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a b s t r a c t

In this study, the precursor precipitates of Zinc oxide (ZnO) were obtained by a direct precipitation method
via the reaction between Zinc nitrate (Zn(NO3)2) and Ammonium carbonate ((NH4)2CO3) in aqueous
solutions with proper concentration. X-ray diffraction (XRD) analysis demonstrated that the precursor
precipitates of ZnO were Zn4(CO3)(OH)6·H2O. Both the Differential thermal analysis (DTA) and the ther-
mal gravimetric analysis (TGA) curves of the precursor precipitates show that no further weight loss
and thermal effect were observed at a temperature of above 550 ◦C. The precursor precipitates of ZnO
were subjected to thermal calcinations and finally yielded the nano-sized ZnO powders. The calcined
ZnO powders were characterized by XRD, Brunauer–Emmet–Teller analysis (BET), and scanning electron
microscope (SEM), respectively. The XRD results indicated that the synthesized ZnO powders had a pure
wurtzite structure and the average nano-particle sizes were about 35.2 nm. However, the inconsistency of
ZnO particle sizes derived from the BET methods and the XRD analysis indicated that a fraction of nano-
Nanoparticles
Thermal decomposition

sized ZnO powders were in the form of aggregates, which was also verified by SEM and TEM image. In
addition, both the SEM image and the TEM photograph demonstrated that the nano-sized ZnO particles
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. Introduction

Semiconductor nanoparticles have attracted much attention
n recent years due to novel optical, electrical and mechanical
roperties, which results from quantum confinement effects com-
ared with their bulk counterparts. Among various semiconductor
anoparticles, nano-sized Zinc oxide (ZnO) particles are the most

requently studied because of their interest in fundamental study
nd also their applied aspects such as in solar energy conversion,
aristors, luminescence, photo-catalysis, electrostatic dissipative
oating, transparent UV protection films and chemical sensors
1–4]. Hitherto, searching new methodology to synthesize uniform
ano-sized ZnO particles is of great importance for both funda-
ental study and practical application, and thus various methods

uch as thermal decomposition, chemical vapor deposition, sol-
el, spray pyrolysis, and precipitation have still been developed for

he fabrication of nano-sized ZnO particles with uniform morphol-
gy and size [5–9]. Among these synthetic routes, precipitation
pproach compared with other traditional methods provides a
acile way for low cost and large-scale production, which does not
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eed expensive raw materials and complicated equipments [10].
ecently, Musić et al. [11] have obtained nano-sized ZnO parti-
les via the thermal decomposition of aggregated Zn5(CO3)2(OH)6,
hich was directly precipitated from the mixing of ZnCl2 or Zn(Ac)2

Ac = CH3COO) solution with Na2CO3 solution with proper concen-
ration.

In the present work, a direct precipitation method was
mployed to synthesize nano-sized ZnO particles using some alter-
ative raw materials, which were different from those used in

iteratures. The precipitation of Zn4CO3(OH)6·H2O precursors was
repared through a reaction between the Zinc nitrate (Zn(NO3)2)
nd Ammonium carbonate ((NH4)2CO3) solutions, and then nano-
ized ZnO particles were obtained by thermal calcination of the
n4CO3(OH)6·H2O precursors. The structural characteristics of
hese nano-sized ZnO particles such as the morphology, crys-
al type, crystal size, particle shape, particle size distribution,
egree of agglomeration were determined by XRD, SEM, TEM and
runauer–Emmet–Teller analysis, respectively.
. Experimental

The synthetic procedures for the ZnO particles by direct pre-
ipitation method are briefly summarized in Scheme 1. Zn(NO3)2,
NH4)2CO3, ethanol, and de-ionized water were used in the

http://www.sciencedirect.com/science/journal/13858947
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the other is JCPDS 19-1458. The former corresponds to the XRD
pattern of Zn5(CO3)2(OH)6·H2O, and the latter denotes the XRD
patterns of Zn4CO3(OH)6·H2O. The XRD patterns shown in Fig. 2
were consistent with the values in the database of JCPDS 11-287. As
Sch

xperiments. All the reagents used in this study were the ana-
ytical grade. Zn(NO3)2 and (NH4)2CO3 were firstly dissolved in
igh-purity water to form solutions with 1.5 and 2.25 mol/L concen-
ration, respectively. The Zn(NO3)2 solutions were slowly dropped
nto the (NH4)2CO3 solutions with the vigorously stirring. And
hen, the precipitates derived from the reaction between the
n(NO3)2 and the (NH4)2CO3 solutions were collected by filtra-
ion and rinsed three times with high-purity water and ethanol,
espectively. Subsequently, the washed precipitates were dried
t 80 ◦C to form the precursors of ZnO. Finally, the precursors
ere calcined at a temperature of 550 ◦C for 2 h in the muffle

urnace to obtain the nano-sized ZnO particles. Some chemi-
al reactions occurred in our preparation process as shown in
cheme 1.

