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A novel route to the rational fabrication of narrow one-dimensional ZnO nanocrystals with perpendicular side facets
is demonstrated in alcoholic solutions. The synthesis involves no-template or no-substrate solution method, which
still allows the oriented growth of ZnO nanostructures at large-scale, low-cost, and moderate temperatures. The
management consists of monitoring of the nucleation, growth, and aging processes by means of chemical and
solvent control of the interfacial free energy. It enables the control of the size of nano-, meso-, and microcrystallites

with various aspects from cubes to rods, wires, and belts.

Introduction

in optics, optoelectronics, catalysis, and piezoelectrfeiy.

In recent years, a broad range of applications, ranging from One-dimensional ZnO nanostructures have been successfully

photonic crystald, photodetector$, photodiodes, light-
emitting diodeg, varistors; and gas sensofgp solar cells,

fabricated by chemical vapor deposition (CVB)Yhermal
evaporatiorf, molecular beam epitaxy (MBE¥,and a high-

which is based on ZnO nanomaterials, have been reportedi€mperature vapor transport procéssing high temperatures

because of its excellent chemical and thermal stability and OF Special equipment. In addition, the preparation of one-
its Speciﬁc 0pt0e|ectronic and electrical properties of being dimensional ZnO nanostructures via wet chemical techr"ques,

a I1—VI semiconductor with a wide band gap of 3.37 eV which include microemulsion hydrothermal Synthéébﬁrect

and a large exciton binding energy of 60 meV. One-

deposition in aqueous solutidhsurfactant-assisted hydro-

dimensional nanostructures are the ideal system for studyingthermal orientation growtt;'”and alcohol-solution reflux-
the transport process in 1D confined objects, which are of ing,'®*°has been reported with low growth temperatures and

benefit not only for understanding the fundamental phenom-
ena in low-dimensional systems but also for developing new

generation nanodivices with high performaféelhe syn-

thesis of one-dimensional ZnO nanostructures has attracted

good feasibility for scale-up.

(10) (a) Gao, P. X.; Ding, Y.; Mai, W.; Hughes, W.; Lao, C.; Wang, Z. L.
Science2005 309, 1700. (b) Wang, Y.; Zhang, L.; Meng, G.; Liang,
C.; Wang, G.; Sun, SChem. Commur2001, 2632.

considerable interest because of their promising applications(11) (a) Wu, J. J.; Liu, S. CAdv. Mater. 2002, 14, 215. (b) Liu, S. C.;

*To whom correspondence should be addressed. E-mail:
yskang@pknu.ac.kr.
(1) Chen, Y.; Bagnall, D.; Yao, TMater. Sci. Eng. B200Q 75, 190.
(2) Liang, S.; Sheng, H.; Liu, Y.; Hio, Z.; Lu, Y.; Shen, H. Cryst.
Growth 2001, 225 110.
(3) Lee, J. Y.; Choi, Y. S.; Kim, J. H.; Park, M. O.; Im, $hin Solid
Films 2002 403 553.
(4) Saito, N.; Haneda, H.; Sekiguchi, T.; Ohashi, N.; Sakaguchi, I.;
Koumoto, K.Adv. Mater. 2002 14, 418.
(5) Lin,Y.; Zhang, Z.; Tang, Z.; Yuan, F.; Li, Adv. Mater. Opt. Electron
1999 9, 205.
(6) Golego, N.; Studenikin, S. A.; Cocivera, Nl.Electrochem. So200Q
147, 1592.
(7) Keis, K.; Magnusson, E.; Lindstrom, H.; Lindquist, S. E.; Hagfeldt,
A. Sol. Energy2002 73, 51.
(8) (a) Cui, Y.; Wei, Q.; Park, H.; Lieber, C. M&cience2001, 293 1289.
(b)Yang, H.; Yan, Y.; Liu, Y.; Zhang, F.; Zhang, R.; Meng, Y.; Li,
M.; Xie, S.; Tu, B.; Zhao, DJ. Phys. Chem. B004 108 17320.
(9) Pan, Z. W.; Dai, Z. R.; Wang, Z. LScience2001, 291, 1947.

4186 Inorganic Chemistry, Vol. 45, No. 10, 2006

Wu, J. J.J. Mater. Chem2002 12, 3125.

