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Abstract: Here we report a site-specific sequential nucleation and growth route to the systematic building
of hierarchical, complex, and oriented ZnO micro/nanostructures in solution nanosynthesis. Structures and
morphologies of the products were confirmed by results from X-ray diffraction and scanning electron
microscopy studies. The organic structure-directing agents (SDAs), diaminopropane and citrate, are found
to play different roles in controlling the evolution of these new morphologies. Through the selective
adsorptions of SDAs on different crystal facets of the primary ZnO rods, we have alternated the hierarchical
growth of secondary and tertiary new complex nanostructures. Roles of the SDA concentration, nucleation
time, and growth kinetics in the solution hierarchical ZnO nanosyntheses have all been systematically
investigated.

Introduction each resulting in a long list of new morphologies reported in
Zinc oxide (ZnO), a direct wide band gap (3.37 ev) theliterature. In the search for new methodologies and strategies
semiconductor with a large excitation binding energy (60 meV), to guide the design and solution syntheses of new morphologies,
is one of the most important multifunctional oxide ceramic C€apping agents [e.g., ammonia, hydrazine, ethylenediamine, tri-
materials possessing a suite of useful propérissch as optical ~ €thanolamine, tris(hydroxymethyl)aminomethane, dodecy! sul-
absorption and emission, piezoelectricity, transparent conductiv-fate, citric acid, amino acids, peptides, gelatin, poly(vinyl alco-
ity, high voltage-current nonlinearity, sensitivity to gases, and hol), polyacrylamide, carboxyl-functionalized polyacrylamide,
photocatalysis. The interests in fabricating new ZnO nano- Water-soluble diblock copolymers, etc.] have been success-
structures have been steadily growing due largely to the exciting fully used to control sizes and shapes of ZnO nanocry3tais.
new applications in (i) the room-temperature UV nanolasing However, the rich morphologies have also been found to be
and (i) the electricity generation from mechanical energy with

high conversion efficiencies.
Gas-phase?’ and solution-phadé 35 syntheses are two main
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affected by experimental parameters such as the precursor typdxperimental Section

and concentration, type of solvent, solution pH, reaction

temperature and tlme, template type, Btc** Along with th? were purchased from Aldrich Chemical Co. They were all used directly

syntheses of semiconducting nanotetragf§d%¥, systematic  \yithout any further purification.

shape-controlled syntheses of hierarchical and branched complex 1 1 synthesis of Sample I (Oriented Primary ZnO rods)First,

ZnO nanostructures are emerging as new challenges in ZnOg Teflon bottle was filled with 30 mL of the aqueous solution containing

nanosyntheses. 20 mM of both Zn(NQ), and hexamethylenetetramine (HMT). To
Lately, roles of the sodium citrate and organoamines in Prepare primary ZnO rods standing up on glass, the glass substrates

hierarchical nanosyntheses of new ZnO morphologies have beer{microslide, VWR) were placed in the bottle that was then sealed and

1. Sample PreparationsAll of the reagents (analytical grade purity)

studied separateRf. %2 However, these roles have not been

systematically evaluated, and the related fundamental issues on
how to control the site-specific nucleation pattern and growth s

kinetics have not been elucidated.

hydrothermally heated overnight at 8Q (Figure 1a).

1.2. Synthesis of Sample Il (Secondary Needlelike Nanobranches
on the Primary ZnO Rods). After washing and drying in air, the
ample | was incubated again at 80 for 6 h in anaqueous solution
of 20 mM Zn(NG), and HMT, together with the DAP (diaminopro-

Hence, we have conducted a series of systematic synthesigane) ranging from 17.5 to 140.0 mM. Afterward, highly oriented arrays
studies in an attempt to reveal the kinetics and the roles of of secondary branched nanocrystals were grown on the columnar facets
organic structure-directing agents (SDAs) (e.g., citrate, diami- of primary ZnO rods with tunable sizes and spatial organizations (panels

nopropane or DAP) in the formation of (i) secondary and tertiary
ZnO nanobranches and (ii) nanoplates on the selected facets o
these ZnO crystallites. To further prove the roles of the SDAs,
we have also switched these two different SDAs in the ZnO

b—i of Figure 1).

