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Abstract

The synthesis of hollow and porous (HP) ZnO superspheres with intact hollow structures is
crucial for various applications, yet it poses significant challenges. This article explores the
fundamental aspects of preparing highly crystalline HP ZnO superspheres via a sol-gel
process, elucidating the synthetic strategy, formation mechanism, and subsequent utilization
for generating pollen-like ZnO superstructures. Under solvothermal conditions at 200°C,
employing zinc acetate (0.065 M) in diethylene glycol with varying molar ratios of H.O/Zn,
a range of ZnO particles and superspheres were synthesized. Within a molar ratio range of
2 - 4, initial nanoparticles self-assembled into solid and porous (SP) superspheres, evolving
dominantly towards or along the c-axis, resulting in HP superspheres with intact hollow
structures. Conversely, molar ratios of 6 - 20 yielded only separate nanocrystals instead of
superspheres. The critical role of the H,O/Zn molar ratio in forming HP superstructures with
intact hollows was highlighted, controlling Ostwald ripening and outward diffusion rates,
with a molar ratio of 2 identified as a prerequisite for intact HP superspheres. The resultant
intact HP superspheres exhibited intense and sharp band gap emission at 389 nm, indicating
potential for optoelectronic applications. Furthermore, the study introduces pollen-like ZnO
colloids derived from these intact HP ZnO superspheres, offering stable dispersion. Crystal
growth predominantly occurred along the outward-oriented c-axis. The intact HP
ZnO superspheres serve as a promising template system for biomimetic pollen-like
ZnO superstructures.
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1. Introduction

The precise arrangement of inorganic nanobuilding units into specific sizes,
compositions, phases, and morphologies is a focal point in current materials synthesis,
driving the design of new materials and devices with diverse optical, electrical, magnetic,
catalytic, and other properties. Notably, the assembly of nanobuilding units into hollow
and porous (HP) superspheres has garnered significant interest for their applications in
functional materials. Zinc oxide (ZnO), with its wide band-gap (3.37 eV) and large
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excitation binding energy (60 meV), has spurred synthesis and application studies for HP
superspheres due to their unique properties in catalysts, sensors, actuators, photovoltaic
devices, and biomedicines [1-5]. The properties of HP ZnO superspheres depend heavily
on factors such as morphology, aspect ratio, size, orientation, and density of the
nanobuilding units, or nanocrystallites. While templating is effective for preparing HP
ZnO superspheres, careful control of the interface between the template and nanobuilding
units is essential [6-9]. However, using sacrificial templates complicates the removal
process without affecting the nanocrystals and HP superstructures. Alternatively,
template-free syntheses of HP ZnO superspheres have been developed utilizing sol-gel-
derived solvothermal or hydrothermal reactions, which offer neat, cost-effective methods
requiring relatively simple equipment [7-12]. However, HP ZnO superspheres prepared
via sol-gel-derived solvothermal or hydrothermal reactions often exhibit cracks, a
common occurrence even with alternative preparation methods [7, 10, 12]. The presence
of cracks in HP ZnO superspheres is problematic for delivery purposes and for utilizing
specific crystalline facets, as both the interior and exterior surfaces are exposed evenly to
the medium [13-15]. Therefore, synthesizing highly crystalline HP ZnO superspheres
without cracks has been challenging but important. Additionally, understanding the
fundamental formation mechanism of HP superspheres is crucial. HP ZnO superspheres
with intact hollows (i.e., without cracks) hold potential for various applications, including
as delivery vesicles, catalysts, optoelectronic devices, and as templates for biomimetic
pollen-like or urchin-like colloids, which represent a three-dimensional assembly of one-
dimensional building units and have garnered significant attention for their biomimetic
structures and unique physical properties [13, 15-18].

After a thorough review, we concluded that the cracked openings in HP ZnO
superspheres may result from harsh reaction conditions during the hollowing process.
Therefore, in this study, we explore the fundamental conditions necessary to prepare sol-
gel-derived highly crystalline HP ZnO superspheres. Additionally, we present the
synthetic strategy and mechanism for producing HP ZnO superspheres with intact
hollows. Furthermore, we showcase the derivation of pollen-like ZnO colloids from these
HP ZnO superspheres with intact hollows, illustrating the neat three-dimensional
assembly of one-dimensional nanocrystallites.

