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Abstract

ZnO nanoparticles were encapsulated in the porous activated carbon matrix by incipient-wetness impregnation. The use of the small
host matrix allowed the size confinement of ZnO by utilizing the porous nature of the host matrix. Partial fixation of ZnO in the porous
matrix determines the size and the dispersion of the particles. Experiments at different calcination temperatures were carried out to inves-
tigate structural and optical properties of ZnO nanoparticles in the porous activated carbon matrix using X-ray diffraction, scanning
electron microscopy, Raman spectroscopy and photoluminescence. The optimal calcination temperature was found to be �450 �C in
order to confine ZnO nanoparticles in the porous ACP matrix. Near-band-edge UV emission and green emission were both associated
with the deep-level defect state. A decrease in full width at half maximum of E2 mode in Raman spectrum confirmed an increase in crys-
tallite size due to higher calcination temperature, causing an increase in phonon lifetime.
� 2009 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Semiconductor nanoparticles have been of great interest
due to their size constraints, and often exhibit physical and
chemical behaviors different from bulk materials [1,2]. The
properties of these nanoparticles are expected to be supe-
rior to those of bulk materials as there is not only an
increase in surface area, but also a reduction in defects,
both of which are stabilized in the form of nanoparticles.
ZnO is one of the group II–VI semiconductor materials
which exhibit promising electronic and optical properties
[3]. Recently, ZnO has attracted much interest due to its
wide potential applications in UV photonics, transparent
electronics, high-frequency piezoelectric devices, lumines-
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cent devices, spintronics, non-linear optical devices, and
photocatalysis [4,5]. The electronic and optical properties
of ZnO nanoparticles can be manipulated by changing
grain size [6,7]. Altering the grain size of ZnO nanoparticles
offers possibilities for using them in micro-electronic
devices [8,9] and biosensors for harmful gases (e.g., SF6),
as well as neutralizers in biological weapons to degrade
toxic biochemicals such as naphthalene, antracene, and
chlorophenol [10]; all of these potential applications sepa-
rate them from bulk solid-state counterparts.

Many methods have been employed to synthesize ZnO
at nanometer dimensions, such as the electrochemical
method, infiltration, vapor deposition, mechanochemical
processing, and electrochemical reaction [11–17]; however,
most require high temperature and pressure, resulting in
high start-up and processing costs and difficulties control-
ling the ZnO particle size and loading [18]. For example,
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ZnO nanostructures were synthesized at 500 �C on Zn
nanoplates [19], 450 �C on the Al2O3 substrate covered
with a thin layer of ZnO film and/or with NiO as a catalyst
[20], 600 �C to decompose ZnCO3 forming ZnO nanoparti-
cles [21], and 550 �C on Si(1 0 0) substrates using a chemi-
cal vapor deposition (CVD) [22]. As a result, many efforts
have been made for a new nanostructured ZnO synthesis
methodology for a low temperature and catalyst-free route.
For example, a sol–gel method has been utilized to synthe-
size ZnO nanostructures using the solution of zinc nitrate
hexahydrate and/or methenamine as well as zinc acetate
and lithium hydroxide. This method is simple and the oper-
ating condition is tailorable depending on the precursors.
However, the sol–gel preparation process often requires
an additional step to remove the remaining solution from
the substrate, which leads to a low crystal quality of ZnO
nanostructures. The proposed method in the present study
utilizes incipient-wetness impregnation to confine ZnO
nanoparticles in a porous host matrix. Incipient-wetness
impregnation is often employed in the synthesis of catalysts
and adsorbents [23–27]. This method is simple and allows
control over particle size by altering temperature and/or
pressure.

ZnO nanoparticles, synthesized by incipient-wetness
impregnation on porous host materials, take advantage
of the porous structure of their substrate matrix. Fig. 1
shows a cross-sectional illustration of porous materials.
The porous materials are assumed to be spherical. The sur-
face of porous host materials mainly consists of external
and internal surfaces. The latter is generally 100–1000 times
higher than the former for macro-porous materials,
depending on particle size, pore size, pore distribution,
and pore volume [28]. Thus, the selection of host materials
plays an important role in the formation of nanoparticles.
Oxide host materials such as silica, alumina, activated car-
bon, and zeolite are commonly used to utilize their microp-
ores (<20 Å) and mesopores (20–500 Å) [29]. A schematic
diagram of ZnO nanoparticle formation in the porous
structure of the host materials is shown in Fig. 2. Fig. 2a
shows a rectangular cross-sectional illustration near the
external surface of the porous material. An aqueous zinc
precursor can be prepared and then loaded onto the porous
host materials (Fig. 2b). The uptake is the sum of the solu-
external surface 