¢ 1.3. Time Variations in Hierarchical NanosynthesesFor the study

of the effect of time on the morphological evolution, sample | was
incubated at 60C from 0.5 to 24 h in an aqueous solution containing
20 mM of Zn(NQGy), and HMT, and 87.5 mM DAP (Figure 2). The

solution nanosynthesis back and forth. In so doing, we have yinetics and nucleation time have been worked out from the plot of
profoundly understood the roles of each SDA, and on that basisthe branch length versus the time (Figure 3).

harvested a family of new ZnO branched structures with

1.4. Synthesis of Sample Il (Secondary Nanoplates on the

precisely controlled morphologies and spatial organization at Primary ZnO Rods). The procedure is similar to that for preparing
the nanoscale. These systematic studies on the sequentiatample Il except that the DAP was replaced by sodium citrate (0-0566
evolution of the new nanostructures have enabled us to deduced-226 mM). Oriented secondary nanoplates were formed on the
the heterogeneous nucleation time and growth rate for the columnar facets of the primary ZnO rods with controllable morphologies
secondary branches on the primary rods. To our knowledge, (FI9ure 4)-

these results are among the first obtained in hierarchical ZnO
nanosynthesis. This work may provide us with a new rationale
pertaining to the design and hierarchical solution synthesis of

1.5. Synthesis of Sample IV (Tertiary Nanoplates on the Sample
Il Secondary Branches).Sample Il from the secondary growth was

incubated at 60°C for 24 h in an aqueous solution of 20 mM Zn-
(NO3), and HMT, and 0.226 mM sodium citrate. Such an SDA switch

complex, ordered nanostructures of new types based on thep, the tertiary growth has resulted in a new type of hierarchical and

needs in fundamental and application studies.
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complex crystals labeled as sample IV (Figure 5).

1.6. Synthesis of Sample V (Tertiary Nanobranches on the
Sample Il Nanoplates). Sample Il from the secondary growth was
incubated at 60C for 6 h in anaqueous solution of 20 mM Zn(N®
and HMT, and 87.5 mM DAP. After the hydrothermal treatment, a
new kind of hierarchical and complex crystals was generated as a
consequence of the SDA switch in the tertiary growth (Figure 6).

2. Sample Characterizations.The phase purity and spatial orga-
nization of ZnO micro/nanostructures were characterized by a Philips
X'PERT X-ray diffractometer (45 kV, 40 mA, Cud A = 1.5418 A
with a graphite monochromator) scanning fronf 16 80° (20) at a
speed of 1°/min. The yields and morphologies of these crystalline
structures were mainly investigated under a Philips ESEM XL30
scanning electron microscope equipped with a field emission gun and
operated at 10 kV.

Results and Discussions

1. DAP-Induced Site-Specific Nucleation and Secondary
Growth. Understanding the nucleation and growth kinetics in
solution nanosynthesis is of significance in fundamental crystal
science. The use of organic species for controlling the inorganic
crystal growth has been extensively studied, especially in the
recently reported solution syntheses of colloid nanocry&taf8.
However, the systematics that can reveal the stepwise profiles
of the nucleation and growth have seldom been repdrted,
due probably to the fast kinetics taking place in the low
nanoscale. Thus, we have purposely designed the above-
mentioned six syntheses using relatively large ZnO crystallites
to systematically study the site-specific nucleation, directional

J. AM. CHEM. SOC. = VOL. 128, NO. 33, 2006 10961
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Figure 1. SEM photographs showing the systematics for the DAP concentration-dependent hierarchical growths. Highly oriented primary ZnO rods are
shown in (a); (b-i) secondary needlelike crystalline branches formed by adding DAP 17.5 mM (b), 35.0 mM (c), 52.5 mM (d), 70.0 mM (e), 87.5 mM (f),
105.0 mM (g), 122.5 mM (h), and 140.0 mM (i). Each inset shows the corresponding low-magnification SEM survey photograph for that sample.

