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Abstract: A modified facile method is presented to synthesise quantum-sized zinc oxide nanoparticles
within the pores of a mesoporous silica host (SBA-11). This method eliminates the 3 h alcohol reflux and
the basic solution reaction steps of zinc acetate. The mesoporous structure and the ZnO nanoparticles
were analysed by X-ray diffractometry, transmission electron microscopy, energy-dispersive X-ray
spectroscopy, X-ray photoelectron spectroscopy, nitrogen sorption analysis and UV–VIS spectroscopy.
These tests confirm the synthesis of ~1 nm sized ZnO within the pores of SBA-11 and that the porous
structure remained intact after ZnO synthesis.
Keywords: quantum; ZnO; nanoparticles; SBA-11; XPS; UV–VIS; XRD

1. Introduction
Zinc oxide (ZnO) is a semiconductor material with a band gap of 3.37 eV [1]. It is widely
used for its various properties, such as piezoelectric [2], optical [3], capacitors/supercapacitors [4,5],
optical–electronic [6], solar [7], sensing [8,9], catalysis [10–12], optical catalysis [13], quantum size
effect [14–16], antibacterial/antipathogens [17], and vaccine/tumour prevention [18,19]. Moreover, ZnO
nanoparticles reactivity is inversely proportional to its size [20]. One of the methods of controlling the
size of any nanoparticles, such as ZnO, is by confinement [21]. Introducing ZnO precursor into the pores
of a mesoporous host [22] can prevent aggregation of the ZnO particles [23,24], stop them from leaching
out as well as increase the surface area and activity of the particles. Moreover, having ZnO particles in
the mesoporous silica host will introduce additional properties for both the guest/host materials and
increase its implementation, for example in drug delivery, vaccination [18], photoluminescence [8,22],
optical sensing, [25,26], photocatalysis [27], conversion of biomass [28], wound healing [29], hair follicle
regeneration [30], tumour prevention [31–33], antibacterial effect [34] and antibiotic adsorption [35].
In addition, both materials silica and ZnO, are nontoxic and relatively cheap to produce [34].
On the other hand, there are many methods of converting zinc oxide precursor such as acetate
(Zn(CH3 CO2 )2 ·2H2 O), into ZnO; for example, by refluxing (Zn(CH3 CO2 )2 ·2H2 O) in alcohol at 80 ◦ C for
3 h and then reacting the product with a basic solution such as LiOH to form Zn(OH)x precursor [36]
that would be dehydrated (to form metal oxide) to produce ZnO nanoparticles [37]. Meulenkamp’s
method [38] eliminates the 3 h reflux step; however both of these methods employed an alkaline
solution for the hydrolysis of Zn acetate. The use of base tends to dissolve or destroy the porous
arrangement of the silica host. Another method is Arii et al.’s method [2], which is performed
by the thermal decomposition of zinc acetate dihydrate powder under humid conditions. They
reported that the thermal decomposition of zinc acetate dihydrate in a dry inert atmosphere tended to

Crystals 2020, 10, 549; doi:10.3390/cryst10060549

www.mdpi.com/journal/crystals

Crystals 2020, 10, 549

2 of 10

sublimate the material at ~180 ◦ C, without forming ZnO. This sublimation stopped when a humid
atmosphere is applied during thermal decomposition. Whereas, ZnO can be prepared by thermal
decomposition of zinc acetate dihydrate under humid air at a temperature below 300 ◦ C [2] according
to the following steps:
Zn(CH3 CO2 )2 ·2H2 O → Zn(CH3 CO2 )2 (dehydration: 50–100 ◦ C)

(1)

Zn(CH3 CO2 )2 + H2 O → ZnO + 2CH3 COOH (ZnO formation: 180–300 ◦ C)

(2)

2CH3 COOH → CH3 COCH3 +CO2 + H2 O (ethanoic acid decomposition:
180–400 ◦ C)

(3)

