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The preparation and properties of metal oxides with highly reactive
facets has, of late, received considerable attention.! Useful examples,
such as microcrystals of anatase (TiO,) with a large percentage of
(0001) facets, have been reported. Zinc oxide nano/microstructures
often have interesting physical or chemical properties for optical,”
electronic,® catalytic, or sensing® applications. In many cases,
hexagonal crystals are expressed with both polar and nonpolar facets.
The former are usually either Zn-terminated [the (0001) facet] or
O-terminated [the (OOOT) facet]. The nonpolar facets are the (1010),
(1010), (1100), (1100), (0110), and (0110) facets. In such structures,
the polar surfaces (the ones with potentially high activity) are often
relatively diminished as crystal growth progresses. In one sense, this
is a fundamental problem resulting from the minimization of surface
energy."® The rod morphology often seen for ZnO nanoparticles is
due to growth prevailing along the [0001] direction of a hexagonal
single crystal. However, the (0001) and (0001) facets of the hexagonal
ZnO single crystals have particular and specific catalytic activities in
some important chemical reactions, such as adsorption of CO on ZnO
surfaces during the synthesis of methanol.*

Much of our work has focused on the controlled growth of crystals,
including those of ZnO.” In general, a low percentage of the (0001)
and (0001) facets are seen on ZnO nano- or microcrystalline rods. If
aZn0 crystal rod is cut into many shorter cylinders or disks, the relatve
amounts of (0001) and (0001) facets present in a sample increase.

Chemical bath deposition (CBD) has the advantages of low-cost,
low-temperature operation and use of aqueous chemistry.”-®* CBD
has been extensively used for the deposition of ZnO films onto
glass, silicon, plastic, and other substrates.>”° It can generate
different controllable morphologies (shape, size, and packing of
ZnO particles) depending on the precise conditions of deposition.
Besides rods in vertical or other alignments, ZnO crystallites such
as hexagons, spheres, stars, helices, and other types have been
reported. The morphology of the ZnO films is largely dependent
on the deposition conditions, ligand, stabilizer, pH value, metal
counterion, ionic strength, reaction time, reaction temperature,
crystal growth seed, and substrate. Hexamethylenetetramine, citrate,
ethylenediamine, triethanolamine, and other small organic molecules
have been successfully used as the CBD ligand or stabilizer.”’

Relatively little work has been reported on ZnO films produced by
CBD with polymers as the stabilizer, but different polymers have been
extensively used in the fabrication of nanomaterials.'® We'" and other
groups'> have found that poly(ethylene glycol) (PEG) is a good choice
for the microstructural control of inorganic nanomaterials. In the present
work, we used PEG to modify the deposition of thin films by CBD.
This approach leads to shorter cylinders or disks consisting of many
separable slices with an extremely large surface of (0001) and (0001)
facets (Scheme 1).
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Scheme 1. lllustration of a ZnO Rod That Has Its Predominant
Growth Direction along [0001] but Has Been Cut into Shorter
Cylinders and Then into Thinner Slices (A ZnO Short Cylinder or Disk
Consisted of Thinner Hexagonal Single Crystal Slices, and This
Particle Was Easily Converted into Free Slices through the Use of
PEG as the Stabilizer)
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In a recent and related CBD deposition, a water/alcohol mixed
solvent was used to form ZnO microdisks,'® which may reflect an
interaction between Zn(II) and the alcohol O atom. In the present
study, we chose PEG as an adjunct reagent in CBD, not only using
its O atoms to interact with Zn(II) but also using the stabilization
of the PEG macromolecular chain. This yielded a product with
better, flatter lamellar morphologies.
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Figure 1. (a) FESEM image of thin film consisting of discrete cake-like ZnO
particles (scale bar: 20 um). (b) XRD pattern of a ZnO film fabricated by PEG-
assisted CBD.

