
Biomimetic Arrays of Oriented Helical ZnO Nanorods and Columns

Zhengrong R. Tian, James A. Voigt, Jun Liu,* Bonnie Mckenzie, and Matthew J. Mcdermott

Sandia National Laboratories, Albuquerque, New Mexico 87185-1413

Received July 31, 2002

Extended helical or chiral nanostructures (helical nanowires,
nanofibers, or nanoribbons) are usually associated with biomolecules
such as proteins, polypeptides, and their aggregates,1 but are not
common in synthetic materials. Chiral crystal growth of calcium
carbonate (calcite) is observed when chiral molecules such as
aspartic acid and polyaspartate are used to mediate the mineral
growth.2,3 Here we report the first synthesis of unusual extended
and oriented helical nanostructures in synthetic ceramics. Large
arrays of oriented helical ZnO nanorods and columns are formed
using simple citrate ions to control the growth behavior of the
crystal. ZnO by itself tends to grow into rodlike structures along
the〈001〉 orientation like calcite, but citrate ions specifically adsorb
to the (002) surface and force the crystal to grow into plates. The
spiral growth of these plates produced the oriented helical nanorods
and columns. Unlike calcium carbonate that has been widely
studied, ZnO is a wide band gap semiconductor and has useful
electronic and optical properties.4 The novel structure discussed in
this paper could lead to new approaches to control the orientation,
the surface area, and the defect structure that are critical for practical
applications. Furthermore, the morphology generated in the helical
ZnO nanostructure shows remarkable resemblance to the growth
morphology of nacreous calcium carbonate in red abalone (gas-
tropod Haliotis rufescens), and thus may shed new light on the
mineralization of biomaterials.

We used arrays of oriented ZnO rods as the base material to
grow the helical structures. The oriented ZnO rod arrays were
prepared by controlled nucleation and growth.5 To prepare the ZnO
rods, ZnO nanoparticles were first deposited on glass substrates.
The glass substrates were placed in a solution containing 0.030 M
Zn(NO3)2 and 0.030 M hexomethylenetetramine (HMT) and reacted
at 60°C for 3 days. The same procedure was repeated two more
times with the addition of a very small amount of sodium citrate
(0.00017 M). To grow the helical ZnO nanostructures, the glass
substrate containing the oriented ZnO rods was placed in a solution
containing 0.030 M Zn(NO3)2, 0.10 M HMT, and 0.0010 M sodium
citrate and was reacted at 95°C for 1 day. Figure 1a shows the
scanning electron micrograph (SEM) of oriented fibrous structures
grown on the (002) surface of the base ZnO crystals. The large
hexagonal surfaces observed in the SEM image are the end (002)
surfaces of the ZnO base crystals, indicating good alignment of
the ZnO rods. At a higher magnification precisely aligned nanorods
on the (002) surface of ZnO crystal are observed (Figure 1b). Panels
c and d in Figure 1 indicate that these nanorods were formed from
stacking of nanoplates with a uniform thickness of about 15 nm.
These nanorods are about 1µm in height, 500 nm in diameter at
the base, and less than 30 nm in diameter at the tip. When the tips
of these nanorods are broken off, helical growth features are
observed on many nanorods (inserts in Figure 1a). The step height
here is about 15 nm. Therefore, we conclude that these nanorods

are formed from helical growth of the nanoplates. Furthermore,
not only are these nanorods precisely aligned within one ZnO
crystal, they are also well aligned across the whole sample because
the base ZnO crystals are also aligned.

The helical rod and column structures reported in this study are
remarkably similar to the growth patterns of the nacreous calcium
carbonate. In the early stage of growth of the nacreous layer of red
abalone, large arrays of aligned calcium carbonate columns made
of thin aragonite nanoplates are first observed.

Figure 2 shows the similarity of SEM images of the helical ZnO
nanocolumns (Figure 2a) and the growth tip of a young abalone
shell containing oriented columns of aragonite nanoplates (Figure
2b). Furthermore, when we performed a secondary growth on the
helical nanorods, aligned and well-defined nanoplates are formed,
as in nacre. Panels c, d, and e of Figure 2 show that the side-width
growth of the ZnO nanoplates leads to hexagonal ZnO plates that
begin to overlap with one another. The helical growth behavior
now becomes clearly visible on top of the columns (inserts in Figure
2c).* To whom correspondence should be addressed. E-mail: Jliu@sandia.gov.

