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ZnO nanosheets are found to be useful in many fields such as sensors and electronics. Non-uniform-
shaped ZnO nanosheets are synthesised using several methods; moreover, uniformly shaped ones are
less studied. Here, we report on a simple one-step method to synthesise parallelogram-shaped single-
crystalline ZnO nanosheets. By controlling the reaction of Zn(NOs ), and hexamethylenetetramine (HMT)
in ethanol, average 30 nm-thick nanosheets with a high aspect ratio of 1:100 were obtained. The par-

allelogram angles were between 97° and 99°. Transmission electron microscopy (TEM) diffraction and
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X-ray diffraction (XRD) showed that the nanosheets were wurtzite-structured single-crystalline ZnO.
Moreover, a growth mechanism of these parallelogram nanosheets is suggested based on the experi-
mental results. These results suggest a new simple solution process to synthesise uniformly shaped ZnO
nanosheets allowing large-scale production to be employed.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The zinc oxide (ZnO) nanomaterial is an interesting metal oxide,
with several scientific and engineering-based applications. To syn-
thesise ZnO nanostructures, several methods have been developed
to obtain the desired zero-, one- and two-dimensional nanostruc-
tures. Zero-dimensional ZnO nanoparticles are mainly synthesised
by wet chemical methods [1,2], while one-dimensional ZnO
nanowires/nanorods can be synthesised by physical vapour depo-
sition (PVD) [3], thermal evaporation [4], wet chemical methods
[5,6] or modified wet chemical methods [7,8]. Two-dimensional
ZnO nanosheets/nanodiscs/nanoplates could also be made by PVD
[9] or wet chemical methods [10,11].

Two-dimensional ZnO nanosheets are ideal nanomaterials for
the fabrication of nanodevices [9,12-15], with applications in elec-
tronics [16,17], optics [18] and photonics [19]. High-quality thin
ZnO nanosheets have large parallel planar defect-free surfaces and
are also attractive materials due to their high mechanical and
thermal stability [20]. There are several methods to synthesise
large-sized single-crystalline ZnO nanosheets [19], such as vapour-
transportation deposition [20], PVD [9], hydrothermal method
[10,21,22] and non-water-based wet chemical method [23]. The
synthesised nanosheets could be irregular [10] or of regular shape
such as rectangular [20] or hexagonal sheets [24,25]. To obtain
regular-shaped ZnO nanosheets using high-temperature physical

* Corresponding author. Tel.: +46 60 148484; fax: +46 60 148802.
E-mail addresses: renyun.zhang@miun.se, zhang7901@gmail.com (R. Zhang).

0921-5107/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.mseb.2013.12.009

methods, there is a need for a specific substrate [24] or for several
processing steps [20], which either limit the production quantity
or increase the complexity. There are also wet methods to obtain
dispersed ZnO hexagonal nanodiscs in which the growth of ZnO is
suppressed in certain directions [26]; however, seeding nanopar-
ticles are necessary to induce the growth of the nanodiscs. Some
simpler methods have been developed to obtain hexagonal ZnO
nanodiscs, but these nanodiscs have a low aspect ratio [27] or form
stacked rods [28].

Although many kinds of ZnO nanodiscs or nanosheets are
synthesised, there is a need for large-area, thin, regular-shaped,
single-crystalline ZnO nanosheets for use in, for example, elec-
tronics [29]. Two-dimensional structures are also of importance in
flexible electronics as they are less sensitive to bending [30] and
are easily deposited on large-area substrates [31]. Large-area, thin,
single-crystalline ZnO nanosheets have been obtained using the
PVD method [23], but the production quantity is limited by the
method. Wet chemical or solvent-based methods are promising for
the production of larger quantities, but the produced nanosheets
rarely have large area and thin thickness [27,28].

