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ZnO nanocrystals can be synthesized by a variety of methods. Among them, only a few nonhydrolytic methods have been successful
at low synthesis temperatures in terms of size, crystallinity, morphology and surface-defect control. These methods require very
careful control of conditions and carefully engineered precursors. A new methodology—direct liquid phase precipitation—is
reported here that can produce nanocrystals (NCs) which are a little difficult to obtain for these complex synthesis techniques
in a more facile and efficient way (i.e., at room temperature). This technique results in high quality ZnO nanocrystals of diameter
5-12nm and different morphologies. Characterisation of ZnO products shows that both synthesis and ageing conditions have
significant effects on the formation of the nanocrystals. Capping agents and ageing temperature/time can be used to control both
size and crystallinity of the products. The use of in situ or ex situ ageing conditions can result in different particle morphologies.
Both in situ and ex situ ageing shows that mild ageing conditions (e.g., 60-80°C and 24—48 hours) are required to produce the

highest quality nanomaterials.

1. Introduction

ZnO semiconductor nanocrystals (NCs) are receiving much
attention due to their novel optical [1-3] and electronic
properties [4] and applications in solar cells [5, 6], light
emitting diodes [7, 8] and catalysis [9]. Recent advances in
charge transfer doping to make band gap variable nanocrys-
tals [10-14] further enhance their potential as components
of future nanotechnology. One of the key features in this
system is the use of surface organic capping moieties which
facilitate control of the unique properties which arise in the
nanometre size scale regime.

A key ingredient for the study and applications of ZnO
NGCs is a reliable synthetic route to high-quality materials.
While ZnO nanocrystals can be synthesized by a variety
of methods, the most successful in terms of controlled
size, size-dispersion and crystallinity has been the high-
temperature decomposition of organometallic precursors in
a coordinating solvent [15-17]. However, these methods
usually require complex laboratory equipment and use
expensive precursors. Experiments are strictly engineered by
choice of ligands and solvents so that the zinc precursor
complex is stable at low temperatures but unstable at higher

leading to particle development. The solvents used must
have relatively high boiling point and be inert to either
the precursors or the products. Recently, there have been
several reports of solution-phase synthesis of ZnO colloids
at low temperature, mainly based on the hydrolysis of
zinc salts [18-20] or zinc alkoxides [21, 22] (in organic
solvents) and on electrochemical routes [23, 24]. The use of
advanced engineered polymer templates [25-27] and reverse
micelles [22, 28] have also been exploited in order to control
both particle morphologies and sizes. However, unless
extreme thermal treatments are applied after the synthesis,
such preparative routes provide nanocrystalline ZnO with
hydroxylated surfaces and/or organic molecules that can
significantly affect material properties. This is important
as surface-related defects account for both radiative and
nonradiative decay channels competing with the ZnO band-
edge emission [29], while surface-bound molecules [30, 31]
or acid-basic sites can influence emission properties as well as
redox potentials and interfacial electron-transfer rates [32].
Because of the limitations of the methodologies used thus
far, there is a clear requirement to develop simple synthetic
nonhydrolytic approaches coupled to the use of so-called
capping ligands that coordinate to the surface and limit



growth whilst controlling surface chemistry (e.g., passivation
of surface traps, particle dispersion in solvents, etc.). The goal
of many studies is to provide a facile methodology, using
common chemicals and laboratory apparatus to achieve size,
shape, crystallinity and surface defect control by in situ
synthesis and functionalization in a simple, cost-effective,
and convenient way. The direct liquid phase precipitation
(DLPP) strategy [33, 34] developed recently by us provides
a facile, nonhydrolytic way to synthesize most binary or even
ternary metal oxides at room temperature (RT). In this paper
modification of this strategy is demonstrated for the synthe-
sis of size monodispersed ZnO NCs at room temperature
(RT). Compared with other low temperature solution phase
approaches, DLPP can produce the ZnO NCs with higher
quality in terms of shape-, size, crystallinity, and surface
detect control whilst being a chemically convenient, efficient
and energy saving (no calcination or heat input required)
method to synthesise ZnO NCs in a readily scalable way.

