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a b s t r a c t

ZnO nanoparticles were synthesized at different pH values by the sol–gel method and centrifuged at
3000 rpm for 30 min. The ZnO powders agglomerate when synthesized in acidic and neutral conditions
(pH 6 and 7). Fine powders were obtained when the pH of the sols was increased to 9. The maximum crys-
tallite size (25.36 nm) of the ZnO powder was obtained at pH 9. The particles sizes of the ZnO synthesized
vailable online 25 March 2010

eywords:
ol–gel method
H
rowth mechanism

between pH 6 and 11 were in the range of 36.65–49.98 nm. Ultraviolet–visible analysis (UV–vis) also
demonstrated that ZnO synthesized from pH 8 to 11 has good optical properties with band gap energy
(Eg) between 3.14 and 3.25 eV.

© 2010 Elsevier B.V. All rights reserved.
rystallite size
article size

. Introduction

Zinc oxide (ZnO) has recently attracted significant interest for
oth fundamental studies and technical applications. In the past
ew years, ZnO has been synthesized using electrochemical depo-
ition [1], chemical vapor deposition [2], catalysis-driven molecular
eam epitaxy [3], thermal evaporation [4], pulsed laser deposition
5], zinc–air [6] and solution–gelation (sol–gel) [7]. Sol–gel is one
f the most commonly selected methods for the synthesis of ZnO
anoparticles [8–10] because this method produces good homo-
eneity and optical properties and has easy composition control,
ow processing temperatures, the ability to coat large areas, and
ow equipment costs.

The sol pH is one of the important factors influencing the ZnO
roperties when ZnO is synthesized by sol–gel. The pH affects the
ydrolysis and condensation behavior of the solution during gel

ormation and therefore influences the morphology of the ZnO [11].
or instance, Li et al. [12] showed that the solution conditions have
particular effect on ZnO particle-size powders. The pH can also

hange the number of ZnO nuclei and growth units [13]. Sagar et
l. [14] claimed that the increase in pH (from acidic to alkaline) of
he sols results in the growth of a ZnO film.
Metal alkoxides are often used as raw materials for the sol–gel
rocess. In early work on the sol–gel method, an n-ZnO/p-Si hetero-

unction was prepared by the sol–gel process using zinc diethoxide
s a starting material for synthesizing the ZnO films [15]. In the

∗ Corresponding author. Tel.: +60 4599 6118; fax: +60 4594 1011.
E-mail addresses: azmin@eng.usm.my, azmin@hotmail.com (A.A. Mohamad).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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sol–gel method, the nucleation of the metal oxide particles occurs
by precipitation. This precipitation involves a reaction between the
soluble metal salt and the hydroxide ions or water. The nucleation
reaction of a divalent metal salt (MX2) and a solution containing
hydroxide ions (YOH) can be describes as follows [16]:

MX2 + 2YOH → MO(s) + 2Y+ + 2X− + H2O (1)

where X is an anion (CH3CO2
−, Br−, ClO4

−) and Y is a cation (Na+,
Li+, K+).

ZnO nanoparticles can also be synthesized using divalent metal
salts and an aqueous solution based on Eq. (1). Centrifuging is com-
monly used to separate species of different size, mass, or density.
The mixture with denser components will migrate away from the
axis of the centrifuge, and the less-dense components will migrate
toward the axis. The Coriolis force influences crystal growth, and
well-defined size characteristics can be generated by this pro-
cessing method [17]. The goal of this work is to synthesis ZnO
in aqueous solution with pH values ranging from 6 (acidic) to
11 (alkaline). The pH of the sol was controlled by a zinc acetate
dihydrate [Zn(CH3COO)2·2H2O] precursor, and sodium hydroxide
(NaOH) was used to control the aqueous pH. Centrifugation was
used to improve the ZnO properties.

2. Experimental

2.1. Synthesis of ZnO powder
The ZnO sols were prepared by adding 0.2 M Zn(CH3COO)2·2H2O
(Sigma–Aldrich) to methanol (CH3OH, Merck) at room temperature. The solution
was stirred for 2 h using a magnetic stirrer until a clear solution without turbidity
was obtained. The pH of the sols was ∼5. The clear solution transformed into
a milky white slurry solution after titration with 1.0 M NaOH (Merck). The

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:azmin@eng.usm.my
mailto:azmin@hotmail.com
dx.doi.org/10.1016/j.jallcom.2010.03.174
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ddition of NaOH changed the pH values of the sol from 6 (acidic condition) to
1 (alkaline condition). The resulting milky white gel was stirred for another
h. All of the samples were left alone for 1 week to allow the sol–gel process to
nish.