growth behavior, and kinetics in the solution hierarchical became longer (from about 1 to 10n), thicker (from about
nanosynthesis. 250 nm to 1.7um, measured from the end of the branches),

Figure 1a shows the SEM photographs of the primary ZnO and fewer on every columnar facet of the primary rod (panels
rods standing up on a clean glass substrate. It can be seen thag—h, Figure 1). Such a secondary nucleation and growth
these rods have well-defined hexagonal crystallographic planes,mechanism would further imply that crafting one nanostructure
about 800 nm in diameter and L/ in height, with the 0011 onto another as such may need not only to understand but also
direction nearly perpendicularly to the substrate. During the to manage the surface chemistries on the nanostructures.
secondary growth after DAP was introduced into the system, | jierature, the lattice match is believed to be able to influ-
new crystals grew on the columnar facets of the primary rods. ence the orientation of the ZnO nanorod arr&§s7Probably

If less DAP was used, sparse, tapered ZnO nar}ostructuresas a result of the misfit of less than 10% between the (001)
rzndomli/bgriw ohn tgeAlgolumnar fagets of these prlrr(;ary rods facet of ZnO and the substrate surface [such as the (110) facet
(. Igure ). As the concentration was Increased sequen- ¢ sapphire, the (001) facet of GaN, or the (111) facet of silver],
tially in the next sample, dense and organized taperlike ZnO c-oriented ZnO nanorods can be grown epitaxially on these sub-
nanostructures almost covered the entire columnar facets (FigureStrates In the case of amorphous substrate (e lass), however
1c). These short tapered nanostructures grew into long, needle_Zhang.et al, hypothesized F:hat a wetting la é%é)?ZnO,formed ’
like structures as more DAP was added (Figure 1d). As the DAP -y Y

concentration was further increased, these secondary branche2" the _glas_s_substrate, prior to the nanorod growth in chemical
vapor, is critical to the oriented growth of the ZnO nanoréds.

(63) Murry, C. B.; Norris, D. J.; Bawendi, M. G. Am. Chem. S0d.993 115, Recently, Yang’s group has reported a generalized method for
8706 growing a~10 nm-thick, textured ZnO nanocrystals with all
c-axes normal to substrate of nearly any tff@nd proposed
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that the first several atomic layers of ZnO would convert to the interface spectroscopic analysis and computational simulation
(001 orientation via a minor structural transformation. of the adsorption of SDA on ZnO surfaces are concurrently

On the other hand, the self-assembled monolayers (SAMs)0ngoing.

of organic molecules on various solid substrates have been As Zeng et af? proposed, the needlelike branches can fuse
widely used to direct inorganic crystal growth including side-by-side into each other (Figure 1f). The new results

ZnO73-80 A main role of the SAMSs is to decrease the activation obtained here, however, further imply that most secondary
energy of nucleation of inorganic crystals. The size, shape, branches are likely rooted on many secondary nucleation sites
orientation, crystalline phase, distribution density on solid on the columnar facets of the primary crystal.

substrates of inorganic crystals can be controlled by adjusting As the concentration increased, the basal facets of both
the chain structure, the terminating functional group, the branches and primary ZnO rods gradually became sharper on
packing, and the conformation of the SAMs molecules. top. Obviously, too much adsorption (or coverage) of DAP on