(12) Heo, Y. W.; Varadarajan, V.; Kaufman, M.; Kim, K.; Norton, D. P.;
Ren, F.; Fleming, P. HAppl. Phys. Lett2002 81, 3046.

(13) Lao. J. Y.; Wen, J. G.; Ren, Z. Nano. Lett.2002 2, 1287.

(14) (a) Guo, L.; Ji, Y. L.; Xu, H.; Simon, P.; Wu, Z. Am. Chem. Soc.
2002 124, 14865. (b) Zhang, J.; Sun, L. D.; Pan, H. Y.; Liao, C. S.;
Yan, C. H.New J. Chem2002 26, 33.

(15) (a) Yamabi, S.; Imai, Hl. Mater. Chem2002 12, 3773. (b) Gao, X.
P; Zheng, Z. F.; Zhu, H. Y.; Pan, G. L.; Bao, J. L.; Wu, F.; Song, D.
Y. Chem. Commur2004 1428.

(16) (a) Liu, B. Zeng, H. CLangmuir2004 20, 4196. (b) Li, P.; Wei, Y.;
Liu, H.; Wang, X.Chem. Commur2004 2856.

(A7) (a) Zzhang, X. Y.; Dai, J. Y.; Ong, H. C.; Wang, N.; Chan, H. L. W_;
Choy, C. L.Chem. Phys. LetR004 393 17. (b) Zhang, D.-F.; Sun,
L.-D.; Yin, J.-L.; Yan, C.-H.; Wang, R.-MJ. Phys. Chem. BR005

109 8786.

(18) Pacholski, C. Kornowski, A.; Weller, Angew. Chem., Int. EQ002
41, 1188.

(19) Zhang, X. L.; Kim, Y. H; Kang, Y. SCurrent. Appl. Phys2006 in
press.

10.1021/ic052208x CCC: $33.50 © 2006 American Chemical Society

Published on Web 04/12/2006



Perpendicular Side-Faceted ZnO Nanocrystals

As the recent research has suggested, in addition to size
and dimension, the cross-section also has a shape-effect on
the properties of nanomaterid&fs:one-dimensional ZnO
nanostructures with rectangular cross-sections have been
tailored by the thermal evaporation metfétand wet
chemical method¥. Unfortunately, for the thermal evapora-
tion method, ZnO nanobelts with a uniformly narrow width
have been obtained only rarely in the published works.
Moreover, for the wet chemical methods, the cross-section
control needs organic compounds as templates, and the
resulting ZnO nanostructures have widths over 50 nm, and Figure 1. One-dimensional ZnO nanomaterials with different widths and
the growth processes have been simply attributed to templateheir corresponding electron diffraction (ED) patterns: (a}26 nm width
help or are considered to be attachment-dri¥e®timulated ~ range and (b) 7590 nm width range.

by our early work'>??our strategy to design one-dimensional s gyer the control of the width. Moreover, to reach the low

ZnO nanostructures with perpendicular side facets and yanometer range, the design of one-dimensional, highly facet-
various shapess from cubes to rods, narrow wires (with @ griented nanostructures, as well as different width and length
diameter range down to 15 nm), mesocrystallites, and ranges, in the control of ZnO fabrication, is presented by
microcrystallites_is based entirely on a wet chemica_l bottom- following similar theoretical concepts. The electronic con-
up approach, without template, that was synthesized from fiqration and ionic strength for the octahedrtgtrahedral
theoretical modeling and experimental monitoring of the eqyilibrium of the complexes of Zn(ll), the inherent diversity
alcohol-oxide interfacial thermodynamics and kinetics of ¢ f5cet energy and the lack of ligand-field stabilization
nucleation, growth, and aging. Furthermore, this technique energy, as well as the inability of alcohol to deprotonate
has already begn suc_cessfully demonstrated by the fabricationy;alent metal cations at ambient pressure, require the use
of large one-dimensional growth of other kinds of one- of golvothermal conditions and neutralization in basic
dimensional nanomaterials in our further work. medium or chemical complexation to generate zinc oxide
from zinc saltg® The different surface energy of the crystal
facets supplies a possibility of fabricating perpendicular side-
The synthesis was conducted by the solvothermal decompositionfaceted one-dimensional ZnO nanostruti#&8.Such facts
of a Zn(ll) hydroxy complex with reagent grade chemicals. substantially limit the electrostatic control of the interfacial
Experimental autoclaves, with 160 a mL Teflon inside liner, were tension and nucleation free energy. Therefore, the easiest
transfused with an alcoholic solution of zinc chloride (ZnCl way to obtain smaller anisotropic nanoparticles of ZnO is
i?d?igsm/;’sﬁgﬂﬂlhyéigiisg?ﬁ;%gihg;j;ati’ldérfif&)r;ze?ﬁ;?gl ()(/z:H using weaker polarity alcohol solvent, lowering the overall
OH, 98%, Aldrich), and ethanol (GEH,OH, 98%, Aldrich). After Coxgegt):;ggtnegf tcviggﬁf’e;lff’ a‘;{ ;g}”‘;@”gt Jﬁiﬁzpiﬁgﬂf