After 1 week, the sols were centrifuged using a Rotina 38 at 3000 rpm for 30 min
o complete gelation and hydrolysis. Next, the wet, white precipitate of ZnO was
emoved from the centrifuge and dried at 80 ◦C for 1 h. Finally, the dried precipitate
as ground to a fine white powder.

.2. Characterization of ZnO powder

The structure of the synthesized ZnO powder was studied using X-ray diffrac-
ion (XRD, Bruker Advanced X-ray Solutions D8). The XRD results obtained were
ompared to the Joint Committee on Powder Diffraction Standards (JCPDS) X-
ay data file. The crystallite size of the samples was obtained by measuring the
roadening of the XRD peaks with preferred orientation and using the Scherrer
ormula:

C = 180
�

· � · �

cos � ·
√

FWHM2−s2

(2)

here � = 3.142, � is the wavelength of Cu K� radiation (1.5406 Å), � is the Scherrer
onstant (0.89), s is the instrumental broadening (0), FWHM is the full-width at half-
aximum of the (1 0 1) plane, and � is the angle corresponding to the (1 0 1) plane.

he FWHM and � were taken directly from the EVA software that was provided with
he XRD analysis.

The surface morphology, particles size and composition of ZnO nanoparticles
ere investigated by field emission scanning electron microscopy (FESEM) and

nergy dispersive X-ray spectroscopy (EDX, Zeiss Supra 35VP). The FTIR analysis

as performed in order to determine the functional group of materials existed

n all ZnO samples. The analysis was recorded using FTIR spectrometer (Perkin-
lmer®) in a range between 4000 and 400 cm−1. The optical properties and band
ap energies of ZnO nanoparticles were analyzed using Ultraviolet–visible (UV–vis)
pectroscopy (Perkin-Elmer Lambda 35). The absorbance as a function of band gap
nergy (Eg) of ZnO powder synthesized at pH 8–11 was plotted from UV–vis analysis.

Fig. 2. FESEM of ZnO powder synthesized at various pH values: (a
Fig. 1. XRD of ZnO synthesized via the sol–gel method at various pH values.
The absorbance values can be determined directly from UV–vis spectra analysis and
h� was calculated by using wavelength (�) value since h� = (h × c)/�, where h = Planck
constant (6.62 × 10−34), c = speed of light (3 × 108 m s−1) and � = value of wavelength
(between 600 and 300 nm). The Eg value was determined by extrapolating the linear
portion of the Eg axis curve to zero absorbance.

) pH 6, (b) pH 7, (c) pH 8, (d) pH 9, (e) pH 10 and (f) pH 11.
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Fig. 3. EDX of ZnO powder synthesized at various pH valu

. Results and discussion

.1. X-ray diffraction analysis

Fig. 1 shows the XRD profiles of ZnO powders prepared pH val-
es of 6, 7, 8, 9, 10 and 11. The samples prepared at pH 6 and
have no intense ZnO peak. Normally, the ZnO structure cannot

e synthesized well at pH 6 because of the high concentration
f H+ ions and low concentration of OH− ions in the sol. For the
eutral condition at pH 7, the number of H+ ions reacting with
umber of OH− from NaOH is equivalent. Therefore, both of the
eaks are broad. The ZnO powder peaks for samples with pH ≥ 8
how the crystalline nature with angles of diffraction (2�) = 31.68◦,
4.35◦, 36.16◦, 47.45◦, 56.48◦, 62.74◦, 67.84◦ and 68.96◦. The three
ost intense peaks correspond to the (1 0 0), (0 0 2) and (1 0 1)

lanes. The preferred orientation corresponding to the (1 0 1) plane
s observed for ZnO powder with pH ≥ 8. The highest ZnO intensity
eak (2� = 36.16◦) appears at pH 9 because a sufficient amount of
H− is available to form ZnO.