2. Experiments

2.1. Chemicals
Zinc acetate (Zn(CHsCOy)2, Sigma Aldrich, 99.99%), diethylene glycol (DEG, Sigma
Aldrich, 99%). All chemicals were of analytical purity, with no further purification required.

2.2. Syntheses of HP ZnO superspheres with/without cracked openings
Zinc acetate (0.46 g, 2.5 mmol) was mixed with 40 mL of DEG and deionized water
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(DW), with the molar ratio of H2O to Zn varied from 20 to 10, 6, 4, 3, and 2. A ratio of 2
was determined as the minimum for complete dissolution of zinc acetate after vigorous
stirring and intermittent sonication. The mixture (~35 mL) was transferred to a 45-mL
Teflon-lined autoclave and heated to 200°C for 12 hours or various time periods. After
cooling, the solution was mixed with 35 mL of ethanol and centrifuged. The resulting
solid product was washed with ethanol and dispersed in 20 mL of ethanol to create a stock
solution. For solid-state characterization, a portion of the stock solution was centrifuged
and the solid was dried in an oven at 60°C for 3 hours. The samples were labeled
according to the molar ratio of H-O/Zn used for their synthesis, as sample 20, 10, 6, 4, 3,
and 2, for convenient comparison.
2.3. Growth of HP ZnO superspheres to pollen-like ones

A 0.9 M NaOH aqueous solution (10 mL) was added to a zinc acetate solution
(0.050 g in 5 mL of DW) while stirring. Within 5 minutes, 5 mL of HP ZnO superstructure
solution (8 mg/mL in DW) was added with continuous stirring. To prevent agglomeration,
the HP ZnO aqueous solution was freshly prepared from the stock solution via
centrifugation and dispersion in DW without undergoing a drying process. The resulting
mixture solution was transferred to a 45-mL Teflon-lined autoclave and treated in an oven
at 80°C for 12 hours. The product was washed with ethanol and water using centrifugation
and then dispersed in 20 mL of ethanol.
2.4. Material characterizations

High-resolution transmission electron microscopy (HR-TEM) images were
captured using a Technai F20 G2 (FEI, 200 kV) or TITAN TEM (FEI, 300 kV). Scanning
electron microscopy (SEM) images were acquired with an FEI Inspect F50 at 15 kV after
the samples were coated with Pd/Pt by ion sputtering for 20 seconds (HITACHI, E-1010).
X-ray diffraction (XRD) patterns were recorded using a Rigaku Dmax 2500 with Cu-Ka
radiation (A =1.5406 A). The nanocrystallite size was determined from X-ray line
broadening using the Scherrer formula. Photoluminescence (PL) spectra of solid samples
were obtained at room temperature using a 15 mW He-Cd CW laser (IK3151R-E,
KIMMON KOHA) for excitation at 325 nm. For solid sample preparation, the sample
solution was deposited on a silicon wafer and allowed to dry naturally. PL spectra of
solution samples were measured using a Hitachi F-7000 spectrophotometer with 325 nm
excitation, maintaining a ZnO concentration of 0.12 mg/mL in all traces, with ethanol as
the solvent. The Brunauer-Emmett-Teller (BET) surface area and porosity were
determined from N2 adsorption and desorption isotherms using a micromeritics ASAP-
2010 at -196°C. Prior to measurement, samples were degassed at 100°C for 1 hour.
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3. Results and discussions