Figure 1. SEM micrographs of helical ZnO nanorods on oriented ZnO
crystals. (a) Large arrays of well-aligned helical ZnO nanorods on top of
base ZnO rods. (b) Precisely aligned ZnO nanorods on the (002) surface of
one ZnO crystal. (c) Tilted high-magnification SEM image of arrays of
helical nanorods on one (002) surface. (d) High-magnification SEM image
of two long helical ZnO nanorods.
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In the literature most theories for biomineralization of nacre
emphasize the role of the organic phases,6,7 whether these organic
phases function as simple physical compartments or act to control
nucleation or to terminate crystal growth by surface poisoning. In
contrast a mineral bridge mechanism was recently proposed in
which the aragonite plates continuously grow from one layer to
another through a central pore channel that connects the adjacent
layers.8 In the mineral-bridging mechanism the role of the organic
template in controlling the nucleation events as well as the crystal
orientation is diminished (but not eliminated). Our results suggest
that we can grow similar biomimetic structures in synthetic ceramics
through a different helical growth mechanism. Here the column
structures made of nanoplates grow continuously from one layer
to another in a helical fashion, but an organic templating membrane

is not required to grow the oriented and aligned nanoplates. The
oriented structure and the morphology are direct results of the helical
growth pattern. In fact helical growth rings were also revealed on
the surface of the nacreous aragonite plates in earlier studies,9

implying that helical growth might play some role in the formation
of organized nacreous calcium carbonate.

However, the organic species still play critical roles. The organic
species associated with the membranes revealed in Figure 2b at
least dictate whether the platelike aragonite or column-like calcite
will form in shells.6,10 In our study, ZnO tends to grow long rod
structures without the citrate ions. Results in the literature as well
as from our own calculations suggest that citrate ions strongly bind
to the Zn atoms on the (002) surfaces. We have shown that the
citrate ion binding has a strong inhibiting effect on the growth of
(002) surfaces. With citrate ions fat hexagonal ZnO crystals, rather
than long hexagonal rods, are produced. A higher citrate concentra-
tion leads to the formation of fine ZnO nanoplates. The helical
growth of these nanoplates produces the extended helical nano-
structure reported in this work.

Acknowledgment. This work is supported by the Sandia
National Laboratories Laboratory-Directed Research and Develop-
ment Program (LDRD) and by the Materials Division of the Basic
Energy Science Office of the U.S. Department of Energy. Sandia
is a multiprogram national laboratory operated by Sandia Corpora-
tion, a Lockheed Martin Company, for the U.S. Department of
Energy under Contract DE-AC04-94AL8500.

References

(1) Alberts, B.; Bray, D.; Johnson, A.; Lewis J.; Raff, M.; Roberts, K.; Wlater,
P.Essential Cell Biology; Garland Publishing Inc.: New York and London,
1997.

(2) Orme, C. A.Nature2001, 411, 775-779.
(3) Gower, L. A.; Tirrel, D. A.J. Crystal Growth1998, 191, 153-160.
(4) Wu. Y.; Yan. H.; Huang, M.; Messer, B.; Song, J. H.; Yang, P.Chem.s

Eur. J. 2002, 8, 1260-1268.
(5) Bunker, B. C.; Rieke, P. C.; Tarasevich, B. J.; Campbell, A. A.; Fryxell,

G. E.; Graff, G. L.; Song, L.; Liu, J.; Virden, J. W.Science1994, 264,
48-55.

(6) Example include: (a) Weiner S.; Wilbur, M.Philos. Trans. R. Soc. London
1984, B304, 425-434. (b) Addadi, L.; Weiner, S.Proc. Natl. Acad. Sci.
U.S.A. 1985, 82, 4110-4114. (c) Falini, G.; Albeck, S.; Weiner, S.;
Addadi, L. Science1996, 271, 67-69.

(7) Belcher, A. M.; Wu, X. H.; Christensen, P. K. Hansma, P. K.; G. D.
Stucky, G. D.; Morse, D. E.Nature1996, 381(2), 56-58.
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Figure 2. Comparison of ZnO helical structures with nacre. (a) High-
magnification image of oriented ZnO helical columns. (b) Nacreous calcium
carbonate columns and layers near the growth tip of a young abalone. (c)
Large-area view of the helical columns. (Inset) Top view of the helical
structure. (d) High-magnification of the surfaces of the helical columns
showing well-defined hexagonal platelike structures. (e) Layered structures
in the helical ZnO columns.
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