Further, twinning as the driving force has also been adopted the columnar facets of the primary rods may hinder the
to try to explain the nearly vertical organization of one ZnO secondary nucleation and the subsequent growth along the
nanorod on the columnar facet of another, which was formed columnar directions, thus, in turn, relatively promoting the
through a Vapor-transport and condensation pro@ebm et grOWth along thé001direction. As a reSUlt, the fast grOWing
al. also reported the twinning growth of ZnO rods with their (001) facets should gradually disappear (Figure 1h), revealing
c-axes nearly normal to the columnar facets of another znO that the growth on the primary rod facets is always accompanied
rod$2 Both studies, however, have shown high-resolution DY the secondary and tertiary growths. Therefore, the secondary
transmission electron microscopy images with little explanation branches on the columnar facets became fewer and fewer as
on the solution interface chemistry. the DAP concentration was increased, eventually leading to the

Hence, one could picture the site-specific heterogeneousform"’1ti0n of a morphology with no branches at the very high

nucleation and the secondary growth in our system. First of DAP concentration (Figure 1i). . .

all, the preferred adsorption of the DAP on the columnar It can be clearly seen from the Figure 1i that the tapered
surfaces of the primary rod would raise the nearby pH and guide Structure is composed of numerous nanoplates “stacked” along
the formation of the first a few layers of the precipitation near the [001axis. The tapered morphology is commonly seen in
the adsorbed DAP on the columnar surface, thus initiating the Many reports concerning the ZnO solution syntheses with
site-specific heterogeneous nucleation process. Thereafter, th&lifferent formation mechgnlsnfé’.“5y83’84ll\lormaIIy, arelatively

first few atomic layers of the site-specific precipitation would aPid growth may result in the formation of edge dislocations

facilitate the nearly vertical growth of the secondary branches. Which are responsible for the tapered morpholg¥.The large

Our preliminary results in another study have shown that _ZnO crystallite systematically evolved as such may reveal an

. important fact: the tapered morphology would not be formed
poorly oriented ZnO branches grew on the columnar facets of . . . .
. . . by high Miller Index faces but by the multidecked and coaxial
the primary rods only when the diamine with a short hydro-

. . - ._nanoplates of ZnO. This fact can well explain the formation of
carbon chain was used. That is to say that the diamine chain - . . . - . )
o : . ) the morphological hierarchies discussed in later sections of this
length may play a critical role in the formation oforiented

ZnO branches, implying that the diamine chelating effect and/ paper. . - .
or the SAM stability might play certain roles here. We also Sporadically distributed small ZnO nanoparticles were con-

found that the diamine concentration (or the diamine coverage tc#rrently r:jucleated ;}nd gromn on trt]e _glass ;lgpztr'?_tes during
on the ZnO) would help organize the secondary rods, suggesting € secondary grow (S?e ne INSELs 1N paneis i Figure
the population of the heterogeneous nuclei on the columnar D). A.s the DAP concentration mcreasgd, the number of the gmall
surfaces might also determine the final organization of the particles gradually decreased aqd fma"y dlsappeared (Figure
secondary rods. In our system, as the concentration of DAP 19) due probably to the Oswald ripenifigEurther increase of

' the DAP concentration would start to raise the pH of the

increases from 17.5 to 140.0 mM at room temperature, the luti hich Id make th Il ZnO tals dissolve i
corresponding pH also increases from 8.2 to 11.1. That is to solution, which would make the small £n® crystals diSsolve in
the rather basic solution.

say that more DAP molecules would produce more Qbhs ) ) o
In panels e-h of Figure 1, an inset of the low-magnification

in the solution, which in turn promotes the formation of more N ) .
ZnO growth units or a faster growth kinetics. To clearly picture SEM photograph is included in each photograph to illustrate

what truly governs the site-specific secondary nucleation and the control over each sample’s structure orientation, yield, purity,

directional growth as such, our detailed studies including morphologlcal uniformity, and' the size distribution. Overall,
Figure 1 shows a systematic control over the secondary

heterogeneous nucleation and hierarchical growth in a solution
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Figure 2. SEM photographs showing the time-dependent microprofile of the secondary growth in the system of 87.5 mM DAP. (a) 0.5 h; (b) 1.0 h; (c) 2.0
h; (d) 4 h; (e) 6 h; (f) 24 h. Each inset shows the corresponding low-magnification SEM survey photograph for that sample.