Moreover, they found that the rate of forming ZnO is directly proportional to the water partial
pressure [2].
Therefore, we created our own method by adapting different steps from these various mentioned
methods to introduce ZnO nanoparticles into a mesoporous silica host. We removed the reflux step,
which forms ZnO in the solution outside the host and terminated the basic hydrolysis reaction step to
protect the mesoporous silica host from collapsing to produce quantum sized ZnO particles confined
within the mesoporous silica. We used wet chemistry to dissolve zinc acetate dihydrate in ethanol by
heating, then cooling the wet precursor to stop its aggregation [16,37], prior to introducing it to the host.
We then applied Arii et al.’s method [2] of humid thermal decomposition of the confined precursor,
inside the mesoporous host, to convert the precursor to ZnO nanoparticles, which is explained in detail
in this paper.
2. Materials and Methods
2.1. Preparing SBA-11
SBA-11 was synthesised according to the method reported by Zhao et al. [39]. Simply, 4 g of
polyoxyethylene (10) cetyl ether: [Brij 56:C16 H33 (OCH2 CH2 )10 OH] was dissolved in an acidic water
mixture of 20 g deionized H2 O + 80 g HCl (2M) by stirring at 40 ◦ C. After dissolving the surfactant,
it was cooled to room temperature (RT). Subsequently, 8.8 g of tetraethyl orthosilicate (TEOS) was
added to the dissolved surfactant at RT and stirred slowly for 20 h. The product was then filtered,
collected and washed several times with deionised water and left to air dry overnight at RT. Finally,
the sample powder was calcined at 500 ◦ C for 6 h at 2 ◦ C min−1 .
2.2. Synthesis of ZnO Particles inside SBA-11
First, 0.08 g of zinc acetate was dissolved in 20 mL methanol (MeOH) at 65 ◦ C [38] under N2 cover
for 30 min. Next, 1 g SBA-11 was heated at 160 ◦ C for 2 h under N2 cover until dehydrated. The two
substances were cooled to 0 ◦ C [16], combined and stirred for 1 h. Stirring was stopped and the product
was air dried overnight (16 h). The product was calcined at 220 ◦ C under water bubbled air (humid
air) for 30 min then under dry air at 500 ◦ C for 4 h at 3 ◦ C min−1 . The powder was washed twice with
MeOH to remove any external ZnO, indicated herein as ZnO-SBA-11. This produced 2.9 wt.% ZnO
in SBA-11.
2.3. Control SBA-11
One gram of SBA-11 was heated at 160 ◦ C for 2 h under N2 cover until dehydrated. The powder
was cooled to 0 ◦ C, then stirred for 1 h in 20 mL MeOH. Stirring was stopped and the product was
air dried overnight (16 h). The product was calcined at 220 ◦ C under water bubbled air (humid air)
for 30 min then under dry air at 500 ◦ C for 4 h at 3 ◦ C min−1 before it was washed twice with MeOH,
indicated as control SBA-11.
All chemicals were purchased from Sigma-Aldrich (St. Louis, Missouri, USA) and used as received.
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Transmission electron microscopy (TEM) characterisation (Figure 2) was performed on the
Transmission electron microscopy (TEM) characterisation (Figure 2) was performed on the ZnOZnO-SBA-11 sample to further analyse the structure after the incorporation of ZnO. Figure 2a–c is
SBA-11 sample to further analyse the structure after the incorporation of ZnO. Figure 2(a–c) are
bright-field (BF) TEM images from different locations of the ZnO-SBA-11 sample, which confirm that
bright-field (BF) TEM images from different locations of the ZnO-SBA-11 sample, which confirm that
the sample is porous. These pores extend throughout the entire particles (Figure 2a–c). The average
the sample is porous. These pores extend throughout the entire particles (Figure 2(a–c)). The average
pore diameter measured from these TEM images (Figure 2a–c and Figure S1) is 2 nm. Figure S1,
pore diameter measured from these TEM images (Figures 2(a–c) and S1) is 2 nm. Figure S1, a higher
a higher magnification image of Figure 2a clearly displays that some pore channels have sizes of 1.8 to
magnification image of Figure 2(a) clearly displays that some pore channels have sizes of 1.8 to 2.2
2.2 nm as indicated by the yellow lines. Bearing in mind that some of these pores are blocked by the top
nm as indicated by the yellow lines. Bearing in mind that some of these pores are blocked by the top
or bottom layers of the sample, because the electron beam can only penetrate through a few layers and
or bottom layers of the sample, because the electron beam can only penetrate through a few layers
projects the 3D structure into a 2D image. Depending on the view orientation, pore sizes might appear
and projects the 3D structure into a 2D image. Depending on the view orientation, pore sizes might
smaller than they actually are, especially for this cubic 3D structure at which the pores are interlocking.
appear smaller than they actually are, especially for this cubic 3D structure at which the pores are
A more accurate pore size distribution is obtained from N2 sorption analysis. The darker spots in
interlocking. A more accurate pore size distribution is obtained from N2 sorption analysis. The darker
the BF image, some of which are indicated by red lines and circles in Figure 2b and Figure S1, might
spots in the BF image, some of which are indicated by red lines and circles in Figures 2(b) and S1,
indicate the location of Zn atoms. Zn has a higher atomic weight than Si, so it will appear darker in the
might indicate the location of Zn atoms. Zn has a higher atomic weight than Si, so it will appear
BF TEM images. Moreover, all BF TEM images show that these ZnO nanoparticles are attached to the
darker in the BF TEM images. Moreover, all BF TEM images show that these ZnO nanoparticles are
internal walls of the pores, indicated by red lines and circles in Figure 2b and Figure S1. This probably
attached to the internal walls of the pores, indicated by red lines and circles in Figures 2(b) and S1.
occurred during the heat treatment, by losing the organic part of the precursor to form an interaction
with the silica framework. This interaction is confirmed in the XPS section with ZnO-SBA-11 having
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higher binding energy values than ZnO without a silica host. Furthermore, images Figure 2a,c reveal
the long-range order of pores (parallel diagonal lines), whilst Figure 2b confirms the interconnected
cubic arrangement nature of pores of ZnO-SBA-11, as confirmed by the XRD data (Figure 1). Figure 2d
is the dark-field (DF) TEM image of Figure 2c, which indicates the existence of small ZnO particles and
the absence of large aggregates of ZnO particles. Large ZnO particles would appear as bright spots
in the DF TEM image. DF imaging is more sensitive to ZnO nanoparticles. This is because ZnO is
crystalline and has a higher atomic number, whereas SBA-11 consists of amorphous silica with ordered
interlocking pores. This is why SBA-11 appears dark in DF images, and only ZnO particles appears as
bright spots. Moreover, we think that we have reached the resolution limits of this TEM instrument,
especially in the DF mode, because the ZnO particles are very small. Figure 2e is the corresponding
energy dispersive X-ray spectroscopy (EDX) spectra of ZnO-SBA-11 and Figure 2f is an enlargement of
Figure 2e to show the relevant peaks clearly. The EDX spectra in Figure 2e,f confirm the composition
constituents of ZnO-SBA-11, which are Si (Kα peak at 1.74 keV and Kβ peak at 1.84 keV), Zn (Kα peak
at 8.64 keV, Kβ peak at 9.57 keV and Lα peak at 1.01 keV) and O (Kα peak at 0.52 keV), whereas Cu
(Kα peak at 8.05 keV, Kβ peak at 8.90 keV and Lα peak at 0.93 keV) is the support grid at which the
sample was placed on during the TEM/EDX tests.
Crystals 2020, 10, 549
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X-ray photoelectron spectroscopy (XPS) is conducted on both samples, SBA-11 and ZnO-SBA-11,
to study the oxidation states of each constituent of the material’s surface, subsurface and to confirm
the syntheses of ZnO particles. Figure 3a,b represents the XPS main peak of Si at 103.5 eV that has
been deconvoluted into two peaks at 103.2 and 104 ± 0.1 eV, representing 2p orbital splitting into
2p 3/2 and 2p 1/2 , respectively [11,35]. These peaks are related to Si4+ species in the SiO2 structure.
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Moreover, the oxygen XPS peak at 532.9 ± 0.2 eV appeared in both samples and corresponds to O−2 in
the SiO2 framework (Figure 3c,d) [11,35]. This peak was symmetrical for SBA-11 and asymmetrical
for ZnO-SBA-11. This asymmetrical O peak in the latter contains an O peak at 531.5 eV. This peak
corresponds to O in ZnO in the ZnO-SBA-11 matrix [11,40] and does not appear in SBA-11 (Figure 3d).
Furthermore, two designated peaks appeared for the ZnO-SBA-11 sample, Figure 3e, at 1023 [12] and
1046 eV, as a result of 2p orbital splitting of Zn+2 of ZnO [11,34,41]. Moreover, the Zn 2p peaks are
slightly higher by 1 eV than that of pure ZnO without a host, indicating that there is some Zn interaction
with the Si atoms of the host [8]. This interaction occurs as a result of silicon being more electronegative
than zinc, affecting Zn’s electrons and securely maintaining ZnO particles in the pores. The difference
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in SBA-11(SiO2 ). These results further confirm the formation ZnO in ZnO-SBA-11.