the solution was stirred for 30 min, a white slurry appeared. Then tall di . | ZnO truct ith
the autoclaves were airproofed and heated at a constant '[emperaturl('é\rys alline one-dimensional £nt nanostructures with per-

for several hours in a regular laboratory oven. After reactions, the Pe€ndicular side facets, typically 25 to 40 nm wide, 15 nm
clear supernatant solutions were carefully removed, and the whitethick, and almost 500 nm to Am long, grew in 20 mL of
products were washed by ethanol and water several times to removed methanol solution that contained 0.01 M zinc chloride and
the unreacted chemicals; then the products were vacuum-dried. 0.1 M sodium hydroxide at 208C for 24 h (Figure 1a). In

The crystal structure was determined with powder X-ray dif- Figure 1b, 75-90 nm wide and 30 nm thick structures were
fraction (XRD, Philips XPert-MPD system, Cu & radiation,A = produceded in 20 mL of an ethanol solution containing 0.02
1.54056 A) at a scanning rate of 0°2for 20 in the range from M zinc chloride and 0.15 M sodium hydroxide at 160
5 to 8C. The morphology and compositional information of the - for 24 h. With same reaction parameters, this perpendicular
products were obtained with transmission electron microscopy sjge-faceted aspect was not observed in the ethanol solvent,
(TEM, JEOL, JEM-2010), high-resolution TEM, selected area \niqop, il be discussed later. Well-defined faces (i.e., polar

electron diffraction, energy-dispersive X-ray spectroscopy (HR- ) .
TEM/ED/EDS, HITACHI, H-7500), and field-emission scanning 2cetS (0002) and nonpolar facd81-1¢) and the single

Experimental Section

electron microscopy (FE-SEM, JEOL, JSM-6700FSEM). cry.stallln.e cha}racter!stlcs can be clearly |d¢nt|f|qd by the
white pointsg in the image of the electron diffraction (ED)
Result and Discussion pattern (Figure 1a and b inset). The rectangular cross-section

_ o - . can be confirmed by the enlarged image at the right bottom
_To give an insight into the capability of controlling one-  corer in Figure 1a. The rougher ends with double or triple
dimensional crystalline ZnO with perpendicular side facets s in Figure 1b hinted the growth of a different crystal.

In the enlarged HRTEM images, the smooth edges without
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Figure 4. Products from ethanol solution at 200 reacted for (a) 24 and
(b) 1 h.

Figure 2. Corresponding HR-TEM images of the ZnO nanostructures in
Figure 1a and b, respectively.

Figure 3. Screw dislocation model: (a) lattice defect and (b and c)
propagation of the screw.

tures agree with the Screw dislocation model very well. The
interplanar spacing of the crystalline stripes is 0.26 nm and
can be indexed to the (002) plane corresponding with the
[0001] growth orientation in Figure 2a, and the 0.275 nm
interplanar spacing of the (100) plane shows {0&-1G
side facets in Figure 2b. In addition, both HR-TEM images
are perfectly consistent with the electron diffraction patterns Figure 5. SEM and TEM images of variable ZnO nanostructures with
in the insets of Figure 1a and b on the single-crystalline perpendicular side facets (a) formed in ethanol solvent, (b and c) secondary
. . . growth in ethanol solvents, and (d) secondary growth from nanoparticles
character, polar growth orientation, and nonpolar side facets.y cypics.

The fabrication of one-dimensional nanostructures can be
separated into two steps: (i) nucleation and (ii) crystal
growth. In general, the minimum size of one-dimensional
nanostructures is both dependent on nucleation thermody-
namics and the growth kinetics (energy stability thedfy.