2. Experimental

2.1. Materials. All chemicals are reagent grade and used
asreceived. Na,O (97%), ZnCl, (99%), oleic acid (OLA),
methanol, and anhydrous ethanol were purchased from
Aldrich. Hexadecylamine (HDA) was purchased from Fluka.

2.2. Synthesis of ZnO NCs. A typical synthesis consists of
mixing of two prepared solutions. In solution 1, Na,O and
2mmol of hexadecylamine (the role of HDA is complex
and discussed in detail below) was dissolved into 20 mL
anhydrous ethanol to form a 0.1M Na,O solution. In
solution 2, ZnCl, together with oleic acid (OLA) at fixed
molar ratios indicated in the text was mixed in ethanol
to yield a 0.1 M zinc cation solution. Solution 1 and 2
are combined under vigorously magnetic stirring at room
temperature (RT) or as specified for 2 hours. On mixing,
the solution becomes immediately turbid followed by the
formation of white precipitate (nanocrystal aggregates). It is
proposed that the DLPP method involves the direct reaction
of O*” anions with metal cations to yield the metal oxide
[33, 34]. Under continued stirring the solution gradually
becomes clearer (a little cloudy at RT but clearer at the
elevated temperature, e.g., 60°C) as the as-formed “sticky”
precipitate settles. The resulting white precipitate was aged
in situ in the solution at 60—105°C for 24-188h and the
precipitate was collected by filtration (0.2 ym filter paper)
and washed with ethanol and then acetone twice. For ex
situ ageing, the filtrate was dispersed into 10 mL of toluene
which results in rapid redispersion of the precipitate which
was then reformed by the addition of 70 mL of methanol
and the mixture was aged at 60°C for 10-120 hours. The
precipitate was harvested and washed as described above.
The typical ageing temperature, time, and oleic acid/Zn**
ratio, unless otherwise stated, refer to 60°C, 24 hours, and
1 : 2, respectively, in this paper.
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2.3. Analyses. The powder samples were analyzed by: a JEOL
2000FX transmission electron microscope (TEM) operating
at 200 kV, a Phillips Xpert MPD X-ray diffractometer (XRD)
using Cu Ka radiation at an anode voltage of 40kV (with
a high sensitivity X'Celerator detector) and a high perfor-
mance AXIS 165 X-ray photoelectron spectrometer (XPS)
using a pass energy of 20eV. In addition, UV-vis (ultra-
violet-visible) and photoluminescence spectra were recorded
using a Cary 50 UV-visible spectrophotometer and a Perkin
Elmer LS50B fluorescence spectrometer, respectively.

3. Results and Discussion

ZnO NCs are immediately formed upon the mixing of two
portions of reactant solutions in the one-step synthesis.
It should be noted that the products formed are weak
aggregates of the nanocrystals but these can be rapidly
dispersed in nonpolar solvents. Figure 1(a) shows the in
situ ageing temperature has significant influence on the
nanocrystal (NC) size (note the OLA/Zn*' molar ratio =
1:2). ZnO NCs of 5nm (using Scherrer formulism) are
produced by synthesis at 60°C for 24 hours whilst the NC
size increases to about 10 nm are produced when the ageing
temperature is increased to 80°C. However, the increase of
NC size with ageing temperature is complex (see Figure 1(d))
and crystal size is seen to decrease if the ageing temperature
exceeds 100°C. Ageing time also affects the NC size and
structure. The NCs grow from 7.5nm to 10 nm, after the
ageing time changes from 24 to 67 hours at 60°C as seen
in Figure 1(b). However, this is a maximum size as the NC
size decreases to about 6 nm on extended times (67 h). This
is surprising as the maximum size of bare ZnO NCs formed
in the absence of ligands is expected to be only determined
by the metal cation concentration. It is suggested that this
limited NC size results from competitive solution equilibria
resulting from both the precipitation, and dissolution of
ZnO species in ethanol. These solution equilibria arise from
the presence of the strongly coordinating ligands. Carboxyl-
containing long chain molecules have strong affinity to the
ZnO matter due to the strong interaction between Zn** and
carboxyl as they are coordinated in the form of zinc oleate
and stearate salts [35, 36] and form a ligand passivation
shell on the surface of ZnO NCs. The presence of OLA
and HDA can be expected to lead to partially dissolution
(etching) of the nanoparticles. Reactions to consider are the
formation of soluble zinc oleate and the possibility of HDA-
OLA reactions leading to stripping of a protective OLA layer.
As might be expected, the NC size decreases with the increase
of OLA/Zn?" ratio as shown in Figure 1(c) and it can be
verified that these ligands significantly inhibit the growth of
the ZnO NCs.

