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Wurtzite ZnO hexagonal micro-pyramids, with all exposed

surfaces being polar ¡ (0001) and {101̄1} planes, have been

successfully synthesized using ionic liquids as solvents.

Anisotropy is a basic property of single crystals, and the various

facets or directions in a crystal may exhibit different physical and

chemical properties. Thus, surface architecture-controlled nano-

structures are desirable for many applications.1 For this purpose,

the controllable preparation of micro/nanocrystals with different

shapes and exposed surfaces is very important and challenging.

Zinc oxide (ZnO), a wide band-gap semiconductor, plays an

important role in many applications because of its extraordinary

electrical and optical properties.1–5 A variety of methods, ranging

from template-assisted processes to vapor phase and solution

phase syntheses, have been employed to fabricate ZnO nano-

structures.6 An effective way to achieve controlled growth is to

apply the anisotropy of crystals, and has been demonstrated to be

extremely successful in the synthesis of well shaped nanocrys-

tals.2,6b,7 For example, wurtzite ZnO usually tends to grow along

the c-axis and maximizes the exposed areas of the {21̄1̄0} and

{011̄0} non-polar facets.2 By either controlling the growth kinetics,

doping, or through carbothermal reduction processes, it is possible

to change the growth path of ZnO nanostructures.8–11 Herein we

demonstrate for the first time that in ionic liquid solvents, ZnO

hexagonal micro-pyramids with all their exposed surfaces consist-

ing of polar ¡ (0001) and {101̄1} planes can be easily synthesized.

The key strategy is to vary the surface energy of the polar surfaces

by strong electrostatic interactions between the ions of the ionic

liquid and the polar surfaces. It is undoubted that this concept can

be extended to the controlling of exposed surfaces and morpho-

logies of a wide range of nanomaterials having similar structures.

Before showing the experimental results, we will firstly describe

our strategy in detail. Structurally, the wurtzite-structured ZnO

crystal is described as a number of alternating planes composed of

four-fold tetrahedrally-coordinated O22 and Zn2+ ions stacked

alternatively along the c-axis.12 The oppositely-charged ions

produce positively-charged Zn (0001) and negatively-charged O

(0001̄) surfaces, resulting in a normal dipole moment and

spontaneous polarization along the c-axis, as well as a divergence

in surface energy.2 Besides the {0001} polar surfaces, ZnO has

other typical polar surfaces: the {101̄1} surfaces.6b,9 Interestingly,

these polar surfaces make up hexagonal pyramids, as shown in the

schematic model, Fig. 1A. In this model, the hexagonal pyramid

consists of an O-terminated (0001̄) surface for the base and

O-terminated {101̄1} planes for the side surfaces, all of which are

polar surfaces. We picture here the O-terminated surfaces because

the O-terminated (0001̄) polar surface is usually thought to be inert

in comparison with the Zn-terminated ZnO (0001) polar surface.12

The tip of the pyramid is along the [0001] direction, the Zn

polarized direction. The calculated angle between two opposite

edges at the tip of the pyramid is 63.94u, and the angle between the

edge and the base plane is 58.03u.
During crystal growth, the polar surfaces usually appear as

growing surfaces because of their high surface energy, and exhibit

small facets or even disappear during the crystal growth. For

example, in ZnO growth, the highest growth rate is usually along

the c-axis and the large facets are usually {011̄0} and {21̄1̄0} non-

polar surfaces, rather than the polar {0001} surfaces. In contrast to

the non-polar surfaces, the polar {101̄1} planes have a higher

surface energy and usually grow too fast to be seen in the final

shape of the crystal. As a result, polar surfaces are generally

energetically unfavorable to be the exposed surfaces. To tune the
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Fig. 1 (A) Schematic model of a ZnO hexagonal micro-pyramid, (B)

XRD pattern of the as-prepared products, (C) SEM image of the

morphology of the as-prepared products and an enlarged SEM image

(inset), (D) SEM image of an individual ZnO hexagonal micro-pyramid.
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growth behavior of ZnO nanostructures, changing the surface

energy should be effective. For example, the surface energy of the

polar planes can be reduced by compensating the surface charge

with a passivating reagent such as an ionic liquid. Due to the

strong electrostatic interactions between the ions of the ionic liquid

and the polar surfaces, the surface energies of the basal polar

{0001} planes and the polar {101̄1} planes may decrease greatly in

comparison to those of other crystal faces, resulting in a relatively

slow growth rate for these polar planes. Thus the {0001} and

{101̄1} planes may appear as exposed surfaces, as in the hexagonal

pyramid structure.

Based on this strategy, ionic liquids should be effective in

controlling the exposed facets. We chose a mixture of fatty acid

(such as oleic acid (OA)) and organic amine (such as ethylenedi-

amine) as the solvent, which can be thought as one kind of ionic

liquid (R–COOH + R–NH2 A R–COO2 + R–NH3
+). In a typical

process, a mixture of OA and ethylenediamine (or trioctylamine,

or methylamine) was used as the solvent (the growth environment),

a similar method to which has been applied for the synthesis of

ZnO quantum rods.13 6.6 ml OA and 4.5 ml ethylenediamine were

mixed to give an orange liquid at room temperature. Then, 1.46 g

anhydrous zinc acetate (Zn(CO2CH3)2) was added. The resulting

mixture was rapidly heated to 286 uC in 10–15 min and kept at

286 uC for 1 h. After reaction, the precipitates were collected and

washed several times with hexane and ethanol. The final product

was dispersed in ethanol for further characterization.