The observed peaks intensity patterns can be attributed to the

resence of a hexagonal wurtzite structure in the ZnO powder. The
ell constants are c = 5.205 Å and a = 3.249 Å. These values and the
urtzite structure are confirmed by the JCPDS 36-1451 data. No

ther peaks were detected for samples at pH ≥ 8, indicating that
ll of the precursors were completely decomposed and no other
pH 6, (b) pH 7, (c) pH 8, (d) pH 9, (e) pH 10 and (f) pH 11.

complex products were formed. The XRD results confirm that the
powders synthesized in this work are ZnO. This result is similar to
results achieved by others [18–20].

3.2. Surface morphology and composition

FESEM images of ZnO powder nanoparticles are shown in Fig. 2.
Large bulk particles with high agglomeration are shown in Fig. 2a
and b. This agglomeration is a result of the acidic and neutral pHs
of the Zn(OH)2 sols during the synthesis process. Both samples
lack sufficient OH− ions. Fig. 2c and d shows that the particles
are homogeneous with a good nanostructure when the pH is
increased to alkaline conditions (pH 8 and 9). ZnO nanoparticles are
mostly spherical in shape. A powder of ZnO nanoparticles with low
agglomeration was obtained in this work. This low agglomeration is
attributed to the use of a centrifuge instead of the traditional sol–gel
method, which does not include centrifuge processing [21]. Cen-
trifugation can remove impurities such as Zn(OH)2 by enhancing
the interaction between Zn–O and the solvent.

The OH− ions allow the nucleation and growth of ZnO and the

formation of particles. Particles sizes decrease (Fig. 2e and f) when
the pH of the sols is above 9. Wu et al. [22] claim that the large parti-
cles consist of agglomerated nanoparticles and that either compact
or porous polycrystalline micron-sized particles can be formed
using colloidal sol–gel technique. In this work, the sizes of the par-



234 S.S. Alias et al. / Journal of Alloys and Compounds 499 (2010) 231–237

t
s
9
4
d
(
t
i

r
c

3

a
1
p

Table 1
Comparison between crystallite and particle size of ZnO synthesized at various pH
values.

pH Crystallite size (nm) Particle size (nm)

8 24.96 49.98
Fig. 4. Crystallite and particle sizes of ZnO synthesized at various pH.

icles at lower pH values are nano-sized even when agglomeration
till occurs. Average particle of ZnO synthesized at a pH between
and 11 are uniform in size with and range between 36.65 and

9.98 nm in diameter. The chemical composition of the ZnO pow-
er synthesized at pHs between 6 and 11 were studied using EDX
Fig. 3a–f). The existence of impurities peaks near origin X-axis due
o C and O are contributed by methanol solvent. The ZnO powders
nitially dispersed in methanol before FESEM and EDX analysis.

The atomic percentages of Zn and O are close to the stoichiomet-
ic composition and have a ratio of approximately 1:1. This result
onfirms that the powder contains only Zn and O elements.

.3. Comparison between crystallite and particle size
The crystallite and particle sizes of the ZnO powder are plotted
s a function of pH in Fig. 4. The crystallite size of ZnO ranges from
8.37 to 25.36 nm. The largest crystallite size (25.36 nm) occurs at
H 9, and the smallest size (18.37 nm) occurs at pH 11. The particle

Fig. 5. FTIR spectra of ZnO synthe
9 25.36 48.31
10 21.87 38.32
11 18.37 36.65

size is large compare to crystallite size. The particle size ranged from
36.65 to 49.98 nm, ∼25 nm larger than the crystallite size. Particle-
size analysis reveals that the largest particle size (49.98 nm) occurs
at pH 8, and the smallest particle size (36.65 nm) occurs at pH 11.
The crystallite and particle sizes are inversely proportional to the
pH values. The sizes of the ZnO powder crystallites and particles
are tabulated in Table 1.

Because ZnO is absent from the XRD results, the crystallite and
particle size of ZnO synthesized at pH 6 and 7 cannot be calculated.
Further increasing the concentration of OH− from pH 9 reduces the
ZnO crystallite and particle sizes because the amount of dissolved
OH− was larger during synthesis of ZnO at pH > 9. When ZnO reacts
with too much OH−, the dissolution of ZnO occurs [23]. The dis-
solution made the crystallites and particles became smaller and
agglomerated.

