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a b s t r a c t

ZnO is widely used in many important areas, such as solar cells, piezoelectric transducers, light emit-
ting diodes, gas sensors, and catalysts. This study is focused on equiaxed ZnO nanoparticle synthesis
from aqueous solutions. The shape, size, and phase of the synthesized ZnO particles are investigated by
ccepted 29 March 2010
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transmission electron microscopy and X-ray diffraction. A synthesis mechanism is proposed. ZnO parti-
cle size effect on light absorption is evaluated by UV–vis spectrophotometry. The study offers a simple,
better-defined, and more versatile approach for synthesis of equiaxed ZnO nanoparticles.

© 2010 Elsevier B.V. All rights reserved.
ight absorption

. Introduction

ZnO has been extensively studied over the past years. They are
idely used in many important areas, such as solar cells [1], elec-

ronics [2], light emitting diodes [3], gas sensors [4], and catalysts
5]. UV–vis absorption spectra show that absorption intensity and
bsorbed light wavelength increase with reaction time and ZnO
article size [6–8]. However, most of the studies are focused on the
ynthesis of ZnO nanorods and nano-belts because of their pref-
rential z direction growth tendency [9–12]. ZnO nanoparticles of
quiaxed shapes and defined crystallinity have not been readily
btained. From a different perspective, equiaxed ZnO nanoparti-
les can be more easily assembled into unique structures, made
nto thin films or bulk structures, and tailored in dimensions for
ovel electronic and optical properties in solar cells, transparent
lectronics, and light emitting diodes. This requires better under-
tanding of ZnO nanoparticle synthesis in order to control their
hape and size. Otherwise, ZnO nanorods instead of nanoparticles
an easily form [13].

Many methods have been used to synthesize ZnO nanopar-
icles. Solid-state methods include chemical vapor deposition
14], atomic layer deposition [15], thermal decomposition [16],

pray pyrolysis [17], and laser heating [18]. Liquid methods
nclude direct precipitation [19], sol–gel method [6], and hydrol-
sis [20]. Among these methods, the solid-state processes produce
ighly aggregated particles. In contrast, the liquid-based routes
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el.: +1 540 231 3225; fax: +1 540 231 8919.
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have the advantage of offering well dispersed particles at low
temperatures.

The sol–gel route initially proposed emphasizes boiling of an
ethanolic solution of zinc acetate dihydrate to form zinc precursor
[21]. Following this approach, 3.0 nm sized ZnO nanoparticles from
zinc acetate derived precursor are obtained [22]. Through the reac-
tion of zinc acetate solutions with LiOH, ZnO particles of 2–7 nm
size range are obtained [6]. In recent years, many simpler methods
have been pursued in order to obtain well-dispersed ZnO nanopar-
ticles. But achieving equiaxed nanoparticle size with well defined
crystallinity has been a challenge. For example, oleic acid-capped
ZnO nanoparticles are obtained by the reaction between the –OH
group on the ZnO nanoparticles and the –COOH group of the oleic
acid [19]. Hydrothermal synthesis has been used to obtain highly
crystalline ZnO nanoparticles at 120 ◦C [23]. ZnO particles are also
obtained by precipitation from Zn5(CO3)2(OH)6 in an aqueous solu-
tion from room temperature to 70 ◦C [24]. Another recent effort in
ZnO nanoparticle synthesis is using aqueous solution of zinc nitrate
and tris(hydroxymethyl)aminomethane at near neutral pH and
37 ◦C. The as-obtained nanoparticles have 20 nm size [25]. Hexam-
ethylenetetramine (HMT) has been used to prepare ZnO particles
[26–28]. pH value, HMT, and zinc nitrate concentrations are each
varied to control the particle size and shape. However, the process
has not been exploited for ZnO nanoparticle synthesis. In addition,
the roles of HMT in ZnO nanoparticle synthesis and the crystallinity
of the ZnO particles obtained merit further investigation [29].
In this study, hexagonal wurtzite ZnO nanoparticles have been
synthesized by mixing aqueous solutions of zinc nitrate and HMT.
Equiaxed particles are obtained by aging the nanoparticle pre-
cursor at 300 ◦C. The resultant ZnO nanoparticle shape, size, and
crystallinity are investigated by transmission electron microscopy

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:klu@vt.edu
dx.doi.org/10.1016/j.cej.2010.03.073
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TEM), dynamic light scattering (DLS), and X-ray diffraction (XRD).
nO particle size effect on light absorption has been evaluated by
V–vis spectrophotometry.