Fig. 1B shows an X-ray diffraction (XRD, PANalytical X-Pert

diffractometer with Cu-Ka radiation) pattern of the as-prepared

product taken from the OA and ethylenediamine solvent mixture.

The diffraction peaks can be indexed as the wurtzite structure of

ZnO (JCPDS 36-1451), indicating that the zinc acetate has been

thermally decomposed into ZnO.13 The scanning electron micro-

scopy (SEM, LEO 1530) images display the general morphology

of the as-prepared ZnO products (Fig. 1C), showing that the most

striking feature of the product is the hexagonal micro-pyramids

produced in very high yield (over 95%). In the Electronic Supple-

mentary Information (ESI{), ZnO hexagonal micro-pyramids

prepared from mixtures of OA and various amines are shown. The

base size and the height of the ZnO hexagonal micro-pyramids are

in the range of 1–1.5 mm. The six side surfaces and the base of the

hexagonal micro-pyramids are very smooth. The angle between

two opposite edges at the tip of the micro-pyramid is 64 ¡ 1u, and

those between the base of the micro-pyramid and side edges are

58 ¡ 1u, as shown in Fig. 1D. This result implies that the micro-

pyramids take the same structure as the proposed ZnO hexagonal

pyramid model.

The intrinsic crystal structures of the hexagonal micro-pyramids

were further investigated by high resolution transmission electron

microscopy (HRTEM, FEI Tecnai-F 30 FEG), as shown in Fig. 2.

The HRTEM image recorded (Fig. 2B) at the tip of a hexagonal

micro-pyramid (Fig. 2A) shows the lattice spacing of 0.26 nm,

corresponding to the distance between two (0002) crystal planes of

wurtzite ZnO. Therefore, the base of the ZnO hexagonal micro-

pyramid is the {0001} plane. The selected area electron diffraction

(SAED) pattern further proves the hexagonal micro-pyramid to be

a single crystal, with the pyramidal tip direction being along [0001]

(Fig. 2C). To determine the polarity of the surfaces, the technique

of convergent beam electron diffraction (CBED) was used.14–17

Fig. 2D shows a CBED pattern recorded from the tip of the

hexagonal micro-pyramid along the [011̄0] zone axis. Highly

asymmetric (0002) and (0002̄) diffraction discs for the wurtzite

structure were observed.18,19 The CBED result reveals that the tip

of the hexagonal micro-pyramid is in the [0001] direction with Zn

polarity, because the center of the diffraction disc appears bright in

the right-hand spot.14 As a result, the surface of the pyramidal base

is the O-terminated (0001̄) surface and the tip is the (0001) surface.

According to the above structure information, we may conclude

that we have successfully synthesized ZnO micro-pyramids

with polar lattice planes as exposed surfaces. The surface of the

pyramidal base is an O22-terminated (0001̄) plane, and the side

surfaces are {101̄1̄} planes that are very possibly also O22-

terminated. The SAED pattern from a truncated ZnO micro-

pyramid supports {101̄1̄} as side surfaces.{
To demonstrate that ions in the mixtures of OA and organic

amines play a key role in the formation of the polar surface-

terminated pyramids, the thermal decomposition of zinc acetate in

the air, pure OA and pure trioctylamine (TOA) was carried out.

We did not choose pure ethylenediamine or methylamine as

solvent for the thermal decomposition of zinc acetate because their

boiling points are too low. As shown in Fig. 3, ZnO products from

the pure OA were of irregular morphology, while nanorods were

grown from either the air or TOA environments. Nanorods of

both products take the ,0001. as the longitudinal direction,

which is the normal growth direction. The results show that only

in the ionic liquid solvent (such as the mixture of OA and

Fig. 2 (A) TEM image of an individual ZnO hexagonal micro-pyramid,

(B) HRTEM image at the tip area marked in (A), (C) SAED pattern and

(D) CBED pattern observed for the same ZnO micro-pyramid.

Fig. 3 SEM images of ZnO products prepared by thermal decomposi-

tion of zinc acetate in (A) a mixture of OA and TOA, (B) pure OA, (C)

pure TOA (D) air.
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ethylenediamine) can the ZnO hexagonal micro-pyramids be

grown.

Fig. 4 shows the photoluminescence (PL) spectrum of ZnO

hexagonal micro-pyramids. A weak peak around 395 nm and a

strong broad peak at 495 nm are observed in all the products,

which correspond to the UV emission and green emission,

respectively. The UV emission corresponds to the near band-edge

emission of the wide band-gap ZnO, and the green band emission

is thought to be related to intrinsic defect structures, in particular,

oxygen vacancies originated from the oxygen deficiency.20–22 A

recent study shows that the green emission also originates from

surface defects.23 In the present case, the ZnO micro-pyramids

were synthesized in an environment of ionic liquid. The surfaces

of the micro-pyramids adsorb ions during their growth. It is

reasonable to believe kinds of defect exist in the micro-pyramids,

especially on their surfaces, and therefore strong green light

emission from them is observed.

In conclusion, using ionic liquids as solvents, we have

demonstrated a thermal decomposition synthesis of ZnO hexa-

gonal micro-pyramids whose surfaces are enclosed by polarized

(0001̄) and {101̄1} planes. The growth mechanism of the hexa-

gonal micro-pyramid is due to ionic liquids lowering the surface

energy of the polar surfaces. The technique demonstrated here can

be extended for synthesizing a wide range of nanomaterials having

similar structures.
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