3.4. FTIR analysis of ZnO

Fig. 5 shows the FTIR spectra of ZnO synthesized at various pH
values. The bands at 3543–3393 cm−1 in Region 1 correspond to the
O–H mode of vibration [24]. The broad O–H peaks become more
narrow with an increase in the pH value because the additional
amount of O–H from the NaOH reacts with the Zn(CH3COO)2·2H2O
at pH values ≥8. The strong asymmetric stretching mode of
vibration of C O was observed between 1612 and 1560 cm−1 in
Region 2. The symmetric stretching occurs between 1453 and

1333 cm−1 because of the presence of C–O. Both of these peaks
are shifted inconsistently because of diverging structural mor-
phologies in alkaline conditions [25]. The C–O–C peak is present
between 1023 and 1020 cm−1. According to Du et al. [26], the

sized at various pH values.
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Table 2
FTIR of ZnO at various pH values.

pH Wavenumber (cm−1) Functional group

6 3543 O–H
1612–1584,1453–1333 C O, C–O
1023–1020 C–O–C
515–453 ZnO

7 3411 O–H
1585, 1404–1340 C O, C–O
1023–1020 C–O–C
453 ZnO

8 3393 O–H
1579, 1407–1341 C O, C–O
1023–1020 C–O–C
457 ZnO

9 3392 O–H
1579, 1411–1341 C O, C–O
1023–1020 C–O–C
543 ZnO

10 3400 O–H
1560, 1412–1346 C O, C–O
1023–1020 C–O–C
550 ZnO

11 3393 O–H
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1560, 1412 C O, C–O
1023–1020 C–O–C
550 ZnO

–O–C peak usually appears at 1256 cm−1. The existence of other
eaks instead of ZnO and O–H which are C O, C–O, C–O–C group
rom Zn(CH3COO)2·2H2O precursor, CH3OH solvent are not much
ffected on the synthesized of ZnO powders. The FTIR analysis
avenumber results in Table 2 proved this statement. These three

unctional groups wave numbers not much have different when
ncreasing pH values compare to the O–H and ZnO groups. In fact
he XRD and EDX analysis proved that the synthesized powders in
his work are ZnO with the good stoichiometric composition.

The particle size caused a large shift in the IR peak. The ZnO peak
hat appears in the range of 550–453 cm−1 shows that the trans-
ormation of Zn(OH)2 to ZnO was completed. Previous researches
ound the ZnO peak between 464 and 419 cm−1 [18,27,28]. In this
tudy, the ZnO peaks of all samples were shifted inconsistently
ecause of the effect of ZnO particles sizes changing with pH [29].
hus, the particle-size affects the peak shifts. The FTIR results sup-
ort the FESEM results.

.5. Mechanism of ZnO growth

The growth mechanism of the powder of ZnO nanoparticles dur-
ng the sol–gel process as described in Eqs. (4)–(7) is shown in
ig. 6. Sol–gel formation can be divided into four steps: (i) hydroly-
is, (ii) condensation and polymerization (nucleation) of monomers
o form particles, (iii) growth of particles and (iv) aging. To grow
nO with high crystallinity, a sufficient amount of OH− is needed
o dissolve the ZnO. At pH ≥ 8.0, Zn(OH)4

2− is converted to ZnO
ecause of the high chemical potential of OH− at equilibrium with
dehydration reaction [30]:

H− + OH− → O2− + H2O (4)

To allow condensation to occur, the zero-charge precursor
olecules Zn(CH3COO)2·2H2O (Fig. 6a) need to be formed with

specific amount of water or NaOH. During the initial stage of

he reaction, the aqueous solution of Zn(CH3COO)2·2H2O reacts
ith NaOH to form zinc hydroxide [Zn(OH)2], sodium acetate

CH3COONa) and water molecules [10]. This transformation can be
Fig. 6. Schematic illustration of the growth mechanism of ZnO nanoparticles.

represented by the following chemical reaction [26,31]:

Zn(CH3COO)2·2H2O + 2NaOH → Zn(OH)2 + 2CH3COONa + 2H2O

(5)
The build-up of precursor molecules results in a supersatura-
tion of the solution (Fig. 6b). Nucleation occurs continuously above
and below the condensation and polymerization threshold. The
Zn(OH)2 reacts with the water molecule to form the growth unit
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Fig. 7. UV–vis analysis of ZnO powder from pH 8 to 11: (a) pH 8, (

n(OH)4
2− and hydrogen ions (2H+) as follows:

n(OH)2 + 2H2O → Zn(OH)4
2− + 2H+ (6)