Figure 3. XPS of (a,c) SBA-11 and (b,d,e) ZnO-SBA-11.

Figure 3. XPS of (a, c) SBA-11 and (b, d, e) ZnO-SBA-11.

N2 sorption analysis was performed on SBA-11, ZnO-SBA-11 and a control SBA-11 sample to
further study if changes occurred in the structure as a result of synthesising ZnO in SBA-11. The control
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procedure as ZnO-SBA-11 but without the ZnO precusor. All samples produced similar isotherm

by The International Union of Pure Applied Chemistry (IUPAC) report 2015 [45]. IVb isotherms are
produced by mesoporous materials that possess pore diameters of less than 4 nm and the cycle is
completely reversable (IUPAC report 2015), which is why IVb isotherms do not show any hysteresis
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Figure 4. N2 sorption analysis for (a,d) SBA-11, (b,e) control SBA-11 and (c,f) ZnO-SBA-11.

Figure 4. N2 sorption analysis for (a, d) SBA-11, (b, e) control SBA-11 and (c, f) ZnO-SBA-11.
UV–VIS spectroscopy was conducted on ZnO-SBA-11 in the solid state to further confirm the
formation of ZnO particles and to give an indication of their size (SBA-11 was used as a reference
UV–VIS spectroscopy was conducted on ZnO-SBA-11 in the solid state to further confirm
sample). The UV peak at 270 nm indicated by the arrow (Figure 5), confirms the existence of ZnO

the
formation of ZnO particles and to give an indication of their size (SBA-11 was used as a reference
sample). The UV peak at 270 nm indicated by the arrow (Figure 5), confirms the existence of ZnO
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Figure 5. UV–VIS spectroscopy of ZnO-SBA-11 in the solid state.
Figure 5. UV–VIS spectroscopy of ZnO-SBA-11 in the solid state.
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