We report here on a solvent-based method capable of produc-
ing large amounts of large-sized, regular-shaped, single-crystalline
ZnO nanosheets. The reaction between Zn(NOs3),-6H,0 and hex-
amethylenetetramine (HMT) was carried out in an ethanol solvent,
while controlling the reaction temperature and during stirring. Thin
parallelogram-shaped ZnO nanosheets with an aspectratio of 1:100
were obtained at 60°C in a solvent of 95% ethanol. These results
demonstrate a simple method for synthesising uniformly shaped
ZnO nanosheets.
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2. Experimental
2.1. Synthesis of ZnO nanosheets

ZnO nanosheets were synthesised in ethanol using HMT
and Zn(NOs3),-6H,0 as reactants. Briefly, 0.2g HMT and 0.2g
Zn(NO3);-6H,0 were added in 200 ml 95% ethanol (commercial
95% ethanol, or mixture of 191 ml 99.5% ethanol and 9 ml double-
distilled water). The beaker that contains the solid reactants was
placed in an oven while stirring at 500 rpm. For control experi-
ments, only double-distilled water or 99.5% ethanol was used as a
solvent. The temperature was then increased from room tempera-
ture to 60 °C and kept at 60 °C for 1 h. Samples for characterisation
were taken at O min (when the temperature just reached 60°C),
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and then after 5, 10, 20, 40 and 60 min. The samples that were
taken from the solution were centrifuged for 2 min at 6000 rpm,
rinsed with double-distilled water three times and re-dispersed in
ethanol. The detailed reaction between Zn(NO3), and HMT is [32]

(CH)sN4 4+ 6H,0 — 6COH; + NHs
NH3 +H;0 — NHyz" +OH™
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Fig. 1. Characterizations of ZnO nanosheets. (a) A TEM image of a parallelogram shaped single crystalline ZnO nanosheets. The insert shows an electron diffraction pattern
of the nanosheets, indicating single crystals. The black dot in the center is an imaging artifact. (b) TEM image of several ZnO nanosheets with different sizes and transparency
of nanosheets. (c) AFM image of two stacked ZnO nanosheets. The insert is a cross section of the red line in the image showing nanosheet thicknesses of 28 and 31 nm. (d)
3D view of the image in (c), where steps on the (00 1) plane were imaged. The cross section analysis of the image, as shown in the inset (d), indicating an average height of
0.9 per step. (e) XRD of ZnO nanosheets. (f) FTIR of ZnO nanosheets before and after annealed at 450 °C. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of the article.)
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Fig. 2. (a) Some examples of synthesized ZnO nanosheets showing the most common shapes of the nanosheets. (b) Two ultra-large nanosheets, 6 wum x 5 wm and

13.3 wm x 11.3 pm. (c) Statistics of the obtuse angles of 40 nanosheets.

2.2. Characterisation

Transmission electron microscope (TEM) imaging was per-
formed on a 2000FX (JEOL) microscope with an acceleration voltage
of 160 kV. Atomic force microscope (AFM) imaging was done using
a Nanoscope Illa microscope (Veeco Instruments, Santa Barbara,
CA, USA). Fourier transform infrared (FTIR) spectroscopy was done
using a Nicolet 6700 (THERMAL) spectrometer. X-ray diffraction
(XRD) was performed on a D2 Phaser (BRUKER) X-ray powder
diffractometer.

3. Results and discussion

Using ethanol as a solvent [27], large-sized parallelogram-
shaped single-crystalline ZnO nanosheets were synthesised within
1h at 60°C [28]. Fig. 1a shows a TEM image of a typically sized
(2.7 pm x 2.8 wm) ZnO nanosheet, indicating a perfect parallelo-
gram shape and a single-crystalline structure (inserted electron
diffraction image in Fig. 1a). The typical thickness of these syn-
thesised nanosheets was about 30 nm, but the range varied from
20 to 200 nm, as shown in Fig. 1b where the darkness is varying
for different nanosheets. The aspect ratio between the length of
the parallelogram sheet and the thickness was found to be about
1:100. The typical thickness of the synthesised nanosheet is about

30nm after 1h of the reaction (Fig. 1c); however, the thickness
could increase at extended growth time. This increase of thick-
ness was imaged with AFM, where the growth of the (00 1) planes
was observed. The height of single (00 1) steps was about 0.9 nm
(Fig. 1d), which is higher than the theoretical value of 0.52 nm [33].
Besides the thickness, we also found that the lateral sizes (the area
of the sheets) varied in a large range, which will be discussed below.

