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additives have been extensively investigated to modify crystal growth39,
this strategy has not been used for the preparation and systematic
control of the microstructure of large arrays of oriented nanomaterials.

Figure 1a–c shows scanning electron microscopy (SEM) images of
large arrays of oriented ZnO nanorods formed by seeded growth.
Figure 1a is a low-magnification face-on image showing the uniformity
of the microstructure.The hexagonal nanorods and the {001} planes are
visible at a higher magnification (Fig. 1b).The diameter of the nanorods
is about 250 nm,and their length is about 3µm (judged from the cross-
section; not shown here). A SEM image of a tilted sample reveals that
most of the nanorods are highly oriented (Fig. 1c).In contrast,the same
conditions without ZnO nanoparticle seeds produced sparsely
populated (Fig. 1d), randomly oriented large ZnO rods, about 1µm in
diameter and 10 µm in length.This result suggests that a high density of
nucleation sites is crucial for growing large arrays of oriented nanorods.

To understand how the arrays of oriented nanorods were formed,
we studied the growth kinetics by SEM and X-ray diffractometry
(XRD). As shown in Fig. 2, in early stages of crystal growth, oriented
structures were not formed. Figure 2a shows a SEM image of the ZnO
nanoparticle seeds after 30 min of crystal growth, with little sign of
crystal growth. These particles consist mostly of rounded rectangular
and rod-shaped crystals with a wide size distribution.After 1 h of growth
(Fig. 2b),surface roughness became visible on the ZnO seeds,indicating
the initiation of crystal growth. After 3 h, short and faceted hexagonal
rods were observed (Fig. 2c), although most of these rods were not yet
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Figure 1 SEM images of large arrays of oriented ZnO nanorods formed by seeded
growth without the addition of citrate.a, Low magnification, face-on view.b,High
magnification, face-on view.c,SEM image of a tilted sample.d,Randomly oriented ZnO
rods without the use of the precoated ZnO nanoparticles as seeds.
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Figure 3 ZnO crystal morphology as a function of citrate concentrations. a,ZnO 
with 0.2 mg sodium citrate in 30-ml solutions.b,ZnO with 1.5 mg sodium citrate in 30-ml
solutions.c,Aspect ratios (height to width) as a function of citrate concentrations.
d,Secondary growth with citrate from b.e,High-magnification SEM image of 5–10-nm
plate-like nanofeatures on the (100) surfaces of the crystals. f,‘Healing’ of the plate-like
nanofeatures after reaction without citrate ions.
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Figure 2 ZnO growth as a function of time. a,ZnO seed particles on the glass substrate
after 30 min of reaction.b,Roughened ZnO particles after 1 h of growth.c,Faceted ZnO
rods after 3 h of growth.The arrows point to a few nanorods that are starting to grow in the
vertical direction.d,XRD patterns of the ZnO films as a function of time.The inset shows a
schematic illustration of the growth process.
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