The XRD data of the samples prepared with different
OLA/Zn*" ratio are apparently contradicted by TEM anal-
ysis. The micrographs shown in Figure 2 appear to indicate
that the “nanocrystals” decrease in size with a decrease in
the OLA/Zn*" ratio. The average particle sizes measured
by TEM are 11.31 (6.1), 4.85 (6.3), 4.88 (6.9) and 4.82
(7.9) nm (standard deviations given in brackets and all date
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FIGURE 1: X-ray diffraction (XRD) patterns of the OLA-ZnO nanocrystals (NCs). (a) Aged in situ at different temperature for 48 hours with
oleic acid/Zn*" ratio of 1:2, (b) aged in situ at 60°C for different time oleic acid/Zn*" ratio of 1:2, (c) aged in situ at 60°C for 24 hours
with different oleic acid/Zn”" ratio and (d) the nanocrystal size (shown in the parenthesis) under different ageing conditions calculated by

Scherrer’s equation.

are estimated from particle size distributions (PSDs) which
are provided in the supporting information for all TEM data
reported here) as the OLA/Zn*" molar ratio decreases from
1:2, 1:4, 1:10, to 1:20, respectively. This contradiction
between the characterisation methods can be attributed to
the fact that synthesis results in the formation of individual
particles consisting of a few aggregated nanocrystals or
polycrystal grain structures which are observed by HRTEM
(Figure 5(b)). XRD indicates the component nanocrystal
size whilst TEM indicates the total particle size. It can be
seen in the data that increasing OLA/Zn*" ratio not only
reduces the NC size but also improves the size dispersivity.

This is probably related to the OLA preventing NC growth
which improves size monodispersivity by limiting the growth
process.

The complexity of effects resulting from changes in
in situ ageing time and temperature revealed by XRD are
also observed in the TEM data, as shown in Figures 3(a)-
3(d). It was generally observed that particle size decreases
on extended ageing at similar temperatures (but monodis-
persivity is improved as explained above). An example is
shown in Figure 3(e) for 60°C ageing where the particle
size changes from 6.1 to 4.7nm after ageing at 48 and
188 h, respectively. The ageing temperature has a profound
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FIGURE 2: Transmission electron microscopy (TEM) images of the OLA-ZnO NCs synthesized by different molar ratio of oleic acid to Zn*":

(a)1:2;(b) 1:4;(c) 1:10and (d) 1:20. All scale bars are 100 nm.