XRD measurements (Fig. 1e) showed a wurtzite structure [29]
of these ZnO nanosheets. The stronger peaks at 31.5°, 34.2° and
36° correspond to the (100), (002) and (101) planes of wurtzite
ZnO, respectively [13]. The lattice spacing of the (002) planes was
determined to be 2.61 A and the lattice constants as a=3.275 A and
c=5.24 A, with c/a=1.601, indicating a wurtzite structure [34]. FTIR
results (Fig. 1f) indicated a Zn—O stretching [35] at a wave num-
ber of 532 cm~! which was measured after 450 °C annealing. The
annealing removed the groups from HMT and the -OH groups on
ZnO nanosheets.

Fig. 2a lists some examples of typical parallelogram ZnO
nanosheets (a low-magnification TEM image is given in supporting
information as Fig. S1), where we can find that besides perfectly
shaped parallelogram there are less ideally shaped nanosheets.
This could be due to the suppressed crystalline growth at cer-
tain directions. Fig. 2b shows two large nanosheets with areas
of 22 and 147 um?2. With such large areas, one can easily build
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Fig. 3. The growth process of the ZnO nanosheets. (a)-(f) TEM images of the samples at reaction time of (a) 0 minute after the temperature just reached 60 °C, (b) 5 min, (c)
10 min, (d) 20 min, (e) 40 min, and (f) 60 min. The insets show the electron diffraction patterns of the samples. (g) A schematic drawing of the possible process steps. Thin
soft sheets was first obtained when the temperature reached 60°C, and then the sheets became harder at step 1 after some time. At step 2, the shear force generated by the
stirring broke the hard thin film, resulting in smaller flakes. At step 3, and 4, the smaller flakes grew toward the parallelogram shape completed at step 5.

electronics with the aid of some instruments. Although the size
of the nanosheet varies in a wide range, the angles of the parallel-
ograms were limited in a narrow range. Fig. 2c shows the statistic
results of 40 different-sized parallelogram nanosheets, the angles
of which were mostly between 97° and 99° although the whole
range was found to be between 93° and 103°.

Usually, growth of ZnO crystals in solvents prefers the (001)
direction, because of the low surface energy [36]. To obtain
nanosheets or nanodiscs in solution, some reagents, such as sodium
citrate, are needed to suppress the growth of ZnO in the (001)
facet [27]. However, in our study, no extra reagent was added.
We used 95% ethanol (95% ethanol or diluted from 99.5% ethanol)
as a solvent and let the reaction to occur at 60°C while stir-
ring (500 rpm). The dissolving speeds of both Zn(NOs3),-6H,0 and

HMT in ethanol are slower than in water, which slowed down the
reaction speed, avoiding high-speed growth of ZnO in the (001)
direction. At the beginning, when the reaction solution was placed
in an oven and the temperature increased from room temperature
to 60°C, the two reactants dissolved and formed the thin-layered
structures as imaged with TEM (Fig. 3a). These thin-layered struc-
tures were very soft and without crystalline structures. When
the reaction continued, the thin layers started to form sheet-like
structures (Fig. 3b) 5min after the temperature reached 60°C. A
polycrystalline structure was observed, as shown in the diffrac-
tion pattern inserted in Fig. 3b. Single-crystalline ZnO nanosheets
were found 10min after the temperature reached 60°C; how-
ever, the nanosheets did not have a perfect parallelogram structure
(Fig. 3c). After another 10 min, we found that the nanosheets were
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growing towards a perfect parallelogram shape (Fig. 3d) and
observed some perfectly parallelogram-shaped nanosheets. A large
amount of parallelogram-shaped nanosheets appeared 40 min after
the temperature reached 60 °C (Fig. 3e). The reaction was stopped
after 1h at 60°C, and the bulk amount of parallelogram-shaped
nanosheets (Fig. 3f) was collected by filtration.