As previously mentioned, HP ZnO superspheres prepared via sol-gel-derived
solvothermal or hydrothermal reactions often exhibit cracked openings. Additionally,
these superspheres typically possess relatively large diameters (ranging from 1 to 4 um)
and large nanocrystal building units (ranging from 20 to 60 nm) compared to the size of
gel particles (~10 nm) [11, 12, 19-21]. In sol-gel-derived reactions, the formation of solid
and porous (SP) ZnO superspheres (Scheme 1a) initially occurs through the self-assembly
of amorphous gel particles or poorly crystalline particles, aiming to reduction of their
surface energy. The building unit particles in these SP superstructures adopt various
orientations [11, 20-23]. Subsequently, different hollowing mechanisms have been
proposed under various reaction conditions, often resulting in cracked openings in the
micrometer-sized superspheres. For instance, Wang et al. [11] suggested a self-assembled
secondary SP supersphere followed by a successive yolk/shell-type intermediate, while
Tian et al. [21] proposed a solid twin-microsphere intermediate derived from the primary
SP superspheres, eventually transforming into HP superspheres. In this study, we propose
retaining the primary SP superspheres without further assembly and controlling their
hollowing process to create intact hollows. This is achieved through a combined effect of
Ostwald ripening and directional diffusion outward (Scheme 1l1a-b-d), akin to the
Kirkendall effect observed in metal corrosion processes [24-26]. In the case of SP ZnO
superspheres, ZnO gels or poorly crystalline particles dissolve at the core, diffuse
outward, and contribute to crystal growth near the exterior surface, while voids diffuse
inward through the porous wall as illustrated in Scheme 1b. This outward diffusion
process needs to be carefully controlled during the hollowing process to prevent
premature eruption through weaker or thinner parts of the porous wall, resulting in
cracked openings like Scheme 1c [11, 21]. To synthesize HP ZnO superspheres with
intact hollows like Scheme 1d, a mild and slow hollowing process must be implemented,
as further discussed later in this study.

The sol-gel-derived solvothermal or hydrothermal reaction is a one-pot process
conducted in an autoclave. The sol-gel process of Zn?* ions necessitates water and a base
catalyst to facilitate hydrolysis and condensation reactions [21, 27-29]. Therefore, our
synthetic approach aimed to minimize the use of water and base catalyst to maintain a
mild and gradual process. It was decided to employ the solvothermal reaction with polyol
(DEG) instead of the hydrothermal reaction using water as the solvent. The solvothermal
reaction temperature was set at 200°C to ensure high crystallinity. Anhydrous zinc acetate
was selected as the Zn precursor, and the molar ratio of H>O to Zn was varied to establish
the optimal range for HP superspheres. No additional base catalyst was introduced
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because acetate anions released from the Zn precursor can act as a base catalyst by
reacting with H>O, generating OH", which subsequently contributes to the formation of
Zn(OH)2 and ZnO through hydrolysis and condensation reactions [17, 29]. Initially,
efforts were made to determine the highest soluble concentration of zinc acetate in DEG.
Without H:O, the solubility of zinc acetate in DEG was insufficient for practical
synthesis. Upon adding H-O with a molar ratio of H-O/Zn = 2, the highest concentration
of zinc acetate in DEG was found to be 0.0625 M after prolonged vigorous stirring for 3
hours with intermittent sonication. Therefore, the concentration of zinc acetate was
standardized at 0.0625 M for all reactions.

Zn(CH,CO,), + m H,0 in DEG

i/sol—gel

9.8 9o _self-assembly
0900

¢ dissolved Zn species

© ZnO gel particle or
poorly crystalline
particle

Scheme 1. Schematic representation of the proposed mechanism for formation of hollow
and porous (HP) ZnO superspheres; (a) self-assembled solid and porous (SP) supersphere,
(b) hollowing intermediate, (c) cracked open HP supersphere, (d) intact HP supershpere,
and (e) separated ZnO nanocrystals. 'm' denotes the molar ratio of H,O/Zn.