effect on the shape of the ZnO nanocrystals as revealed in
Figures 3(a), 3(c), and 3(d). At 60°C ageing temperatures,
the products are generally uniform in shape but at 80°C
(Figure 3(c)) the crystals become elongated to rod-like
structures. However, at higher age temperatures of 105°C
more uniform particles are formed presumably because of
ZnO solubility as described above. As seen by XRD, high
ageing temperatures (105°C, NC size=5.4nm) result in a
decrease in the size of the particles compared to lower
temperatures (80°C, NC size=8.6nm). This decrease in
the NC size can also be ascribed to the partial dissolution
of the NCs as described above, since particle dissolution
might be expected to become more important at high
ageing temperature/time. The growth of particles at lower
temperatures appears to result from an Ostwald ripening
mechanism. If the reaction is carried out as usual (60°C) and
stirred for two hours, subsequent addition of solid ZnCl,
and Na,O (stoichiometric amounts equivalent to those
already present in solution) results in well-sized dispersed
particles (Figure 3(f)) suggesting that the previously formed
nanocrystals “consume” the newly formed smaller size
materials efficiently and all ZnO NCs reach the same size
provided that the ageing time is long enough. Understanding
the high temperature behavior is probably related to the
presence of HDA. Although it is commonly used in ZnO
synthesis, its role of HDA is probably not as a simple
surfactant (particle spacer) or surface complexing agent.
Zhong and Knoll [37] have suggested that it controls particle
morphology by determining the OLA interaction with the
ZnO component. It was found here that HDA molecules

cannot form stable HDA-ZnO complexes and almost all
HDA molecules are removed from the product ZnO during
precipitate washing with only trace nitrogen being observed
by elemental analysis. On the basis of this work, we suggest
that at reaction between HDA and OLA occurs at the highest
age temperatures resulting in removal of the capping OLA
ligands and so promoting ZnO dissolution as postulated
earlier. Evidence for this assertion can be seen in Figures
4(a), 4(b), 4(c), and 4(d). Here, the ex situ ageing which
results in HDA removal prior to ageing shows a simple
variation of nanocrystal size with time. The NC size increases
progressively from 6.8 to 12.1, 13.2, and 13.7 nm after ageing
at 10, 24, 72, and 120 h. Extended ageing only results in a
slow crystal growth, and this is related to decreasing solution
concentration. As might be expected the polydispersity
increases with age time (from a value of around 10 to 15
nm—see supporting information) and is consistent with the
statistical nature of Ostwald ripening.

It should be noted that the OLA-ZnO NCs are highly dis-
persible and readily “soluble” in nonpolar solvents, for exam-
ple, toluene, hexane, and chloroform, and the nanocrystal
aggregates are reformed rapidly from the dispersed NCs
in ethanolic and methanolic solutions. The term “soluble”
is used as these solutions are clear because the dispersed
particle size is well below that required for light scattering
although evidence for small aggregates is present in UV-
vis analysis (as detailed below). During growth the presence
of these nonpolar solvents have dramatic effects of particle
morphology. Figure 5(a) shows typical data from an ex situ
ageing experiment carried out without addition of methanol
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FiGure 3: TEM images of the OLA-ZnO NCs obtained under different in situ ageing conditions: (a) 60°C for 48 hours; (b) 60°C for 188
hours; (c) 80°C for 48 hours; (d) 105°C for 48 hours and (e) the maximum mode of the nanocrystal size distribution from image (a)—(d);
and (f) a sequential addition of metal cations where the reaction is initiated and run for two hours and additional stoichiometric amounts
of Na, O and ZnCl, solids are added during the extended ageing treatment ( 60°C for 188 hours). All scale bars are 50 nm.

(i.e., toluene only aged). Well-defined ZnO NCs where
the crystals have flake-like polygonal shape; for example,
rectangle, pentagon, and hexagon are formed. Lattice images
can be observed by high resolution TEM as shown in
Figure 5(b). The interspace distance between two adjacent
white lines is 2.45 A, and this is in agreement with the known
spacing (1 0 1) planes of the zinc oxide (JCPDF no: 36-1451)
structure (2.48 A).