4

extrapolating to the length to zero. This set of kinetic data would
be among the first reported in hierarchical ZnO nanosynthesis,
implying that some exciting fundamental science would be
involved in the first few minutes in ZnO solution nanosynthesis.

Taubert et al. reported a detailed work on the kinetics and
growth mechanism of ZnO particles in aqueous solutions
containing two polymers, P(EB-MAA) and P(EOb-SSH)37:38
Different from these two polymers, DAP behaves not only as
the SDA but also as the Otsupplier, which was discussed in
the above. Our preliminary results from another detailed study
suggest that a higher DAP concentration results in a faster
growth rate and shorter nucleation time of the secondary ZnO
branches at a fixed temperature. Also in that study we observed
that a higher temperature>45 °C) would result in a faster
growth rate and a shorter nucleation time. These two preliminary
results have encouraged us to design and conduct the above-

2. Time Effect and Kinetics. To determine the growth ~ Mmentioned spectroscopic and simulation studies.

kinetics in ZnO nanosynthesiS, a tediousy time_dependent 3. Reuvisit to the Citrate Effect. It has been reported in the
synthetic study was conducted in the reaction system with 87.5 literaturé* that citrate anions would preferably bind on the (001)
mM DAP (Figure 2) at 60C. After the hydrothermal reaction ~ facet of ZnO to prohibit the nucleation and crystal growth along
for 0.5 h (Figure 2a), dense, tapered nanostructures about 273he 0010 orientation, thus providing a simple approach to
nm in length grew on the columnar facets of the primary rods. controlling to the aspect ratio of the ZnO rods. As a synthetic
After 2 h’ the |ength of these branches reached aboupm7 reViSit, we have SyStematica”y studied the citrate-induced
(Figure 2c). From 2 to 6 h, the growth gradually became slower. secondary nucleation and growth of highly oriented ZnO
After 6 h, the length of branches was about 2m, and the primary rods on the substrate. Similarly, crystalline ZnO
growth almost stopped (Figure 2, d and e). A longer reaction nanoplates grew on the columnar facets of the primary ZnO
time (e.g., 24 h) does not elicit further growth of the branches rods when citrate was introduced in the reaction system (Figure

(Figure 2f). As discussed above, the primary ZnO rods gradually 4)- When a small amount of citrate was added, sparse ZnO
grew into the tapered structures during the growth of the nanOplateS with thickness from about 250 to 320 nm formed

secondary branched crystallites. on the columnar facets of the primary ZnO rods. As the
Figure 3 shows that the growth of branches, depicted in Figure concentration of citrate increased further, the nanoplates became
2, is fast in the first 2 h, forming a linear correlation between denser and thinner (Figure 4d), which is in a good agreement

Y =-0.068 + 0.86X

I | Apparent growth rate: 0.86 um/h at 60 °C
,’ |Apparent nucleation time: 0.068/0.86 h = 5 min

w

N
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-
L
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Figure 3. Plot of the average length of ZnO branches as a function of
growth time, and the related kinetics.

25

chemistry not only to control the kinetics but also to alternate
the morphologies in the ZnO hierarchical nanosynthesis purely
by design.

the branch length and the reaction tinve —0.068+ 0.86X).
The slope, 0.86:m/h, represents an apparent growth rate for
the branch growth along tH®01 orientation within the first 2

h at 60°C. Another important datum, the apparent nucleation
time of 5 min, could also be obtained from this equation by
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with the literature results.