Fig. 6c shows that further growth of ZnO and separation of
gglomerates from the supersaturated solution is possible until the

olution becomes saturated with a white precipitate of colloidal-
el Zn(OH)4

2−. Centrifugation transforms the Zn(OH)4
2− into ZnO

ccording to the following reaction [32]:

n(OH)4
2− → ZnO + H2O + 2OH− (7)
9, (c) pH 10, (d) pH 11 and (e) pH 9 (as a function of wavelength).

Oskam [10] states that the two dominant processes that take
place during aging are aggregation and coarsening. In this work,
the aging rates of nanoparticles depend strongly on the pH values.
This parameter determines the structure and size distribution of
the final spherical nanoparticles (Fig. 6d). Centrifugation removes

the agglomeration of incompletely transformed Zn(OH)4

2− and
spins this Zn(OH)4

2− to allow a complete transformation to
ZnO.

However, at higher OH− concentrations i.e. at pH 10 and 11, ZnO
reacts with OH−. This dissolution of ZnO during reverse reaction
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Table 3
Energy gap of ZnO at different pH values.

pH Energy gap, Eg (eV)
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[38] A.R. Rao, V. Dutta, Nanotechnology 19 (2008) 445712.
[39] G. Boschloo, T. Edvinsson, A. Hagfeldt (Eds.), Dye-sensitized Nanostructured
8 3.25
9 3.24

10 3.23
11 3.14

roduce Zn(OH)4
2− according to this reaction [23]:

nO + H2O + 2OH− → Zn(OH)4
2− (8)

Dissolution of larger ZnO produced small ZnO particles. Mean-
hile combination of these small particle and Zn(OH)4

2− produce
n agglomeration (Fig. 6e). Centrifugation also accelerated this
eaction.

.6. ZnO optical properties

The plot of absorbance as a function of band gap energy (Eg)
f ZnO powder synthesized at pH 8–11 is illustrated in Fig. 7a–d.
he Eg value for ZnO at pH 6 and 7 are not shown because the
articles are large in size and agglomerate. By extrapolating the

inear portion of the curve to zero absorbance, the direct band gap
nergy of the synthesized powder from pH 8 to 11 was found to be
n the range of 2.86–3.14 eV. These Eg values are similar to results
btained in previous studies [33,34]. The ZnO sample at pH 9 has the
ighest absorbance curve in the UV region of 3.14 eV. The optical
bsorbance of ZnO as a function of wavelength for ZnO at pH 9 is
hown in Fig. 7e. The sharp decrease in intensity of transmitted
ight around 400 nm is a result of band edge absorption [35]. This
hift tendency mainly relates to the confinement effect of the small
ize of ZnO [36].

The details of Eg at different pH values are shown in Table 3. The
evel of optical absorption strongly depends on particles size. The Eg

alues decrease with decreasing particle size. As stated in Section
.3, the particles size decreases as the pH increases. Consequently,
he size of the particles influences the ability of ZnO nanoparticles
o absorb UV light.

The most relevant parameter for the application of ZnO to
pto-electronics is the large Eg, which varies from 3.0 to 3.4 eV at
oom temperature [37]. For example, Rao and Dutta [38] obtained
he conversion efficiency of 4.7% for ZnO dye-sensitized solar cell
DSSC). In addition, ZnO with Eg value 3.2 eV have been used as
orking electrode for DSSC and recognized as potential material

o substitute TiO2 based DSSC working electrode [39]. The UV–vis
esults support all of the ZnO powder characterization analysis. The
iverse characterizations of ZnO at different pH values influence its
roperties.

. Conclusion

ZnO nanoparticles powders have been successfully synthesized
y the sol–gel technique at different pH values using centrifuga-
ion. All of the samples have good structural, morphological and

ptical properties. ZnO synthesized at pH 9 has the best properties.
t pH 9, the ZnO has an average particles size of about 48.31 nm,
nd the particles are nearly uniform and spherical. The influence
f nanocrystallinity can be seen in the band gap enhancement of
.24 eV.
ompounds 499 (2010) 231–237 237
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