. Experimental procedures

The starting materials for the ZnO nanoparticle synthesis were
inc nitrate hydrate (Zn(NO3)2·xH2O) (99% purity, Alfa Aesar, Ward
ill, MA) and HMT (C6H12N4) (99% purity, Alfa Aesar, Ward Hill,
A). Zn(NO3)2·xH2O was dissolved in water to form 0.1 M solution.
MT was dissolved in water to form 0.5 to 2.0 M solutions. Before
ixing, both kinds of solutions were stirred with magnetic stir rods

t 900 rpm for 30 min at room temperature. Then the Zn(NO3)2
olution was poured into the HMT solution after the stirring rods
ere removed. The mixture was kept in an oven at 60 ◦C for 45 min
ith no stirring. The precipitate was filtered out through a Millipore
lter (0.22 �m GV, Durapore Membrane Filters, Billerica, MA) by a
acuum pump. The filtered precipitate was dried in the oven at
0 ◦C. After that, it was heated to 300 ◦C for 1 h at 3 ◦C/min heating
nd cooling rates.

The ZnO particles obtained were dispersed in water by ultra-
ound. The suspension was either placed on TEM grids for particle
ize and shape analyses (Philips EM 420, Philips Electron Optics,
indhoven, The Netherlands) or examined by DLS for particle size
nalysis (Zetasizer Nano ZS, Malvern Instruments, Inc., South-
orough, MA). Also, electron diffraction was carried out for the
nO particle phase analysis using the TEM. To further investi-
ate the crystalline phase of the synthesized ZnO particles, high
esolution X-ray diffraction (XRD) studies were carried out in an
’Pert PRO diffractometer (PANalytical B.V., EA Almelo, The Nether-

ands). The scan time per step was 3000 s with CuK� radiation
� = 1.5406 Å). The XRD voltage was 45 kV and the beam current
as 40 mA. The weight change of the Zn2+-containing precipitates

t high temperatures was investigated by thermogravimetric anal-
sis (STA449C/3/G Jupiter, Netzsch Instruments, Inc., Burlington,
A).
The absorption spectra were taken for the dilute suspensions of

he synthesized ZnO particles (∼0.125 wt%, pH ∼7.0 ± 0.35) using
V–vis spectrophotometry (Evolution 300, Thermo Scientific, Eng-

and) with a xenon lamp as the light source. The spectra were
ollected in the 200–500 nm wavelength range at 0.2 nm step size.

. Results and discussion

.1. HMT:Zn(NO3)2 ratio effect

During ZnO formation, the chemical process proceeds with the
ecomposition of the precipitating agent HMT [30]:

6H12N4 + 6H2O → 6H2CO + 4NH3 (1)

Ammonia dissociates further to form ammonium cations and
ydroxyl anions:

H3 + H2O → NH4
+ + OH− (2)

Two processes exist for the Zn2+-containing precipitate forma-
ion, depending on the solution condition:

n2+ + 2OH− ⇔ Zn(OH)2 (3)

n2+ + H2O ⇔ ZnO + 2H+ (4)

When the solution pH is high (alkaline solution), Eq. (3) pro-
eeds. When the solution pH is low (acidic condition), Eq. (4) is

avored based on the thermodynamic data [31]. For the specific
n2+-containing precipitate formation, there are two important
spects to consider. One is the availability of the precipitating
pecies, such as Zn2+ and OH−. The other is the function of the
Journal 160 (2010) 788–793 789

large molecules from the precipitating agent HMT. During Zn2+-
containing precipitate nucleation and growth, the solid phase that
is most stable will generally precipitate first. If the pH and the Zn2+

concentration are both high, then Zn(OH)2 formation is preferred.
If the Zn2+ concentration is low, then Zn(OH)2 formation may be
suppressed and the formation of ZnO may be preferred, especially
when the HMT molecules attach to the newly formed nanoparti-
cle surfaces and prevent the accessibility of the OH− groups to the
surfaces. In this study, all the reaction solutions have a similar neu-
tral pH value of 6.8–7.0, higher than the pH range reported for ZnO
particle synthesis but also lower than the pH range reported for
Zn(OH)2 particle synthesis [26]. As a result, the effect of HMT is the
dominant factor to consider.