4. Switching from DAP to Citrate in Sequential Hierar-
chical NanosynthesisThe above systematic synthetic studies
on two functionally different SDAs have provided us with a
new synthetic method for design and development of new
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Figure 4. SEM photographs showing systematics for the citrate-induced hierarchical growths of secondary nanoplates on the primary rods. The citrate
concentration used in each sample is (a) 0.0566 mM, (b) 0.113 mM, (c) 0.170 mM, (d) 0.226 mM.

solution routes in solid-state nanosynthesis. By rationally morphology, and spatial organization, which is in line with the
combining and alternating the uses of the DAP and citrate, new design shown in Figure 5a.
families of oriented and ordered complex crystallites in both  Figure 5¢c shows SEM photographs of highly oriented primary
nanometer and micrometer scales could be hierarchically ZnO rods. The inset in Figure 5¢ from a low-magnification SEM
synthesized from solutions. survey shows the purity and yield of this synthesis, which is
The first design for the sequential hierarchical nanosynthesesconsistent with the XRD pattern (sample | in Figure 5b). Next,
is illustrated in Figure 5a. The sequence consists of the first needlelike nanobranches were formed in the secondary growth
growth of the oriented primary ZnO rods, the secondary growth due to the DAP (87.5 mM) effect (Figure 5d), also agreeing
of the branches on the columnar facets of primary rods using well with the XRD pattern (sample Il in Figure 5b). After the
DAP, and the tertiary growth of the nanoplates on the columnar tertiary growth, nanoplates were formed due to the citrate (0.226
facets of both the primary rods and the secondary branches.mM) effect (Figure 5, e and f). The inset in Figure 5e shows
XRD patterns in Figure 5b confirm the formation of each of both the purity and yield of this synthetic step, which agrees
these morphologies across the entire substrate. All of the XRD well with the XRD pattern (sample 1V in Figure 5b).
patterns can be indexed to the Wurtzite (hexagonal phase, space The big branches (Figure 5, e and f) closely stack as such to
groupP6sm@ ZnO structure with calculated lattice constaats  have one in each layer on every columnar facet of the primary
=3.252 A, c=5.210 A (JCPDS79-2205), which suggests that ZnO rods, which is likely resulted from the healing of the small
no other crystalline phases coexist in the samples. secondary branches (Figure 5d). ZnO nanoplates with thick-
The texture effect of the anisotropic morphology and orienta- nesses from 100 to 250 nm covered the columnar facets of the
tion on the relative intensities of the diffraction peaks can be primary rods and secondary branches. The stacked tertiary nano-
seen from these XRD data. For randomly oriented ZnO powders, plates are about 525 nm in thickness (Figure 5, e and f).
(101) should be the dominant diffraction pe#kiHere, only This would be among the first use of the rational design of
(002) and (004) peaks can be observed from sample |, indicatingsequential synthetic routes for hierarchically growing new solid-
a highly uniform orientation of the primary rods on the substrate. state complexe®.The precise control over the morphology and
The XRD pattern of sample Il starts to show (100) and (101) spatial organization in both nanometer and micrometer scales
diffraction peaks that are contributed by the secondary ZnO has been realized by switching the use of two different SDAs.
nanobranches each with tbexis nearly parallel to the substrate  Knowledge accumulated here has encouraged us to reverse the
surface. After the tertiary growth, ZnO nanoplates covered the order of using the two different SDAs in a new sequential
columnar facets of both the secondary branches and the primarysynthesis to further understand the roles of the two SDAs in
rods (Sample V). Thus, sample IV has less (100) and (101) ZnO nanosyntheses.
surfaces exposed to the incident X-ray in comparison to sample 5. Switching from Citrate to DAP in Sequential Hierar-
I, leading to a slight decrease in the relative intensities of (100) chical NanosynthesisA new, sequential synthesis that resulted
and (101) with respect to that of the (001) peak. The XRD data from switching the order for the secondary and tertiary growths
suggest that the samples on the substrate are pure in structuren Figure 5 is schematically depicted in Figure 6a. The XRD
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Figure 5. Morphological evolution of sample IV monitored by XRD and SEM: (a) Schematic illustration of the formation of sample IV; (b) XRD patterns
of samples |, 1I, and IV; (c) SEM photos of sample I; (d) SEM photos of sample II; () SEM photo (top view) of sample IV; (f) SEM photo (side view) of
sample IV. Each inset shows the corresponding low magnification SEM survey photograph for that sample.
pattern of sample Ill (see in Figure 6b) is similar to that of secondary nanoplates and forming three groups on each
sample | due to the epitaxial growth of these ZnO nanoplates columnar facet of the primary rods. In each of the three groups,
along the columnar facets of oriented primary rods, indicating tertiary branches at the secondary nanoplate edge are seen to
an excellent orientation in the-axis direction[@01for the bend outwardly. This grouped morphology is different from the
oriented rods over a large area. After the tertiary growth, parallel array of branches observed in Figure 5d.
branches can grow from both edges of platelets and gaps Likely, the two edges of each nanoplate would be very
between the plates, giving rise to the (100) and (101) diffraction reactive and, therefore, ideal for the tertiary nucleation and then
peaks (see sample V, Figure 6b). Similarly, the high yield and the growth of the branches in a slanted manner along the upper
purity observed here are the characteristics of the well-controlled and lower edges of the nanoplates, as illustrated in Figure 6a.
sequential hierarchical synthesis, and the XRD data are asln parallel, some rods grew nearly vertically from the gaps
expected in Figure 6a. between any two adjacent secondary nanoplates (also see the
The SEM photographs of samples | and Ill are respectively depiction in Figure 6a) via the abovementioned heterogeneous
shown in ¢ and d of Figer6 , each agreeing well with its XRD  nucleation and growth processes. It is believed that the
pattern in Figure 6b. In sample V, needlelike tertiary branches morphology and spatial organization of secondary nanoplates
about 2.4um in length were aligned (Figure 6e), intercrossing (Figure 6d) have played an unusual structure-organizing role
each other from different layers (Figure 6, e and f) of the in the tertiary nucleation and crystal growth.
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Figure 6. Morphological evolution of sample V monitored by XRD and SEM: (a) schematic illustration of the formation of sample V; (b) XRD patterns
of samples |, lll, and V; (c) SEM photos of sample I; (d) SEM photos of sample llI; () SEM photo (top view) of sample V; (f) SEM photo (side view) of
sample V. Each inset shows the corresponding low magnification SEM survey photograph for that sample.