0
60 ZnO nanocrystals

SEM images of ZnO products obtained at a molar ratio of H.O/Zn equal to or
greater than 6 are depicted in Fig. S1. No superstructure formation via self-assembly is
observed. As the molar ratio increases from 6 to 10 and 20, the dimensions of
representative crystals (highlighted by yellow circles) increase from approximately 51 nm
x 97 nm to 51 nm x 141 nm and 61 nm x 222 nm, respectively, exhibiting an evolution
towards a hexagonal pencil-like shape. This crystal growth behavior aligns with previous
findings indicating preferential growth along the c-axis of wurtzite ZnO in reactions with
the plentiful water [20, 21, 27-32]. Under the current solvothermal conditions, with a
fixed Zinc acetate concentration (2 equivalents based on Zn) and varying water content
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(> 6 equivalents based on Zn), initially formed ZnO gel particles can undergo
crystallization and dissolution to yield [Zn(OH)4]*. This transformation process is
accelerated in solutions with higher molar ratios of H,0/Zn. [Zn(OH)4]? is recognized as
the primary chemical species promoting crystal growth along the c-axis in wurtzite ZnO.
Consequently, crystallization of nanogel and subsequent crystal growth via Ostwald
ripening occur relatively faster with increasing water content. As a result, the resulting
crystallite size increases proportionally with the molar ratio. These crystals attain a
sufficient size, and their concentrations are relatively low, thus obviating the need for
superstructure formation to reduce surface energy within the molar ratio range of
H>O/Zn = 6 - 20, yielding free particles as depicted in the SEM images of Fig. S1.

The first column of Fig. 1 showcases SEM images of ZnO products with the molar
ratios of 2, 3, and 4. In these instances, the nanogel building units are densely packed due
to their relatively slow crystallization and growth rates, resulting in the formation of SP
superspheres through self-assembly to minimize surface energy. Subsequently,
crystallization and hollowing processes ensue. Most of the hollows exhibit cracks at molar
ratios 3 and 4, while the majority remain intact at the molar ratio of 2, underscoring the
pivotal role of water in the concurrent processes of Ostwald ripening and outward
diffusion. These features are delineated in Scheme 1, with 'm' denoting the molar ratio of
H>O/Zn. The diameters of HP ZnO superspheres within molar ratios 2 and 3 fall within a
similar range of 310 - 770 nm, slightly larger for molar ratio 4. The inset SEM image of
each HP ZnO supersphere provides a magnified view, obtained from as-prepared samples
for molar ratios 3 and 4, and via mechanical cracking to observe the interior for molar
ratio 2. As the molar ratio increases from 2 to 4, the nanocrystal building units become
coarser and larger, the porous wall thinner, and the hollow larger. Enhanced water content
promotes dissolution of the core material, with the dissolved solution diffusing out
through the porous wall at molar ratio 2, and additionally expanding and erupting through
weaker sections, leading to cracked openings at molar ratios 3 and 4. The diffused or
erupted solution facilitates crystal growth near the supersphere surface. TEM images on
the right side of Fig. 1 corroborate the hollow nature of the superspheres, evident from
the comparatively brighter core parts contrasted with the wall parts, consistent with SEM
observations. Although the assembled nanocrystals appear crowded in TEM images,
HRTEM images near the exterior surface reveal discernible nanocrystal morphologies.
With increasing molar ratio from 2 to 3 and 4, exterior surface nanocrystals exhibit
morphological evolution from oval to elongated oval shapes, outward of HP ZnO
superspheres, with approximate nanocrystal diameter (nm) x length (hnm) from 17 x 23 to
20 x 36 and 21 x 42, respectively.
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Fig. 1. SEM, magnified SEM, TEM, and HRTEM images (clockwise direction) of HP ZnO
superspheres synthesized with molar ratio H.O/Zn of 4, 3, and 2.
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To explore the crystalline orientations of nanocrystals within the superstructure,
numerous HRTEM images of the exterior surfaces of sample 4 were captured. Additionally,
Fourier-transformed electron diffraction (ED) patterns for the marked areas were obtained
and depicted alongside their cropped images in Fig. S2. Along the exterior surface of the
ZnO supersphere, nanocrystals predominantly display growth directions aligned with the
c-axis (Fig. S2 c-e), or a shift in growth direction towards the c-axis (Fig. S2 b). This
suggests that although the initial nanoparticles assembled in various orientations within
the supersphere, subsequent crystal growth predominantly occurred outward along the
c-axis. Further discussion on this analysis will be provided in relation to Fig. 5 later on.
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Fig. 2. (a) XRD patterns and (b) PL spectrum of HP ZnO superspheres synthesized with molar
ratio of HO/Zn, 4, 3, and 2. Inset of (b) indicates PL spectra at colloidal solution state.