Fig. 3g shows the possible growing processes of the
parallelogram-shaped ZnO nanosheets. At the beginning, the two
reactants dissolve in ethanol and form soft layers, which might
be due to the structure change of the HMT when it reacts with
Zn(NOs3),. The reaction between HMT and Zn(NOs), takes sev-
eral steps, because there are several sites on HMT that can react
with Zn(NO3),. When most of the sites are reacted with Zn(NO3),,
the soft thin layer becomes harder thin sheets. The shear force
generated by stirring breaks the hard thin sheets, leading to
many incomplete ZnO sheets, as shown in Fig. 3c. Moreover,
because of the large range of sizes of the broken sheets, the
final parallelogram-shaped nanosheets were also differently sized.
When these incomplete sheets are in to the reaction solution, the
growth of ZnO nanosheets is towards a perfect parallelogram shape.

One important phenomenon that should be pointed out is that
the thicknesses of the nanosheets are increasing all the time. As
shown in Fig. 3, we found that the transparency of the nanosheets
was decreasing, which means the thickness was increasing. This
observation is in agreement with our AFM results, where we
imaged the uncompleted growth of the (001) plane on ZnO
nanosheet surfaces. These results together indicate that the growth
on the (00 1) plane was suppressed in our system, leading to sheet
structures. The ratio between the average length of the parallelo-
gram and the thickness of the nanosheets was determined to be
around 100 which is higher than that in other reported ZnO nan-
odiscs.

The formation of the parallelogram-shaped nanosheets was
dependent on several parameters: the reactants, the solvent, the
temperature and the stirring. HMT is a good reactant for synthe-
sising metal oxide nanosheets [37,38], and it can also be used to
synthesise ZnO nanosheets. However, no water-based methods are
reported for synthesising parallelogram-shaped ZnO nanosheets
using HMT as one of the reactants. In our experiment, if water was
used as the solvent instead of ethanol, ZnO nanowires were formed
instead of nanosheets. In addition, the ethanol concentration was
crucial: for 99.5% ethanol as a solvent, ZnO polycrystalline clus-
ters were formed (as shown in Supplementary Materials Fig. S2).
This means that the solvent content is crucial for the formation of
parallelogram-shaped ZnO nanosheets. The temperature parame-
ter controls the dissolving speed of the reactants and the reaction
speed [28]. The reactants were not pre-dissolved before mixing;
instead, the solid materials were weighed and added into the reac-
tion solvent. The dissolving speed is much slower than in a water
solution as observed, leading to a lower reaction speed because the
dissolved reactants were less than those in water solution. When
the temperature deviated from the ideal 60 °C and was higher (such
as 68 °C and 80°C) or lower (such as 55 °C), more irregular-shaped
nanosheets were formed (see images in Supplementary Materi-
als, Figs. S3-S5). If the solution boiled, the final product was ZnO
nanoparticles (data not shown) instead of nanosheets. The third
parameter, stirring, was also important for the formation of the
parallelogram structure. Under the condition of no stirring, a mix-
ture of nanowire, nanosheets and nanorods were found to be the
final products (data not shown). One reason for this might be that
stirring generates a shear force that breaks ZnO flakes from larger
clusters. The angle of the parallelogram-shaped ZnO nanosheets
constitutes an interesting phenomenon that needs more research.
We suggest that the narrow distribution of the parallelogram angle
(97-99°) is due to the different growth rates at different crystal
facets.

4. Conclusions

In summary, we reported here on a simple one-step method to
synthesise parallelogram-shaped dispersed single-crystalline ZnO
nanosheets with an aspect ratio of 1:100, using ethanol as a sol-
vent. The average thickness of the synthesised ZnO nanosheets was
30 nm. The parallelogram angles were found to be narrowly dis-
tributed between 97° and 99°. XRD showed a wurtzite structure
of ZnO nanosheets. A possible growth mechanism of this parallelo-
gram nanosheets was suggested based on our experimental results.
The method here is the first one to report on the synthesis of dis-
persed parallelogram ZnO nanosheet with sizes up to 150 wm?2. The
method here is a simple but efficient way to synthesise regular-
shaped ZnO nanosheets, with potential importance for making ZnO
nanosheet-based devices.
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