As well as the TEM and XRD analysis, spectroscopic
evidence for the formation of ZnO nanocrystals is provided.
UV-vis spectra (Figure 6(a)) of ZnO NCs (60°C for 188h
synthesis as described in Figure 3(b)) dispersed in hexane
(following simple treatment in an ultrasonic bath) show a
sharp peak at 230 nm (5.40eV) and a steep slope centered
at 361 nm (3.43 eV) and both these absorption energies are
significantly higher than that of the bulk ZnO (3.3 eV). The

sharp peak may be ascribed to the monodispersed ZnO
NCs while the slope line corresponds to a UV absorbance
caused by larger NC aggregates [38] that persist in solution.
Figure 6(b) shows three obvious PL emission bands at 380
(3.26eV), 421 (2.94¢eV), and 520nm (2.38 eV) and can be
observed at two different photon excitation wavelengths
(250 and 300nm). The peak at 380nm is attributed to
the recombination though free exciton while the small
peak at 421 nm is probably related to a deep-level carrier
recombination [39]. However, the large broad feature cen-
tered at 520 nm corresponds to the defect-related emission
[40].

An XPS survey spectrum of ZnO NCs (60°C for 188 h
synthesis as described in Figure 3(b)) as shown in Figure 7(a)
provides elemental analysis and is typical of the materials
prepared here. All X-ray photoelectron peaks are identified
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FiGURE 4: TEM images of the as-synthesized OLA-ZnO NCs aged ex situ at 60°C for different time: (a) 10, (b) 24, (c) 72, and (d) 120 hours.

All scale bars are 100 nm.

in the figure and are consistent with the synthesis of carbon
containing ZnO nanocrystals. Any unmarked peaks are from
the complex set of Zn Auger features. There is a very weak
contribution at 1070 eV due to Na (Nals). The carbon (Cls
peak position centered at 285.0eV and typical of aliphatic
carbon) is around 85% of the total photoelectron yield and
is as expected for ZnO particles with dense outer ligand shells
of oleic at the surface. Only trace nitrogen (N1s peak at
405 eV) is detected in the XPS spectra and this also conforms
to the results obtained by the element analysis. The Zn2p and
Ols signals are shown in high resolution form in Figure 7(b).
The peak area ratio is consistent with the formation of ZnO
and the binding energy positions (Zn2p3/2=1022eV and
Ols=530¢€V) are also typical of ZnO.

(b)
FiGure 5: TEM images of the OLA-ZnO NCs synthesized at 60°C for 67 hours (a) and the corresponding high resolution TEM image (b).

4. Conclusions

ZnO nanocrystals with a diameter of 5-12nm have been
successfully synthesized in a facile, quick, laboratory-friendly
manner via one-step precipitation reaction of Zn** and 0>~
species in nonaqueous solvents. The presence of both long-
chain amine and oleic acid makes the synthesis controllable
in terms of size, morphology, and crystallinity and highly
solvent dispersible products are, therefore, synthesized. The
results show that both the reaction conditions, for example,
the OLA/Zn*" ratio and the ageing conditions have profound
effect on the nanocrystal size and dispersivity. The use
of in situ or ex situ ageing conditions can also result in
different particle morphologies. Both in situ and ex situ
ageing showing that mild ageing conditions (e.g., 60—80°C
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FIGURE 6: UV-vis absorbance spectrum (a) and photoluminescence (PL) emission spectra (b) of OLA-ZnO NCs (60°C for 188 h synthesis

described in Figure 3(b) and text) dispersed in hexane.
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FiGurg 7: X-ray photoelectron (XPS) survey spectrum (a) of OLA-ZnO NCs (60°C for 188 h synthesis described in Figure 3(b) and text)

and its detailed Zn and O element XPS spectrum (b).

and 24-48 hours) are required to produce the highest
quality nanomaterials. Under the mild ageing conditions, a
longer time, and higher temperature favour the formation
of higher quality NCs while the effect is more complex
when the precipitated nanomaterials is treated under harsher
conditions. The OLA capped ZnO nanocrystals are stable
and highly dispersible in most nonpolar solvents, where
UV-vis absorbance features show a significant quantum
size effect on the monodispersed ZnO NCs whilst PL
emissions demonstrate both size- and defect-related energy
processes.

Supporting Information Available

Particle size distributions (PSDs) data is available free of
charge via the internet at http://www.hindawi.com/
journals/jnm/.
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