Figure 2a depicts the XRD patterns of the HP ZnO supersphere series, all of which
exhibit a highly crystalline wurtzite structure, as confirmed by the standard JCPDS file
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No. 36-1451. The relative diffraction intensity of (100)/(002) for isotropic ZnO typically
yields a value of 1.17, and any deviations from this value indicate an anisotropic crystal
growth [22, 33, 34]. As the molar ratio of H.O/Zn increases from 2 to 3 and 4, the relative
diffraction intensity of (100)/(002) decreases from 1.33 to 1.15 and 1.12, respectively.
This suggests that the longer crystalline direction of sample 2 is perpendicular to the
c-axis, differing from samples 3 and 4. The relative diffraction intensity of (100)/(002) in
samples 3 and 4 suggests slightly elongated crystals along the c-axis, consistent with the
HRTEM image analysis (Fig. S2) where we proposed that initial nanoparticles assembled
with different orientations, but later preferred crystal growth occurred along the c-axis,
outward of the superspheres. This differently oriented assembly of initial nanoparticles
and subsequent preferred growth along the c-axis appears consistent across all HP
supersphere samples in the current system, with a decreasing growth rate as the molar
ratio of H.O/Zn decreases. However, the crystal growth rate is significantly slower when
the water amount is limited with a molar ratio of 2. Further discussion on the crystal
growth of sample 2 will be provided later with Fig. 3-5. The crystallite sizes of
nanobuilding units estimated from X-ray line broadening, assuming spherical
nanocrystals, are 17 nm, 20 nm, and 21 nm for samples with molar ratios of 2, 3, and 4,
respectively, consistent with the exterior nanocrystallite diameters obtained from
HRTEM images (Fig. 1). However, the crystallite lengths obtained from HRTEM images
exhibit some discrepancies from those obtained from XRD (23 nm, 36 nm, and 42 nm vs.
17 nm, 20 nm, and 21 nm, respectively, for samples with molar ratios of 2, 3, and 4). This
can be attributed to morphological differences and the preferential crystal growth at the
exterior surface compared to the inner part of a supersphere, as illustrated in Scheme 1c
and d. The XRD data provide an average size assuming spherical nanocrystallites,
whereas the HRTEM data offer a representative size of the exterior nanocrystallites,
which can be larger than the inner nanocrystallites of a supersphere according to the
proposed mechanism.

Figure S3 presents the photoluminescence (PL) spectra of all synthesized ZnO samples
in ethanol. Inset in Fig. 2b displays selected PL spectra for HP ZnO suspensions with molar
ratios of 2, 3 and 4. The band at 380 - 400 nm and the broad band at 450 - 600 nm correspond
to the band gap and oxygen defect of ZnO nanocrystals, respectively [12]. As the molar
ratio of H2O/Zn decreases, the PL intensity due to oxygen defect decreases, while the
relative PL intensity of band gap vs. oxygen defect increases, consistent with other
reports [12, 35]. Hence, it can be inferred that higher water content generates more oxygen
defects through rapid crystal growth. Conversely, the minimum water amount is a
prerequisite condition for wurtzite ZnO with minimal oxygen defects. The solid-state PL
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spectrum of HP ZnO superspheres with a molar ratio of 2 is depicted in Fig. 2b, where
the sharp and strong band gap peak at 389 nm (3.19 eV) indicates high quality of its
optical property.

Ostwald ripening with outward diffusion

v

Fig. 3. SEM, magnified SEM, and HRTEM images (exterior surface) and schematic
representation (from top to bottom) showing temporal evolution of intact HP ZnO superspheres
with molar ratio of H,O/Zn = 2. Scale bar on the rightmost side fits for each row.