Fig. 1 shows the Zn2+-containing precipitate morphology and
phase results when HMT:Zn(NO3)2 ratio changes from 1:1 to 20:1.
The specific phases are identified by Selected Area Electron Diffrac-
tion (SAED). First, a selected area of the ZnO particles is focused and
a selected area aperture is placed. The effect is to block the entire
electron beam except for the small fraction passing through the
aperture. Only this region contributes to the diffraction pattern.
When the HMT:Zn(NO3)2 ratio is 1:1, the electron diffraction pat-
tern is in a halo ring format and cannot be indexed (Fig. 1b). This
means amorphous Zn2+-containing species forms, mostly in thin,
flaky Zn(OH)2 format (Fig. 1a). When the HMT:Zn(NO3)2 ratio is
5:1 and higher, ZnO particles form. There are fewer particles in the
view and the diffraction patterns are bright spots aligned along the
rings. The rings can be indexed for phase identification (Fig. 1c–h).

A striking feature to notice is the high HMT concentration
needed in order to form ZnO particles of defined crystallinity. It
is often stated that HMT acts as a source of hydroxide to drive
the precipitation reaction. However, it has also been argued that
the HMT’s role is that of a buffer. The rate of hydrolysis decreases
with increasing pH. At 1:1 HMT:Zn(NO3)2 ratio, Zn(OH)2 precipi-
tate forms because of the less screening effect from the large HMT
molecules. However, the amount of Zn(OH)2 formed is very low
because the solution is near neutral state. The precipitate has thin,
flaky morphology (Fig. 1a). As the HMT:Zn(NO3)2 ratio increases to
5:1, several factors start to affect the amount of the OH− groups.
The total amount of the OH− groups should increase because of a
high amount of HMT. But the hydrolysis of HMT is also suppressed
for the OH− group release. In addition, the OH− group availabil-
ity to the ZnO particles decreases because of the screening effect
from the HMT. The composition of the solution is such that ZnO is
thermodynamically stable. The precipitation mechanism changes
from nucleation and growth via a flaky hydroxide intermediate
to formation of platy ZnO directly [32]. Flaky Zn(OH)2 and platy
ZnO species co-exist when the HMT:Zn(NO3)2 ratio is 5:1 (Fig. 1c)
and much defined diffraction pattern starts to emerge (Fig. 1d).
As the HMT:Zn(NO3)2 ratio increases to 10:1, platy ZnO species is
dominant with a small amount of flaky ZnO species (Fig. 1e). The
electron diffraction pattern is well defined. As the HMT:Zn(NO3)2
ratio increases to 20:1, almost all the ZnO species are plate-like
(Fig. 1g) and the diffraction pattern is also well-defined (Fig. 1h).
More interestingly, the particle shapes also become more elongated
as the HMT:Zn(NO3)2 ratio increases (Fig. 1c, e, and g). This means
there is a restructuring of Zn(OH)2 amorphous structure into ZnO
crystal structure when a higher content of HMT is present. Also,
HMT encourages z direction growth into elongated ZnO shapes.
These results clearly illustrate the influence of the HMT screening
effect on the nucleation and growth of the ZnO particles.

When the HMT:Zn(NO3)2 ratio is 1:1, the size of the Zn(OH)2
precipitate is less than 100 nm but the structure is amorphous.

When the HMT:Zn(NO3)2 ratio is 5:1 or higher, the size of the
precipitate is greater than 100 nm even though ZnO particles are
obtained. In order to obtain ZnO nanoparticles with defined crys-
tallinity, the process needs to be re-examined. The XRD results



790 K. Lu, J. Zhao / Chemical Engineering Journal 160 (2010) 788–793

F sition
(

(
p
d
n
r
a
p
0

ig. 1. Zn(OH)2 to ZnO precipitate morphology and electron diffraction pattern tran
e and f) 10:1; (g and h) 20:1.