At the nucleation stage, the overall Gibbs free energy of
formation of the clusterAG;, is given as the sum of the
decrease in the Gibbs free energy of formation of the cluster
lattice, AG;, and the surface excess energyss

alcohol solvent as media instead of the water used in
solvothermal reactions.

As shown in Figure 3, in the model of Screw dislocation
of crystal growth, the kink site (such as lattice defects, etc.)
has the highest binding energy and is the most favorable
position for the incorporation of a unit molecule from the
solution phase, additionally, the angular velocity near the
corner of the lattice defects is faster than that at the edge of
the crystal. Therefore, the dislocation proceeds in a spiral

AG, = AG, + AG, form in the propagation of the stép.The model also
suggested that once the smooth facets of the crystals have
As the positiveAGg, under the samAG, condition, the low- been formed, spontaneously precipitating molecules stick on

energy facets, such as the nonp0|ar fa@@ﬂ;.]_q and p0|ar these surfaces differently. Thus the extending of the smooth
facets (0002) in zinc oxide crystal, have the preference to low-energy side-facets, the nonpo{dx1-1G facets, can lead
be formed firs€* The selectable formation of different energy the oriented growth of the crystals into one-dimensional
facets can be observed under a more moderate reactioforms under a given reaction condition. In fact, our experi-
condition, for example, in this paper, using lower polarity mental results matched the Screw dislocation theory perfectly
with the smoothly perpendicular side facets, the rough tips
(26) Wang, C.-X.; Wang, B.; Yang, Y.-H.; Yang, G.-W.Phys. Chem. B and planed bottoms, and the uniform width and thickness
2005 109 9966. along the entire length of the one-dimensional ZnO nano-

(27) Ohtaki, H. Crystallization ProcessesJohn Wiley & Sons Ltd: . 8 ’
Chichester, U.K., 1998. structures. Furthermore, this growth model might discover
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Perpendicular Side-Faceted ZnO Nanocrystals

Figure 6. Narrow one-dimensional nanostructures with perpendicular side facets: (a) TEM image of the nanostructures and the corresponding electron
diffraction pattern and an enlarged image of a tip, (b) the corresponding FE-SEM image, and (c) the indexed XRD pattern and inset EDX analysis of the
products.