Such a switch in the use of two different SDAs has resulted alternating the use of different SDAs, new hierarchical and
in a set of new hierarchical crystalline structures never reported complex crystals were created as an exciting addition to the
before. The consistent and systematic data in Figures 5 and 6family of ZnO nanostructures.
have uItimater confirmed the role of each SDA in hierarchical These new, branched nanostructures may have unique ap-
nanosynthesis and encouraged us to perform detailed studiegjication potential in the development of photonic, electronic,
on surface analysis in combination with simulation and modeling and sensing nanodevices. ZnO nanowires with branched struc-
studies. tures have been used for constructing dye-sensitized solar cells
with the energy conversion efficiency of 0.5% and internal
guantum efficiency of 70%° Dendritic nanowire ultraviolet

In this contribution, we have developed a mild, aqueous laser arrays have been developed using the ZnO comblike
solution-systhesis approach to hierarchical growth of complex nanostructure® Flowerlike ZnO nanostructures have been
and oriented ZnO nanostructures by taking advantage of theemployed for making ethanol sensors with low resistance and
preferential adsorption of SDAs on different facets of hexagonal high sensitivity3” In addition, the photocatalytic efficiency of
ZnO crystals. The size, shape, and orientation of both secondary.
and tertiary structures can be controlled systematically. By (86) Baxter, J. B.; Aydil, E. SAppl. Phys. Lett2005 86, 053114.

Concluding Remarks
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oriented ZnO nanoplates is nearly twice that of oriented ZnO science that governs the interfacial chemistry between two
rods®! Therefore, we expect that our new branched/plated ZnO differently structured nanoscale building blocks.
nanostructures may help advance the above-mentioned nano-
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