Fig. 2) show a consistent trend with the TEM electron diffraction
atterns. At 1:1 HMT:Zn(NO3)2 ratio, the XRD peaks are poorly
eveloped. There are two small, weak peaks at 33◦ and 59◦ but

o crystalline phase can be identified. At 5:1–20:1 HMT:Zn(NO3)2
atios, the XRD patterns show the characteristic triple peaks of ZnO
t 32◦, 34◦, and 36◦. All the peaks are well defined. The crystalline
hase is identified as hexagonal ZnO (wurtzite structure JCPDS 01-
76-0704).
s when HMT:Zn(NO3)2 ratio changes from 1:1 to 20:1. (a and b) 1:1; (c and d) 5:1;

3.2. High temperature aging effect

For most of the nanoparticle synthesis, aging at room or ele-

vated temperature can be used for further particle size, shape, or
phase refinement. In this study, the synthesized Zn2+-containing
precipitates have been heated to 300 ◦C for 1 h. Fig. 3a and b shows
that the flaky Zn(OH)2 precipitate in Fig. 1a and b has transformed
into uniform and well-defined, hexagonal ZnO nanoparticles. By
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Fig. 2. XRD patterns when HMT:Zn(NO3)2 ratio changes from 1:1 to 20:1.

easuring the particle sizes from the TEM image and calculat-
ng the particle size and deviation, the result is 5.5 ± 0.99 nm.
ased on the DLS measurement, the particle size is 1.4 nm (Fig. 4).

he difference is believed to be a result of these different mea-
urement techniques. The electron diffraction pattern shows well
efined rings (Fig. 3b). Because the ZnO particle size is small,
here are enough particles in the view and the bright spot from

ig. 3. TEM images and electron diffraction patterns of ZnO particles at 1:1 to 10:1 HMT:
0:1.
Journal 160 (2010) 788–793 791

each particle connect and form well defined diffraction rings. At
5:1 and 10:1 HMT:Zn(NO3)2 ratios, the ZnO particles show much
larger sizes. Some elongated particles appear for both 5:1 and 10:1
HMT:Zn(NO3)2 ratios. The crystalline phase remains as hexagonal
wurtzite at 5:1 and 10:1 HMT:Zn(NO3)2 ratios. Because of the large
particle sizes, there are fewer particles in the view; the diffracted
bright spots are discrete along the diffraction rings. Fig. 3 demon-
strates that high temperature aging has the effect of crystallizing
the amorphous Zn-containing precipitate while refining the pre-
cipitate size.

The XRD patterns for the ZnO particles synthesized at
HMT:Zn(NO3)2 ratios from 1:1 to 10:1 after high temperature aging
is shown in Fig. 5. The higher than 10:1 HMT:Zn(NO3)2 ratio condi-
tions provide hexagonal ZnO crystalline structures without high
temperature aging and is not shown here. Fig. 5 indicates that
the Zn(OH)2 precipitate at 1:1 HMT:Zn(NO3)2 ratio condition has
transformed into hexagonal ZnO crystalline structure, similar to the
higher HMT:Zn(NO3)2 ratio conditions. In addition, the ZnO parti-
estimated using Scherrer’s equation:

� = K�

ˇ cos �
(5)

Zn(NO3)2 ratios after high temperature aging: (a and b) 1:1; (c and d) 5:1; (e and f)
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Fig. 4. ZnO particle size at 1:1 HMT:Zn(NO3)2 ratio measured by DLS.
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more energy favorable shapes. For the thin flaky precipitate at 1:1
ig. 5. XRD patterns after high temperature aging when HMT:Zn(NO3)2 ratio
hanges from 1:1 to 10:1.

here K is the shape factor, taken as 0.9 in this study; � is the X-ray
avelength, 1.5406 Å in this study; ˇ is the line broadening at half

he maximum intensity in radians; and � is the Bragg angle; � is the
ean size of the crystallite size. The ZnO particle size is calculated

o be 3.0 nm. Taking into consideration of the assumptions used in

he calculation, this particle size is in reasonable agreement with
he measurements from the DLS and the TEM imaging. Combining
igs. 3a and b and 4, and the particle size result from Eq. (5), it
eans that uniform, ∼3.3 nm size (taking the average from these

Fig. 6. ZnO-containing species nucle
Journal 160 (2010) 788–793

three measurement techniques), and hexagonal ZnO particles can
be synthesized using the approach discussed in this study.

