarrays exhibit near-band-edge
emission and deep-trap emission. In addition to the large-
area production of diameter-tunable ZnO nanoarrays, vari-
ous nanostructures of transition-metal oxide materials, such
as dendritic scaffolds, have been produced by this simple
strategy.?l In particular, the anisotropic growth of ZnO
nanoarrays on arbitrary substrates can be achieved by using
evaporated ZnO thin films as buffer layers, which reduce
the mismatch between the ZnO nanostructure and sub-
strate.
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Experimental Section

Formamide (99.8 %, Merck) was used without further purification. Zinc
foils (99.9 %, Aldrich), 0.127 mm thick, were ultrasonically washed in ab-
solute ethanol before use.

The oxidation of zinc metal and the subsequent growth of ZnO nanorod
arrays in formamide/water were carried out in a 4-mL glass vial under at-
mospheric conditions. In a typical procedure, a piece of zinc foil (7.0x
7.0 mm) was immersed in water (1.5mL) containing formamide, the
volume content of which ranged from 2 to 10% (v/v). The reaction
system was then heated in a drying oven to a constant temperature of
65°C for 24 h. The Zn substrate surface was tarnished gradually due to
the formation of a thin layer of white ZnO crystals. The zinc foil was
taken out, washed with alcohol and deionized water, and dried at room
temperature before characterization.

The size and morphology of the ZnO nanorods were examined by using
a JEOL JSM-6700 field-emission scanning electron microscope. X-ray
diffraction patterns of nanorod arrays were recorded by using a Bruker
AXS GADDS X-ray diffractometer. The nanorod crystalline structure
was analyzed by means of a JEOL 3010 transmission electron microscope.
The TEM samples were prepared by removing ZnO nanorods from the
zinc substrate and dispersing them on a TEM copper grid. The nanorod
growth mechanism was studied by monitoring the temporal evolution of
Zn concentration in the reaction solution during the 24-h growth period.
Zinc concentrations were measured by using inductively coupled plasma
atomic emission spectrometry (Optima3000 Perkin-Elmer). Photolumi-
nescence spectra of ZnO nanorod arrays were recorded by using a Bio-
Rad 2045 rapid photoluminescence mapping system with a He-Cd laser
(325 nm) as the excitation source.
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