The as-grown ZnO film was of high quality (Figure 1a). Most of
the material composing the film was homogeneous, with a predomi-
nance of short hexagonal cylinders or disks with a longest dimension
of ~3 um (Figure 2a and Figure S2 in the Supporting Information).
The thickness of the crystallites was ~1.27 um (see the Supporting
Information). The as-fabricated thin film was characterized by X-ray
diffraction (XRD), as shown in Figure 1b. Several sharp Bragg peaks
were observed, in good agreement with the wurtzitic form of ZnO
(hexagonal phase, space group P6smc, ICDD No. 36-1451). The
calculated hexagonal cell values (a = 3.247 A, ¢ =5210 A) are in
good agreement with those of ICDD No. 36-1451 (a =3.250 A, ¢ =
5.207 A). The strongest (0002) reflection is typical of a rodlike
morphology and [0001]-oriented rods. This reflects the structure shown
in the field-effect scanning electron microscopy (FESEM) image, with
flattish hexagons largely resting on the substrate (Figure 1a). The short
rods are sufficiently thick for the relative intensities to reflect this
orientation.

FESEM images showed that the particles in the film have a
“cakelike” structure (Figure 2a). Transmission electron microscopy
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(TEM) studies (Figures 2b,c and 3a and Figure S3) indicated that the
cakelike ZnO particles actually consist of layered slices. Although this
layer-by-layer structure in ZnO crystals has been seen previously,'*
here we demonstrate that this layer-by-layer structure can be further
separated into slices using a simple method, ultrasonication in ethanol.
Figure 2b shows layer-by-layer aggregation, and more clearly, two
layers (at least) of aggregation can be seen in Figure 2c. Quantitative
energy-dispersive X-ray analysis (EDX) obtained from several crystals
revealed a Zn/O ratio of 1:1, within the error of EDX.

(b)

Figure 2. (a) FESEM image of magnified cakelike ZnO particles in the film
(scale bar: 1 um). (b, c) TEM images of layer-by-layer structure in a cakelike
ZnO particle (scale bar: 0.5 um).

There are some transparent ZnO slice fragments in Figure 3a, as
compared with the ZnO slices in Figure 2b,c; these fragments may be
formed directly from the crystal growth, or the original slices of the
fragments are thinner and may be easily damaged in ultrasonication.
However, there are still large numbers of (0001) and (0001) facets for
these fragments. The thickness of these transparent slices was estimated
to be 100 nm by TEM. Both the slices and the fragments in Figures
2 and 3 and Figure S3 present the same electron diffraction (ED)
patterns (Figure S4). This suggests that they are good single crystals.
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Figure 3. (a) TEM image of transparent ZnO slice fragments (scale bar: 2
um). (b) Plot showing the changes in the percentage of surface atoms (M) and
surface area/volume ratio (OJ).

SAV or % atoms on surface

We previously reported algorithms for calculating the number of
atoms in perfect crystals of various sizes.® It is interesting to apply a
slight modification of this approach to the present system to assess
the potential significance and or usefulness of any changes in surface
area. We developed calculations of the number of atoms in perfect
single crystals and applied them to this system. Figure 3b shows the
variation in the total surface area divided by the volume for a 3.2 x
1.5 um (height by edge length) rod as it is divided binomially into 2,
4, 8, 16, and 32 slices, at which point the height of a slice is 100 nm.
The second plot is the percentage of atoms on the surfaces, which
varies in the same manner as the first. An individual rod starts with
1.28 x 10% atoms on (0001)-type faces but in 100 nm slices has 4.1

x 10° such atoms on (0001) type faces, a change from 0.08 to 2.6%
of the atoms. These simple calculations show the potential of such
materials to provide crystals with large numbers of active sites (e.g.,
for catalysis).

Morphological control in the growth of ZnO nanostructures,
including disk and hierarchical ZnO nanostructures, has been reported
extensively.”>~' In contrast to previous studies on disklike and
hierarchical ZnO nanostructures, we have carried out systematic
research to enlarge the relative area of (0001) and (OOOI) facets via
chemical methods by means of PEG fragmentation. Furthermore, the
subunits in the particles are easily turned into free material and consist
of hexagonal single-crystal slices with an extremely large relative
surface area of (0001) and (0001) facets. This research based on a
simple chemical process (PEG-assisted CBD) establishes a pathway
for obtaining highly active ZnO catalysts and other functional materials,
which depend largely on the (0001) or (0001) facets of ZnO.
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