 internal surface 

Fig. 1. Schematic representation of a cross-section of the porous host
materials.
tion occluded in the pores, corresponding in quantity to the
total pore volume of the host matrix or slightly less. This
allows accurate control over the amount of the active guest
materials that will be formed in the pores. The maximum
loading obtainable in a single impregnation is limited by
the solubility of the precursors. The mechanism of impreg-
nation is simple. It relies on capillary forces to ensure that
the salt precursor is drawn into the entire pore structure.
Due to capillary pressure, pores are nearly filled, and the
dissolution of gas in the liquid assists the process [30].

After impregnation, the materials are usually dried and
calcined. Drying is applied to eliminate extraneous solution
and unstable anions and cations that have been introduced
in the solution from impurities, additives, and stabilizing
agents. Moreover, drying causes mixing of the ionic species
by diffusion to form a crystal phase. In any case, the result-
ing materials are in the form of metallic zinc and zinc oxide
immobilized on the porous surface (Fig. 2c). Calcination is
necessary for undergoing surface diffusion involving surface
transport of both zinc and oxygen [31]. In this case, a slow
calcination rate is preferred for changes in texture of guest
materials toward lower free energies without undergoing
larger disturbances. The guest materials immobilized by this
method mainly rely on weak van der Waals interactions
forming particle aggregates (Fig. 2d). The calcination pro-
cess affects the grain size of the guest materials, depending
on temperature and calcination conditions. Upon calcina-
tion, exothermic reactions are developed which lead to
excessively high temperatures locally, especially in a nano-
meter dimension. This affects the activity of ZnO nanopar-
ticles synthesized from diffusion limitation by altering their
grain size as well as their optical properties.

ZnO nanoparticles reported here were synthesized by
incipient-wetness impregnation on porous host materials.
The nature of the small porous host matrix allows the size
confinement and loading of ZnO nanoparticles. By control-
ling the calcination temperature, ZnO nanoparticles can be
encapsulated, and the grain domain can be confined. The
influence of the calcination temperature on the lumines-
cence of ZnO encapsulated in a porous host matrix to
enhance photoluminescence (PL) for the production of sta-
ble light-emitting systems was investigated.

2. Experimental details

2.1. Materials

Zinc acetate hexahydrate, ammonia, and ammonium
carbonate were analytical grade. They were obtained from
Alfa Aesar (Ward Hill, MA). The support host matrix,
activated carbon particles of 60 � 90 mesh, was obtained
from PICA USA, Inc. (Columbus, OH).

2.2. Synthesis method

Zinc oxide nanoparticles were prepared using a zinc ace-
tate precursor [24], which was loaded onto activated carbon



Fig. 2. Schematic illustration of the ZnO cluster formation process in the porous matrix of host materials: (a) porous surface of the host materials; (b)
precursor solution drawn into the pore by capillary forces; (c) particle formation after drying; (d) particle aggregation after calcination.
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Fig. 3. XRD patterns of ZnO/ACP at different calcination temperatures.
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particles (ACP) by incipient-wetness impregnation. The
activated carbon particulates were derived from coconut
shells, with an average particle size of 150 lm and an aver-
age pore diameter of 20 Å, owing to micropores and mesop-
ores confining the growth of the guest materials. This zinc
precursor was prepared by adding 70 ml NH3�H2O, 42 g
(NH4)2CO3, and 66 g Zn(Ac)2�6H2O into 56 ml deionized
water under vigorous stirring. The activated carbon parti-
cles were added into an aqueous zinc precursor for 1 h to
allow the solution to fill the pores of activated carbon par-
ticles. Subsequently, they were vacuum drained to get rid of
excess solution prior to drying at 100 �C for 4 h in the vac-
uum oven. The dry samples were calcined in argon gas for
1 h in a tubular reactor at 250, 350, 450, 600, and 750 �C
to observe the change in microstructures.