The structural properties of the formed nano-sized ZnO par-
icles were investigated by �–2� method of XRD with a Cu
�1 (� = 0.15406 nm) source at 40 kV and 30 mA using a multi-
urpose XRD system (PANalytical). The morphology and particle
ize of the nano-sized ZnO particles were also analyzed by a
canning electron microscope (SEM, JXA840). SEM photographs
or the nano-sized ZnO particles were recorded (LEO 435) at
0 kV from samples covered with a gold thin film. The morphol-
gy and structure of the ZnO nano-sized powders were further
nvestigated by transmission electron microscope (TEM). TEM
JEM-2010) were operated at 200 kV. The specific surface area
f nano-sized ZnO particles was determined by nitrogen absorp-
ion Brunauer–Emett–Teller (BET) method. The BET measurements
ere performed on a Micromeritics ASAP 200 instrument. The
ET specific surface area 85.0 m2/g of activated carbon is used
s control in experiments. Thermal gravimetric analysis (TGA)
urves of the air-dried precursor precipitates were recorded
sing a TG-DTA/DSC Apparatus (STA449C). Approximately 50 mg
f a sample was placed in a platinum crucible on the pan of
he microbalance and heated from 50 to 700 ◦C, using �-Al2O3

s inert material. Analysis was performed under flowing nitro-
en with a flow rate of 50 mL min−1, and a heating rate of
0 ◦C min−1.

Fig. 1. TGA–DTA curves of the precursors of ZnO.
.

. Results and discussion

In order to characterize the nature of the precursor-pyrolysis
rocess, TGA and DTA measurements were carried out. Fig. 1 shows
he weight loss of the precursors of nano-sized ZnO particles as a
unction of temperature. The TGA curve in Fig. 1 shows a major
eight loss step at incrementing temperatures from 50 to 220 ◦C
ith no further weight loss observed at a temperature up to 700 ◦C.

he weight loss was related to the decomposition of the precur-
ors of ZnO. The clear plateau formed at a temperature between
00 and 700 ◦C on the TGA curve indicates that the formation of
anocrystalline ZnO was a decomposition product, as confirmed
y XRD analysis. On the DTA curve (Fig. 1) a main exothermic effect
as observed between 200 and 250 ◦C with a maximum at about
20 ◦C, indicating that the thermal events could be associated with
he decomposition of the precursors of ZnO. Both no further weight
oss and no thermal effect were observed at a temperature above
50 ◦C, indicating that decomposition does not occur above this
emperature and the stable residues are maybe ascribed to ZnO
ano-particles.

Fig. 2 depicts XRD pattern of the precursors of ZnO. As we
now, the general form of basic zinc carbonate can be written as
ZnCO3·nZn(OH)2·kH2O. As a matter of fact, Zn5(CO3)2(OH)6·H2O

nd Zn4(CO3)(OH)6·H2O of basic zinc carbonate were the well-
nown forms in previous study [12]. When verify the structure
nd composition for the basic zinc carbonate, two typical XRD pat-
erns in the database of XRD can be utilized. One is JCPDS 11-287,
Fig. 2. XRD patterns of the precursors of ZnO.
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Fig. 3. XRD patterns of t

consequence, the composition of basic zinc carbonate fabricated
n our study was Zn4(CO3)(OH)6·H2O.

The XRD patterns of nano-sized ZnO particles obtained from
he calcinations of Zn4CO3(OH)6·H2O precursors at a temperature
f 550 ◦C for 2h are shown in Fig. 3. The nano-sized ZnO par-
icles are of a wurtzite structure (hexagonal phase, space group
63mc). All the diffraction peaks can be well indexed to the hexag-
nal phase ZnO reported in JCPDS card (No. 36-1451, a = 0.3249 nm,
= 0.5206 nm). The results indicate that the products were con-
isted of pure phases. Diffraction peaks related to the impurities
ere not observed in the XRD pattern, confirming the high purity

f the synthesized product. Furthermore, it could be seen that the
iffraction peaks shown in Fig. 3 were more intensive and narrower,

mplying a good crystalline nature of the as-synthesized ZnO prod-
ct. In addition, the broadening at the bottom of diffraction peaks
hown in Fig. 3 also denotes that the crystalline sizes were small
nd in good agreement with the characteristic of nano-sized parti-
les reported in literature [13]. The average crystalline size (D) of the
ano-sized ZnO particles can be obtained from the Debye–Scherrer

ormula [14],

= 0.89�

ˇ cos �0
(1)

here D is the crystalline size (in nm), � the wavelength (in nm),
the full width at half maximum (FWHM-in radian) intensity, and

0 the Bragg diffraction angle (◦). Therefore, the average crystalline
ize in ZnO powders fabricated from the calcinations of precursor
t a temperature of 550 ◦C for 2 h derived from Eq. (1) was esti-
ated to be about 35.2 nm. In addition, the different diffraction

eaks denoted corresponding crystalline planes also were labeled
n Fig. 3. On the other hand, the texture coefficient (TC) represents
he texture of a particular plane. Quantitative information concern-
ng the preferential crystallite orientation was obtained from the
exture coefficient TC(h k l) defined as:

