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Variable-aspect-ratio (length/diameter), one-dimensional (1-D) ZnO nanostructures (nanorods and nanowires) were
prepared in alcohol/water solution by reacting a Zn®* precursor with an organic weak base, tetramethylammonium
hydroxide (Me;NOH). The effect of the experimental parameters (temperature, base concentration, reaction time,
and water content) on nucleation, growth, and the final morphology of the ZnO nanostructures was investigated.
The low-temperature syntheses (75-150 °C) yielded aspect ratios of the 1-D ZnO nanostructures that depended
on the water content. The individual ZnO nanorods and nanowires were determined to be perfect, single crystals
with their ¢ axes as the primary growth direction.

Introduction structures via the latter route includes microemulsion tech-

The wide-band-gap #IV semiconductor ZnO is structur- ~ Mdues;® direct growth in aqueous-alcohol solutighand

ally isomorphous and exhibits a polarity identical to that of Surfactant-assisted growthThe “dry” methods employ high
the 11—V semiconductor GaN. Due to the ease of synthesis emperature and c_ompllcated equipment in contrast W|t_h the
of oxides relative to nitrides, ZnO is increasingly viewed as '0Wer-cost and facile “wet” processes. Herein, we investigate
an attractive alternative to GalN.One-dimensional (1-D)  the fundamental nucleation and growth of ZnO nanostruc-
ZnO nanostructures have application in optoelectronic nano- tUrés in alcohol/water media having high pH by introducing
scale devices such as nanolasegas sensorstransistors, a weak organic baseetramethylammonium hydroxide (Me
and nanoresonatof$viany synthetic methodologies for 1-D  NOH). Variable-aspect-ratio, 1-D ZnO nanostructures (na-
ZnO nanostructrures have been developed, including “dry” norods and nanowires) were obtained under mild conditions

methods (e. g., thermal evaporatiochemical vapor deposi- ~ fom the reaction of a Z precursor with MgNOH. The
tion2 metal-organic chemical vapor depositiémolecular advantage of our method over other wet chemical routes to
beam epitaxy® and template-base methd§sand “wet” ZnO nanoparticles is that we can directly control the

solution-phase method3The synthesis of 1-D ZnO nano- nanoparticle’s aspect ratio by merely specifying the water
content in the reaction media.
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1. ZnO Nanostructure Growth under Constant Water Con-
tent Conditions. The Zr#t precursor (Zn(Acy2H,O, 0.005 mol)
was dissolved in 10 mL of methanol, after which 20 mL of the
commercial base MBIOH (25% w/w in methanol) was added with
stirring at room temperature. The solution was transferred to a
Teflon-lined stainless steel autoclave and heated at a selective
temperature for specific times. The reaction was terminated and
cooled to room temperature. A white precipitate was collected by
centrifugation and purified by washing with water several times.
Several important parameters (reaction temperature, concentration
of Me;NOH, and reaction time) were varied in order to investigate
their effect on the ZnO growth and its final morphology.

2. ZnO Nanostructure Growth under Variable Water Con-
tent Conditions. 2.1. Synthesis of Short ZnO Nanorods (Low
Water Content). Zn(Ac),2H,0 was dissolved in 10 mL of
methanol to give 0.005 mol of Z2n precursor. Then, 20 mL of the
commercial base M&IOH (25% w/w in methanol) was added with
stirring at room temperature. The solution was transferred to a
Teflon-lined stainless steel autoclave and heated 4C7or 24 h.

The white precipitate was collected and purified by washing with
water and dried in air at room temperature.

2.2. Synthesis of Long ZnO Nanorods (Intermediate Water
Content). A 10 mL methanol stock solution was prepared with
0.005 mol of ZA" ion precursor by dissolving Zn(AgPH,O or
other Zr#* compounds. Separately, 5 mL of MNOH (25% w/w
in water) was mixed with 15 mL of M@&IOH (25% w/w in
methanol) to generate a basic solution which was added to the Zn
stock solution under stirring at room temperature. The reaction
mixture was transferred to a Teflon-lined stainless steel autoclave
and heated at 75C for 24 h. The white precipitate was collected
and purified by washing with water and then dried in air at room
temperature.

2.3. Synthesis of ZnO Nanowires (High Water Content).
Fifteen milliliters of MgNOH (25% w/w in water) mixed with 5
mL of Mes;NOH (25% w/w in methanol) basic solution was added
to the 0.005 mol Z#A" stock solution with stirring at room
temperature. The solution was transferred to a Teflon-lined stainless
steel autoclave and heated at°@sfor 24 h. The white precipitate
was collected and purified by washing with water and dried in air
at room temperature.