2.3. Characterization

Inductively coupled plasma mass spectrometry (ICP-
MS) was then utilized to confirm the presence of ZnO on
a Thermo Jarrell Ash ICAP 61 Simultaneous Spectrometer.
The structural phase change and crystallinity of the ZnO
nanoparticles at different calcination temperatures were
investigated by X-ray diffraction spectroscopy (XRD)
using Cu Ka radiation (k = 1.54056 Å) with a scanning
speed of 4� min–1. The surface morphology of ZnO/ACP
particles was observed by scanning electron microscopy
(SEM). The optical properties of the ZnO nanoparticles
in the porous carbon matrix were studied using Raman
scattering and photoluminescence spectroscopy at room
temperature. The 325 nm (20 mW) and 441.6 nm
(80 mW) lines of a HeCd laser were used for excitation of
photoluminescence and Raman spectroscopy, respectively.
The excitation light was focused to a spot �5 lm in diam-
eter. The spectra were collected using the Jobin–Yvon’s
spectrometer with a thermoelectrically cooled charge cou-
pled device (CCD) detector.

3. Results and discussion

3.1. Influence of temperature on the structure and

morphology of ZnO nanocrystal sizes

The diffraction patterns of ZnO nanoparticles synthe-
sized at different temperatures are presented in Fig. 3.
The diffraction peaks of ZnO are not shown in the samples
calcined at 100 and 250 �C, but many distinct reflections
appear at temperatures higher than 350 �C. These reflec-
tions correspond to the hexagonal wurtzite structure of
ZnO (JCPDS card No. 36–1451). Su et al. [32] reported
the decomposition temperature of zinc acetate to be
around 280 �C. As a result, for the synthesis at 100 and
250 �C, the XRD patterns are featureless. No nanocrystals
were present. Increasing calcination temperature to 350 �C
and above shows a feature of hexagonal wurtzite structure
of ZnO as zinc acetate decomposition yielding ZnO. This
takes place in three steps [33]:

ZnðCH3COOÞ2 �2H2O!ZnðCH3COOÞ2þ2H2O

4ZnðCH3COOÞ2þH2O!Zn4OðCH3COOÞ6þ2CH3COOH

Zn4OðCH3COOÞ6! 4ZnOþ3CH3OCH3þ3CO2

The ICP-MS analysis and mass balance results indicated
the presence of ZnO to be around 18.6 wt.%. A further
increase in temperature from 450 to 750 �C results in higher
intensities of ZnO reflections. The grain size of these ZnO
nanoparticles was then calculated based on (1 0 0) reflec-
tion using the Debye–Scherrer equation [34]. The grain size
obtained was then plotted as a function of calcination tem-
perature, as shown in Fig. 4. The narrowing of the XRD
line-widths with increasing calcination temperature shows
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Fig. 4. Relationship between calcination temperature and ZnO grain size.

Fig. 5. SEM micrographs of: (a) ACP, (b) ZnO/ACP at 450 �C, and (c)
ZnO/ACP at 750 �C.

376 N. Sathitsuksanoh et al. / Acta Materialia 58 (2010) 373–378
the increase in crystallite size. The results show that an
increase in calcination temperature from 350 to 450 �C
causes an increase in grain size [35]. Upon increasing calci-
nation temperature to 600 �C, only a slight change in grain
size was observed. A further increase in calcination temper-
ature shows a dramatic increase in grain size.

A change in microstructure of the ZnO nanoparticles in
the pores of activated carbon by sintering is a complex pro-
cess. Initially, the ZnO nanoparticles inside the pores of the
activated carbon are transported between particles in close
proximity from the higher energy surface to the lower
energy surface, causing the area of contact to increase as
sintering temperature increases.

We further verified changes in surface morphology of
ZnO/ACP at calcination temperatures of 450 and 750 �C
by SEM. Results are shown in Fig. 5. Fig. 5a shows an
ACP surface morphology prior to ZnO impregnation. It
is shown that ACP is porous and consists of a large
amount of mesopores and micropores, rendering it a good
substrate for ZnO encapsulation. After calcination at
450 �C, ZnO nanocrystals were formed; however, no
change in surface morphology was observed, as shown in
Fig. 5b. This is due to the confinement of ZnO nanocrys-
tals in the porous ACP. A further increase in calcination
temperature to 750 �C showed many small particles precip-
itating on the external surface of ACP, as shown in Fig. 5c.
This phenomenon is believed to take place due to the
expansion of the impregnation solution at high tempera-
tures and results in the formation of ZnO on the external
surface of ACP. These ZnO nanoparticles on the external
surface of the ACP enhance the intensities of ZnO peaks
in the XRD, as shown in the higher intensities of ZnO
reflections at 750 �C. Compared to those at 450 and
600 �C, the reflections at 750 �C resulted in overestimating
the ZnO grain size. Based on XRD and SEM results, we
speculate that the optimal calcination temperature has to
be �450 �C in order to confine ZnO nanocrystals in the
porous ACP.
3.2. The optical properties of ZnO nanoparticles