the real growth processes in a wide range of fabricated one-{000]} facets to the stagnant solution of the other facets.
dimensional nanomaterials via a solvothermal process. And when the monomer concentration is very low, the
Generally, the increase in the degree of supersaturationOstwald ripening causes a “defocusing of size distribution”
and in the temperature cause an increase in the density oftnd produces the structures with very different size ranges,
the kink sites and the roughness of the surface. The growthas shown in Figure 4a.
mechanism changes to adhesive growth (i.e., monomers By controlling the reactants, the solvents, the reaction
which reach the surface are effectively incorporated into the temperatures, and time, the morphology of the perpendicular
crystal without surface diffusiorf).If the polarity of alcohol side-faceted one-dimensional ZnO nanostructures can be
solvent in our experiments and the resulting white slurry successfully displayed in a wide aspect range. In Figure 5,
before the solvothermal reaction is considered, the monomerimage a shows the one-dimensional ZnO nanostructures with
in the reactions should be zinc hydroxide. Therefore, with main diameters between 50 and 70 nm, which were obtained
increased precursor concentration, in Figure 1b, the rougherin an 20 mL ethanol solution containing 0.02 M Za@hd
ends with double or triple tips on the one-dimensional ZnO 0.2 M NaOH at 160°C for 24 h. All the structures reveal
structures were formed. their perpendicular side facets with the flat bottoms and rough
The elongated structures characterize the kinetic controltips characteristic of Screw dislocation growth. The strict
reactions. The monomer concentration can be indirectly control of the precipitation and dispersion conditions allows
controlled by changing the reactants to those with different the interfacial free energy of the system to be monitored.
hydrolyzing capabilities, the solvents to those with different Therefore, without the requirements of template, membrane,
polarities, the ratio between the reactants, and the reactionand surfactant to create anisotropic property or to control
temperatures. For instance, because of the higher polarity the growth orientation, the generation of well-defined and
ethanol can supply a higher monomer concentration thanfacet-oriented nanostructures within variable size and shape
methanol at same reaction condition. The higher monomeris allowed.
concentration can supply a higher kinetic energy and With the control of the ion-releasing speed using the low
chemical potential resulting in a faster reaction rate. Thus, polarity alcohol solvents, micro-sized one-dimensional ZnO
in the 20 mL ethanol solution with 0.01 M zinc chloride Structures can be generated by increasing the temperature,
and 0.1 M sodium hydroxide after 24 h at 2D, only large concentration of reactants, or secondary growth under the
structures with two sharp ends can be observed (Figure 4a)same conditions. As shown in Figure 5b and ¢, ZnO
And the products prepared ia 1 hreaction under same  Structures secondarily formed in 20 mL ethanol solutions
reaction parameters show a uniform aspect, as shown incontaining with 0.005 M ZnGland 0.05 M NaOH and 0.01
Figure 4b. The different morphologies shown in Figure 4a M ZnCl; and 0.1 M NaOH at 160C for 24 h. After the
and b agree with “1D to 2D ripening” and the further Ostwald intial growth in the solution, the supernatant solution (clear)
ripening and “1D growth” in the early stage, which had been Was carefully removed, and then the same precursor solution
first reported by Peng et &.At the early stage of reaction, ~Wwas injected into the reaction system; the secondary reaction
high monomer concentrations cause the growth to focus onwas under the same reaction conditions. This process is
the ¢ axis in the wurtzite structure and lead to the “1D- hamed secondary growth in this article. Those materials were
growth” that produce the uniform one-dimensional structures observed with their increased widths and thicknesses and
in Figure 4b. With increasing reaction time, the monomer their remaining perpendicular side facets. Moreover, they are
concentration drops to a certain level, and the equal chemicalstill single-crystalline structures, confirmed by the homolo-
potential in the bulk solution and the surface atoms of the gous electron diffraction pattern. Indeed, if the growth
nanocrystal leads to a diffusion equilibrium at the interface. mechanism discussed in our early work is considered

The monomers diffuse from the stagnant solution of the Seriously?? quantized zinc oxide nanopartictésiave been
used for secondary growth-formed cubes in a 20 mL ethanol

(28) (a) Peng, Z. A.; Peng X. Am. Chem. So2001, 123 1389. (b) Peng,
Z. A.; Peng X.J. Am. Chem. So2002 124, 3343. (29) Spanhel, L.; Anderson, M. Al. Am. Chem. S0d.991, 113 2826.
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solution containing 0.005 M zinc chloride and 0.05 M sodium the only detected elements with a ratio close to 1, except
hydroxide (Figure 5d). the copper from the copper grid, in the Figure 6¢ inset.

To slow the nucleation process, to form smaller perpen-
dicular side-faceted nuclei with higher aspect ratios, zinc
acetate had been used instead of zinc chloride as the reactant. In summary, one-dimensional ZnO nanostructures with
As expected, perpendicular side-faceted ZnO nanostructuresperpendicular side facets can be easily synthesized in an

Conclusion

typically 15 to 20 nm wide, 5 nm thick, and up tozan approach with more complex architecture over a large scale.
long, grew in a 30 mL ethanol solution that contained 0.01 Low-polarity alcohol, zinc salts with different hydrolyzing
M zinc acetate and 0.1 M sodium hydroxide at T@for capabilities, and varying reaction parameters have been

24 h (Figure 6a and b). Well-defined faces, the single- knowledgeably used to control the reaction kinetic and limit
crystalline characteristics, and the rectangular cross-sectionshe reaction to follow with the Screw dislocation model. The
can clearly be identified by the electron diffraction (ED) ultimate goal of such a study is to contribute to the grand
pattern and enlarged image of the tip (Figure 6a inset). In challenges of nanotechnology, in other words, the low-cost
Figure 6c, the corresponding X-ray diffraction (XRD) and large-scale manufacturing of functional nanomaterials
spectrum of those nanostructures matches well with the for realistic and practical applications.

Bragg reflections of the typical crystal habit of wurtzite-
structured ZnOR6smc, a = 3.249 A ,c = 5.206 A, JCPDS
36-1451). The energy-dispersive X-ray spectroscopy (EDS)
analysis of those nanostructures shows zinc and oxygen asCc052208X
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