Characterization. The synthesized products were characterized
by X-ray powder diffraction (XRD, Rigaku Multiflex X-ray
diffractometer, with Cu K& radiation,A = 0.154178 nm at 40 kV ) ; = e :
and 40 ma), Uansmission electron microscopy (TEW Philps OM- TE11e .| TEM, megee o b owhvtr anies procust o1 #n0

12, with a accelerating voltage of 100 kV), and high-resolution . g) 50°C for 48 h; (C) 50°C for 24 h followed by a period at elevated
transmission electron microscopy (HRTEM; Topcon EM-002B, temperature 150C for another 24 h.

with a accelerating voltage of 200 kV). Photoluminescence
measurements were conducted using a-8d laser (Melles Griot, of 10 nm. Figure 1B shows the result of the reaction at 50
Model 2056) with unpolarized 12 mW output at 325 nm as the °C for 48 h. The morphology is still quasi-spherical nano-
excitation light. particles, the same as that in Figure 1A. After the solution
was heated at 50C for 24 h, the temperature was then
elevated to 150C for another 24 h. Almost all of the final
To understand the nucleation and growth of ZnO nano- product is comprised of nanorods with an average length of
structures in methanol/water mixtures with the weak organic 50 nm and average diameter of 15 nm (Figure 1C) with a
base MeNOH, several important synthetic parameters (reac- few coexisting quasi-spherical nanoparticles. The diameter
tion temperature, base concentration, reaction time, methanolof the ZnO nanorods is larger than the diameter of the
water ratio, etc.) were investigated. Figure 1 shows the effect nanoparticles shown in Figure 1A and B. Temperature proved
of reaction temperature on the morphology of the resulting to be critical to the formation of ZnO nanorods at low water

Results and Discussion

ZnO nanostructures at low water content (0.06%0OH content. Anisotropic growth to form nanorods only happened
Figure 1A shows the TEM image of the ZnO nanostructures at relatively high temperatures 60 °C).
prepared at 50C for 24 h. All of the product is comprised The concentration of MIOH was also varied to inves-

of quasi-spherical nanoparticles with an average diametertigate its effect on the morphology of ZnO. The reaction of
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Figure 2. TEM images of the ZnO nanostructures prepared with different concentrations6fQ#eat low water content (0.06%): (A) 6% M&OH

(v/v), (B) 16% MeNOH (v/v), (C) 32% MaNOH (v/v), and (D) 66% MgNOH (v/v). The precursor Zt concentration (0.16 mol/L), temperature (1%I),
and reaction time (24 h) were kept constant.

Zn?" precursors with OH ions has been thoroughly stud- kept low (0.06%), the formation of ZnO nanorods only
ied*® When the molar ratio of 1 to OH™ is higher, the happens at high concentrations of M®H. The concentra-
initial reaction mixture is clear and may be represented by tion of ZnG,?~ is proportional to the [OH] (see eqs 1 and

the reaction equations: 2). The high concentration of the “polar growth unit,” the
“Zn0O2?"" ion, should lead to fast, anisotropic growth of ZnO
Zn** 4+ 40H — [Zn(OH),]*~ (1) along thec axis, the [0001] direction; see Figure 2D.
” o Figure 3 shows the different morphologies of ZnO
[Zn(OH),]" —ZnG,™ + 2H,0 (@) nanostructures prepared at different reaction times at constant

Zn?* concentration, M@NOH concentration, reaction tem-
The ZnG?" ions were proposed to be responsible for the perature, and water content (0.005 mol, 66% viv, 180
polar grovvth of ZnO under hydrothermal_ conditidfs.  and 0.06%, respectively). Figure 34 shows the corre-
According to egs 1 and 2, the concentration of Zh0O  sponding morphologies of ZnO nanostructures resulting from
increases with increasing Ottoncentration. Figure 2 shows varying the reaction time from 4 to 24 h. For a reaction time
the effect of MeNOH concentration on the morphology of f 4 h, Figure 3A shows the coexistence of short nanorods
the ZnO nanostructures prepared at low water (0.06%) and quasi-spherical morphologies. When the reaction time
content. Figure 2A shows irregular ZnO nanoparticles \yas doubledd 8 h (Figure 3B, the morphology is 1less quasi-
prepared at 150C for 24 h with a MeNOH concentration  gpherical and more rodlike. The morphology was almost
of 6% (v/v). Figure 2B shows the TEM image of the ZnO  completely changed to nanorods when the reaction was
particles prepared with a MBOH concentration of 16% (v/ conducted for 24 h (see Figure 3F). Longer and wider ZnO
v). When the concentration of the M¢OH was increased  panorods preferentially grow with the dissolution of smaller,
to 33% (v/v), quasi-spherical nanoparticles and short nano- quasi-spherical nanoparticles (Ostwald ripening).
rods of ZnO coexisted (I_:igure Z.C)' Figure 2D shows that Figure 4 shows the TEM images of 1-D ZnO nanostruc-
almost all of the product is comprised of the ZnO nanorods y o< (nanorods and nanowires) with different aspect ratios