C(h k l) = I(h k l)/I0(h k l)
∑

I(h k l)/I (h k l)
× 100% (2)
0

here I(h k l) is the measured relative intensity of a plane (h k l), and
0(h k l) is the standard intensity of the plane taken from the JCPDS
ata. The value TC(h k l) = 1 represents randomly oriented crystal-

ite, while higher values indicate the abundance of grains oriented

s
a
5
s
i

no-sized ZnO powders.

n a given (h k l) direction. The observed intensity and the standard
ntensity of a plane (h k l) are also written in Fig. 3. According to Eq.
2), we can know that the (1 0 0), (0 0 2), and (1 0 1) planes were the
referential crystallite orientation for the nano-sized ZnO particles

abricated in this study.
The specific surface area of the nano-sized powder samples was

btained from the standard Brunauer–Emmett–Teller (BET) pro-
edure. The BET adsorption isotherm equation can be written as
ollows [15]:

n

nm
= c(p/p0)

(1 − p/p0)(1 + (c − 1)p/p0)
(3)

here n is the moles of adsorbed gas at p (pressure of adsorbate), c
s the BET parameter, nm is the monolayer capacity in moles, and p0
s the saturation pressure of the adsorbate. The slope and intercept
f the linearized form of the equation give the essential parameters
sed in determining the surface area. After obtained n according to
q. (3), the S (specific surface area) value of ZnO powder can be
alculated using the following equation [16]:

= nNAaM (4)

here the area that a nitrogen molecular occupies is
iven by aM = 16.2 × 10−20 m2 and Avogadro constant is
A = 6.02 × 1023 mol−1. As a results, after completing the measure-
ent of BET for the nano-sized ZnO particles, The surface area of

he nano-sized ZnO particles fabricated from the calcinations of
n4(CO3)(OH)6·H2O at a temperature of 550 ◦C for 2 h is 18.87 m2/g.
his value is in the same range as that reported by Masaki et al. [17],
ho had utilized zinc sulfate heptahydrate with pulp precursors

o prepare ZnO powders. And then, the average crystalline size of
ano-sized ZnO powders can be figured out by using the following
quation [13]:

BET = 6000
�SBET

(5)

here dBET is the crystalline size (in nm), � is the density of nano-

ized ZnO powder (in g/cm3) and SBET is the BET specific surface
rea. In this study, the 56.7 nm of dBET could be obtained by using the
.605 g/cm3 powder density. The inconsistency of ZnO crystalline
ize determined by the BET methods and the XRD Scherrer formula
ndicated that there was conglomeration in the nano-sized ZnO
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Fig. 4. SEM photograph of the nano-sized ZnO powders.

owders. The agglomeration coefficient can be calculated using the
ollowing formula:

F = dBET

D
(6)

here CF is agglomeration coefficient, dBET, D is the average crys-
alline size determined by the BET methods and the XRD Scherrer
ormula, respectively. The CF is bigger, and the agglomeration is

ore evident. The 1.61 of agglomeration coefficient obtained from
q. (6) indicates that some conglomerations exist in the nano-sized
nO powders in our study.

Fig. 4 shows SEM image of the nano-sized ZnO powders resulted
rom the calcinations of Zn4(CO3)(OH)6·H2O at a temperature of
50 ◦C for 2h. The morphology of the nano-sized ZnO particles takes
n pseudo-spherical shape. The nano-sized ZnO powders obviously
how agglomeration of particles, which also agrees with agglom-

ration coefficient value determined by Eq. (6).

Fig. 5 shows a TEM photograph of ZnO particles obtained from
he calcinations of Zn4(CO3)(OH)6·H2O precursors at 550 ◦C for 2h.
EM indicates that the ZnO particles are approximately spherical
nd the average diameter of the particles is 32.0 nm. The average

ig. 5. TEM photograph of ZnO particles obtained from the calcinations of
n4(CO3)(OH)6·H2O precursors at 550 ◦C for 2 h.
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[

[
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article diameter obtained from the Scherrer formula is 35.2 nm,
n good agreement with the value obtained from analysis of trans-

ission electron microscope images. In addition, a fraction of the
nO nano-sized particles being in the form of aggregates shown in
ig. 5 also agree with those obtained from the SEM image in Fig. 4.

. Conclusions

In summary, the nano-sized ZnO particles were prepared by
he heat decomposition of the precursors of ZnO with Zn(NO3)2,
NH4)2CO3 as the raw materials. XRD data demonstrated that the
recursor of ZnO was Zn4(CO3)(OH)6·H2O and the synthesized
ano-sized ZnO particles were of pure wurtzite structures with
he average crystalline sizes in 35.2 nm. However, the average crys-
alline size of ZnO particle obtained from the BET analysis was about
6.7 nm. The inconsistency of the obtained ZnO crystalline size
etween the XRD analysis and BET analysis maybe indicated that
here was conglomeration in the synthesized ZnO powders, which
as finally verified by SEM image together with TEM photograph.
s we know, the direct precipitation process for the fabrication
f the nano-sized ZnO powders is well repeatable and easy con-
rolled, which may offer an attractive strategy for the fabrication
f other oxide nano-particles. Consequently, the further improve-
ent in experimental condition for the nano-sized ZnO particles
ith superfine grain size, good distribution, large specific surface

rea, and less agglomeration synthesized by direct precipitation is
nder way.
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