The room-temperature Raman scattering of ZnO nano-
particles calcined at 250, 450, and 750 �C are presented in
Fig. 6. A peak at 438 cm–1, assigned as E2 mode, and a
peak at 585 cm–1, corresponding to the E1L mode, were
observed from ZnO nanoparticles calcined at 450 and
750 �C; however, E2 mode was not observed at 250 �C.
The broad and featureless Raman spectrum of the 250 �C
material confirms the absence of ZnO nanocrystals. The
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Fig. 7. Room-temperature PL spectrum of ZnO nanoparticles calcined at
450 �C.
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presence of the Raman-active optical phonon E2 mode at
438 cm�1 in the spectra is due to the wurtzite hexagonal
structure of ZnO. The E1L mode is from the structural
defects or impurities, such as oxygen vacancies, zinc inter-
stitials, and free carriers. Based on the XRD spectra, ZnO
was not formed at 250 �C. As a result, E2 mode was not
observed. The E2 modes are clearly seen for ZnO nanopar-
ticles calcined at 450 and 750 �C. The full-width-half-max-
imum (FWHM) of the E2 peak is 11 cm–1 and 8 cm–1 for
the ZnO nanoparticles calcined at 450 and 750 �C respec-
tively. A decrease in FWHM of E2 mode is due to an
increase in crystallite size with the calcination temperature
[36], which is a primary cause of the increased phonon life-
time. The frequencies of the E2 peak are 438 cm–1 and
441 cm–1 for the ZnO nanoparticles calcined at 450 and
750 �C respectively. Wei et al. [37] investigated bulk ZnO
single crystal and found that higher temperature annealing
improves crystal quality.

The results from the present study were not in agree-
ment with Wei et al.’s findings. This might be due to the
nanostructure formation by small crystallites, which causes
a change in optical phonons relative to bulk. The slight
downshift of the E2 mode of the sample, calcined at
450 �C, is probably due to the formation of microstructures
from small crystallites, compared to that of 750 �C. A
smaller particle is more susceptible to laser heating (Raman
measurement), thus causing a small shift in the Raman fre-
quencies of the optical phonon relative to bulk. This usu-
ally occurs in the case of nanostructures; however, its
origin is still unclear [38].

The room-temperature photoluminescence (PL) spec-
trum of ZnO nanoparticles calcined at 450 �C is presented
in Fig. 7. This spectrum shows two distinct luminescence
bands: one at 386 nm in the UV region and another at
530 nm corresponding to the green emission. The UV emis-
sion is known as a near-band-edge (NBE) emission peak at
�3.28 eV, originating from the recombination of free exci-
ton through an exciton–exciton collision process. A broad
green emission band, known as a deep level emission
(DPE), relates to the deep-level defect states [22]. The sin-
gly ionized oxygen vacancy is responsible for this green
emission in the ZnO [39], which results from the recombi-
nation of the photogenerated hole with an electron occupy-
ing the oxygen vacancy and interstitials of zinc. Owing to
the quantum confinement effect, the NBE emission peak
is blue-shifted by about 2 nm compared with the NBE
emission peak of bulk ZnO crystal.

4. Conclusions

ZnO nanoparticles were prepared by incipient-wetness
impregnation using zinc acetate as a precursor. The solu-
tion was retained in the activated carbon particulates
owing to capillary forces within the porous host matrix.
Thermal decomposition allowed ZnO nanoparticle forma-
tion and encapsulation in the porous activated carbon
matrix. The formation of ZnO nanocrytals was observed
at �350 �C, as zinc acetate decomposed at �280 �C. An
increase in calcination temperature higher than 350 �C
caused the growth in grain size of the ZnO nanoparticles
and resulted in higher intensities of ZnO reflections. SEM
micrographs revealed ZnO precipitation occurs at 750 �C.
A change in calcination temperature from 750 to 450 �C
exhibited a downshift and a peak broadening in E2 mode,
which is indicative of a higher phonon lifetime. As a result
of the small grain size of the nanoparticles, the UV emis-
sion in the PL spectrum also displayed a blue-shift com-
pared to that of bulk ZnO crystal.
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