with the highest concentration (66% v/v) of MeOH. This (L/D) which were synthesized from the variable-water-

experimental result indicates that when the water content Was.ntent system. Low water content (0.06%) would lead to

(16) (a) Liu, B.: Zeng, H. CLangmuir2004 20, 4196. (b) Li, W.-J.: Shi, formation of short ZnO nanorods with average length of 48
E.-W.; Zhong, W.-Z.; Yin, Z.-W.J. Cryst. Growth1999 203, 186. nm and diameter of 15 nm (Figure 4A). When the water
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Figure 4. TEM images of the as-prepared 1-D ZnO nanostructures with different L/D, aspect ratios (length/diameter); (A) nanorods with1;/(B)
nanorods with L/D= 10:1; (C) nanowires with L/BD= 50:1; (D) average aspect ratio of the 1-D ZnO nanostructures as function of water content in the
reaction system.

content was increased to 16% (v/v), the dimensions of the The 1-D preferred growth along the Zn©axis under
ZnO nanorods were changed with average length of 370 nmhydrothermal conditions appears to be related to its intrinsic
and diameter of 20 nm (see Figure 4B). Figure 4C shows crystal structure and external factdfs’ After nucleation,
the TEM image of the as-prepared ZnO nanowires with the particles grow by diffusion of reactant units to the
average length of 1087 nm and diameter of 17 nm preparedsurfaces of the particles. ZnO is a typical polar crystal, and
with a 50% water content. The average L/D of the 1-D ZnO the “polar growth unit” Zn@*~ adds to both the positive
nanorods and nanowires as a function of water content is

shown in Figure 4D. (17) Cheng, B.; Samulski, E. Them. Commur2004 986.
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Figure 5. High-resolution transmission electron microscopy (HRTEM) images of 1-D ZnO nanostructures (prepared in solutié@)awifis different
aspect ratios: (A) a short individual ZnO nanorod with a mean £/@:1, (B) one end of an individual ZnO intermediate-size nanorod with 4/M0:1,
and (C) two overlapping ZnO nanowires with LA 50:1.

(0001) and negative (06@l) monohedron fac€s. The enables the nucleation of ZnO), the rate of growth of those
number of nuclei for a fixed Z1 ion concentratiorrthe nuclei, and their concomitant dissolution (Ostwald ripening).
stoichiometry-determines the ultimate length of the nano- When the water content is low (0.06%), very few nuclei are
rods. However, nuclei formation and growth is complex: formed during the mixing of the 2 salt and the weak Me
there is a dynamic balance between temperature-sensitiveyOH base at room temperature because the concentration
processes such as the dissociation of a weak base (whichyt oH- ions is very low. Elevating the temperature (to 75
(18) Demyanets, L. N.; Kostomarov, D. V.; Kuzmina, I.IRorg. Mater. OC) shifts the dissociation of the weak base, and the
2002 38, 124. concentration of OHions precipitously increases. While the
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Figure 6. X-ray diffraction patterns of the as-prepared 1-D ZnO Figure 7. Room-temperature photoluminescence spectra of the as-prepared
nanostructures with different aspect ratios: (A) 1#D4:1, (B) L/D = 10: 1-D ZnO nanostructures with different aspect ratios: (A) =#D4:1, (B)
1, and (C) L/D= 50:1. L/D = 10:1, and (C) L/D= 50:1.

growth rate of nuclei increases when the temperature is

raised, the growth of the initially formed nuclei is over- and {ac = 3:2h41h A cc = 5f:|193f)1} that are in good
whelmed by the production of many more nuclei when the 29reement with the JCPDS file of ZnO (JCPDS 36-1451).