3.3. Zn-containing precipitate nucleation and growth mechanism

Even though it has been suggested that HMT may act as a
condensation agent, forming water and ZnO from zinc hydrox-
ide [30], the exact process is not explained. Formation of specific
precipitate species and the rate of precipitate growth are gov-
erned by the concentration of the precursors and the solution
conditions. Higher concentrations of precursors are conducive for
precipitate formation. The formation mechanism of the different
morphology Zn2+-containing precipitate can be understood as fol-
lows (Fig. 6). At low HMT:Zn2+ ratios, HMT adsorption onto the
new precipitate is low. OH− groups can be incorporated into the
Zn2+-containing precipitate. Zn(OH)2 is most likely to form. Since
the supply of OH− groups from HMT is low, the chemical reaction
happens at a slow rate, the precipitate amount is low, the precip-
itated phase is thin, and the crystalline phase is not developed. At
high HMT:Zn(NO3)2 ratios, HMT acts as the precipitation barrier
by blocking the availability of the OH− groups to the precipitate
surface. Also, HMT is likely to preferentially adsorb onto the high
surface energy direction [0 1 1 0]. It prevents the [0 1 1 0] surface
of the ZnO particles from excessive growth. ZnO can only grow in
the lowest surface energy direction with a higher amount of OH−

group supply than the 1:1 HMT:Zn(NO3)2 ratio case. As a result,
ZnO particles grow into thick hexagonal structures. The precipi-
tate changes from flaky morphology to platy morphology, or even
to elongated morphology. Depending on the HMT:Zn(NO3)2 ratio,
flaky or platy precipitate can form along with different levels of
crystallinity. The understanding of the HMT adsorption on the Zn2+-
containing precipitates has been partially supported by the weight
change of different Zn2+-containing precipitates (as synthesized)
during the thermogravimetric analysis. In order to eliminate the
hydroxyl group effect, the weight change above 150 ◦C shows that
for the HMT:Zn(NO3)2 5:1 ratio, the weight loss is 1.67 wt% more
than that for the HMT:Zn(NO3)2 1:1 ratio sample. During the high
temperature aging, the Zn-containing precipitates restructure into
HMT:Zn(NO3)2 ratio, the precipitate spheroidizes to minimize the
total surface energy. For the 5:1 and higher HMT:Zn(NO3)2 ratios,
the particle size becomes smaller than the original but is still larger
than that of the 1:1 HMT:Zn(NO3)2 ratio case.

ation and growth mechanism.
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Fig. 7. ZnO particle size effect on light absorption.

In practice, this means the precipitation process has to be
arefully controlled. To obtain equiaxed ZnO nanoparticles, the
MT:Zn(NO3)2 ratio should be low in order to prevent excessive
nO preferential growth. After the precipitation of the solid phase,
high temperature process should be carried out for the pre-

ipitate to fully crystallize. If the interest is to obtain elongated,
eedle-shaped particles, the HMT:Zn(NO3)2 ratio should be high;
dditional crystallization process is not necessary [30]. However,
anosize particles are very difficult to obtain.

.4. ZnO particle size effect on light absorption

ZnO particle size effect on light absorption is shown in Fig. 7.
he absorption peak for the larger particle sizes (5:1 and 10:1
MT:Zn(NO3)2 ratio conditions) can be easily seen at 367 nm. As

he ZnO particle size decreases to ∼3.3 nm, the absorption peak
hifts slightly to the smaller wavelength number (360 nm) and can
ardly be observed. These can be understood from twofolds. For
he slight light absorption peak shift to the left, the main factor is
he particle size decrease from >100 nm to ∼3.3 nm. For the weak
bsorption peak, it is likely due to the very low concentration of
he ZnO particles used (0.125 wt%) or the interference from the
nvironment [33].

. Conclusions

This study is focused on equiaxed ZnO nanoparticle synthesis
rom aqueous solutions. ZnO synthesis mechanism, phase evolu-
ion, and light absorption property are evaluated. To form equiaxed
nO nanoparticles, the HMT:Zn(NO3)2 ratio should be low and an
levated temperature aging process is needed for crystallization.
therwise, platy ZnO particles form and the crystalline phase is
exagonal. UV–vis absorption analysis shows that the light absorp-
ion peak shifts slightly to the smaller wavelength number as the
nO particle size decreases to ∼3.3 nm. The results offer a simple,
etter-defined, and more versatile procedure for the synthesis of
quiaxed ZnO nanoparticles.
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