Figures 3 and 4 depict the SEM/HRTEM images and XRD patterns of ZnO
superspheres or their exterior surface nanobuilding units with a molar ratio of H.O/Zn = 2,
illustrating their hollowing process in a solvothermal reactor at 200 °C. To observe the interior
part of each supersphere, the samples were mechanically cracked, and their SEM images are
displayed in the second row of Fig. 3. The proposed hollowing mechanism illustration is
redrawn with a detailed addition of a contraction step. At 0.5 h, SP ZnO superspheres with
diameters of 500 - 1200 nm are formed by the self-assembly of ~10 nm-sized nanogel
building units. Although poorly crystallized (XRD), crystallization of assembled
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nanogels is evident, showing oval-shaped nanoparticles at the exterior surface of the
superspheres (HRTEM). By 2 h, further crystallization of nanoparticles occurs,
accompanied by the dissolution of core materials, outward diffusion, and consumption
for nanocrystal growth of the exterior part. This combined process of Ostwald ripening
and outward diffusion results in enlarged hollows and pores in the superspheres. After
5 h, the loosely structured HP superspheres contract, yielding denser and smaller HP
superspheres with diameters of 250 - 730 nm. Subsequent reaction leads to an increase in
both the size of surface nanocrystallites and the diameter of HP ZnO superspheres. The
sample after 12 h exhibits the best controlled quality in terms of size distribution (average
+ standard deviation = 529 + 126 nm for 200 particles) and crystallinity. However, further
reaction beyond 12 h causes the superspheres to fuse together, yielding diversely sized
products (320 - 2050 nm). The diameters of crystallites constructing the superspheres
were calculated from the Scherrer equation and X-ray line broadening, with respective
values 0f 9.7, 12.8, 13.3, 16.8, and 19.8 nm for 0.5, 2, 5, 12, and 24 h samples, reasonably
agreeing with the representative short diameters (9.3, 11.6, 13.3, 18.4, and 18.7 nm
respectively) obtained from the HRTEM images in Fig. 3. The relative diffraction
intensity of (100)/(002) in Fig. 4 exhibits a temporal decrease from 1.52 to 1.49, 1.37, and
1.33 until 12 h, indicating relatively preferred crystal growth toward the c-axis, although
the diameter along the c-axis is still relatively shorter than that along the a-axis. After
24 h, the relative diffraction intensity of (100)/(002) increases to 1.39, suggesting a new
crystal growth behavior related to the fusion of the HP superspheres, as displayed in the
SEM image of Fig. 3.
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Fig. 4. Temporal XRD patterns during synthesis of intact HP ZnO superespheres
with molar ratio of H.O/Zn = 2.
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Fig. 5. Selected HRTEM images, and ED patterns and cropped HRTEM images for the dotted
areas during synthesis of intact HP ZnO superspheres with molar ratio of H,O/Zn = 2.

The nanoparticles on the HP superspheres with a molar ratio of 2 exhibited poor
crystallinity in their early stages (0.5 h and 2 h) and were densely packed, making it
challenging to discern their growth directions in the HRTEM images (Fig. 3).
Subsequently, the samples at 5 h and 12 h displayed improved crystallinity. HRTEM
images of their exterior surfaces and Fourier transformed ED patterns for the dotted
areas were obtained and presented with their cropped images in Fig. 5. At 5 h, the
nanocrystals exhibited oval shapes, with the long diameter oriented along the a-axis
(Fig. 5 a) or growing toward the c-axis (Fig. 5 b). By 12 h, the nanocrystals displayed
oval shapes, with the long diameters growing toward the c-axes (<211> directions).
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This suggests that the initial nanocrystals, with long diameters along the a-axes, were
assembled in different orientations, but later, their growth occurred preferentially
toward the c-axes, outward of the superspheres. If fusion does not occur, the
nanocrystals will continue to grow along the c-axes, as observed in sample 4.
However, fusion between the flattened facets from other superspheres resulted in
permanent aggregation (Fig. 3).