low-water-content solution is heated and the Oi®n The photoluminescence from ZnO consists of two emis-
concentration increases. As a result, a distribution of short Sion bands at room temperature: a near-band-edge (UV) light
nanorods is produced under these conditions (see Figure 4A)€Mission, and a broad, deep-level (visible) emissiéAThe
By contrast, syntheses having increased amounts of Watey|3|plelem|55|on is usually con_S|dered to be relat_ed to various
are dominated by those nuclei that are formed during the INtrinsic defects produced during ZnO preparation and post-
mixing stage at room temperature; raising the temperaturetreatment2> Normally, these defects are located at the
primarily increases the growth rate of those relatively few Surface of the ZnO structu#é.2® Figure 7 shows the room-
nuclei. As a result, high-aspect-ratio nanorods and nanowirestémperature photoluminescence spectra of 1-D ZnO nano-
predominate in the high-water-content reactions. structures measured using a-+Hed laser (325 nm) as an
The single-crystalline structural details of the 1-D znO ©Xcitation source. All three aspect ratios show a strong UV
nanostructures were characterized by HRTEM. Figure 5 &mission around 384 nm and a broad visible emission

shows the HRTEM images of the 1-D ZnO nanostructures P€tween 500 and 550 nm, respectively. The UV emission is
with different aspect ratios. Figure 5A shows a short the band-edge emission resulting from the recombination of

excitonic center$? The green emission at525 nm in Figure

shows one end of an individual ZnO intermediate size resglts from the recombina}tion of elegtrons in singly
nanorod with L/D= 10:1. Figure 5C shows two overlapping occupied oxygen vacancies with photoexcited hélekhe

ZnO nanowires with L/D= 50:1. The HRTEM images luminescence at 550 nm is likely from deep-level sources,
1. . . |
indicate that all three aspect-ratio nanostructures are single-8:9-» interstitial oxygef Generally, the overall shape of the
crystalline. Moreover, there does not appear to be anywsmle emission is a function of defects which in turn, vary
significant amorphous ZnO or defects on the exterior of the FOM sample to sample. It is desirable to have the intensity
nanorods and nanowires. The HRTEM results show that thef the visible emission to be as low as possible for many
1-D ZnO grows along its [0001] direction; the lattice spacing applications. .H.ence, the mten_sny of the visible ratio of the
(2.54+ 0.05 A) corresponds to the distance between two YV 0 the visible emission is usually employed as an
(0001) planes. Each individual ZnO nanorod or nanwire is important criterion to indirectly evaluate the quality of
27-31

a perfect single crystal with itsaxis as the growth direction. £NO~">" However, we recently found not only that the
Figure 6 shows the corresponding XRD patterns. All three 22) Fonob VA Balandin. A AAopl Phys. Lett2004 85, 5971

: : onoberov, V. A.; Balandin, A. AAppl. Phys. Le \ .
XRD patterns can be indexed as the hexagonal wurtzite (23) Lim, J. M. Shin, K. C.. Kim, H. W.; Lee, C. MJ. Lumin. 2004 109,

structure of ZnO with respective lattice constant §eis= 181.

— — — (24) Hsu, N. E.; Hung, W. K.; Chen, Y. B. Appl Phys2004 96, 4671.
3.254 A,ca =5211 A, {as = 3243 A, = 5.193 A, (25) Li, D.; Leung, Y. H.; Djurisic, A. B.; Liu, Z. T.; Xie, M. H.: Shi, S.
L.; Xu, S. J.; Chan, W. KAppl. Phys. Lett2004 85, 1601.
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intensity ratio of the UV to visible emissions relied on the final 1-D ZnO nanostructures. Low water content resulted
sample properties (such as the nanoparticle dimension,in short ZnO nanorods (with L/B= 4:1). High water content
morphology, specific surface area, etc.) but that it was also generated the long ZnO nanorods (with L#9 10:1) and
very sensitive to the experimental conditions (such as further to the formation of the ZnO nanowires (with LA
excitation density, radiation area, et&lherefore, the UV-  50:1) under more water content condition. The use of-Me
to-visible ratio should not be used exclusively to evaluate NOH not only allowed for high pH reaction conditions but
the quality of the ZnO. also provided a means for varying the Oldoncentration
on the basis of the chemical equilibrium between this base
and the water in the reaction system. The control of the aspect
The growth of ZnO nanostructures in alcohol/water ratio of the ZnO nanostructures in solution was realized for
solution in the presence of the weak, organic basgN@H the first time by introducing the organic base M©H and
has been investigated. The formation of anisotropic, 1-D ZnO tuning the water content. Moreover, the 1-D ZnO nanostruc-
nanostructures under different reaction conditions was foundtyres (nanorods or nanowires) are perfect single crystals with

to be highly temperature dependent. The aspect ratio of thethejr ¢ axes as the growth directions, and they exhibit
1-D ZnO nanostructures depends not only on reaction time characteristic photoluminescence.

but also on the water content in reaction system. The ratio
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