In summary, it is proposed that gel particles or poorly crystalline particles
assemble into SP superspheres to minimize their surface energy through various
interactions such as dipole-dipole interaction, van der Waals force, and hydrogen
bonding, consistent with the suggestion by Barick et al. [23]. Under the current
solvothermal conditions, further crystallization primarily occurs from the exterior
surface of the superspheres, with a gradient in crystallization rate decreasing towards
the core due to the more readily available ingredients for crystallization and growth
at the exterior. The core of the supersphere, being relatively poorly crystalline, is
preferentially dissolved, diffused out, and utilized for crystal growth near the exterior
surface in a controlled manner for sample 2, whereas it proceeds in an uncontrolled
manner for samples 3 and 4. The growth of exterior crystals is believed to be driven
by [Zn(OH)4]* species diffusing out from the core, depositing preferably on (001)
crystal surfaces due to the termination of Zn and O ions on these surfaces, resulting
in effectively positive and negative polarization in wurtzite ZnO. Consequently,
relative crystal growth occurs along the c-axis, with only nanocrystals whose c-axes
are oriented outward able to continue growing, while others will be spatially confined.
This outward crystal growth mechanism is facilitated by the porous nature of the
superspheres, which is retained throughout their lifecycle. Indeed, the N> gas
adsorption-desorption isotherm of sample 2 (Fig. S4) exhibits a typical type IV curve,
indicating a predominance of mesopores. The BET surface area and corresponding
Barrett-Joyner-Halenda (BJH) pore volume were determined to be 46 m?/g and 0.217
cm®/g, respectively, with predominant mesopores ranging from 6 to 50 nm in
diameter, peaking at 24 nm. These values indicate relatively high surface area and
porosity, consistent with SEM and TEM images. They are greater and similar,
respectively, to the reported values of 20.6 m?/g and 0.22 cm?®/g for self-aggregated
solid and porous ZnO superspheres synthesized through a soft chemical route [23].
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Based on the XRD and SEM/HRTEM analyses presented in Figures 3-5, it has
been inferred that the nanoparticles initially crystallize with a long diameter along the
a-axis and later experience growth toward or along the c-axis, predominantly outward
from the HP superspheres, although some may exhibit tilting. If this holds true, a
pollen-like supersphere should be readily obtainable via hydrothermal reaction from
the HP supersphere with an intact hollow (sample 2), considering the highly
preferential crystal growth along the c-axis compared to the a- or b-axis [13, 36].
However, deriving a neatly formed pollen-like structure from cracked-open HP
superspheres (sample 3 or 4) is unlikely due to the differing interior crystalline
orientations, allowing dominant crystal growth even within the cracked hollow, as
confirmed in Fig. S5. Pollen-like ZnO superspheres were obtained via hydrothermal
reaction of sample 2 with zinc acetate and NaOH. Their SEM images, showcasing
various magnifications, are displayed on the left side of Fig. 6a. To observe the interior
part of the pollen-like supersphere, the sample was mechanically cracked, and its SEM
image is displayed on the right side of Fig. 6a. The pollen-like superspheres retain an
intact hollow structure, are well-dispersed without aggregation, and notably, exhibit
predominant outward growth of exterior nanocrystals. The length of one-dimensional
nanocrystals assembled on the surface of the supersphere is approximately 300 nm,
and the predominant growth of wurtzite ZnO nanocrystals along the c-axes is evident
in the XRD pattern of Fig. 6b, reflected in the reversed peak intensity of (002) over
(100), contrasting with the JCPDS file No. 36-1451 in Fig. 2a. The TEM/HRTEM
images of the pollen-like supersphere, displayed in Fig. 7 along with Fourier
transformed ED patterns and marked c-axes, confirm outward crystal growth along
the crystalline c-axes from the exterior surface of the supersphere. The PL spectrum
of the pollen-like supersphere in Fig. 6¢ is compared with that of sample 2 in Fig. 2b.
As expected from rapid crystal growth under ample water and base catalyst, the band
gap peak at 389 nm drastically decreases, and the broad band at 450-650 nm becomes
relatively prominent, indicating a relatively high presence of oxygen defects in the
one-dimensional nanocrystallites constructing the pollen-like supersphere. It appears
that the exterior nanobuilding units play a critical role in determining the
optoelectronic properties of a supersphere.
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Fig. 6. (a) SEM images with different magnifications, (b) XRD pattern,
and (c) PL spectrum of pollen-like ZnO superstructures.
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Fig. 7. TEM and HRTEM images of pollen-like ZnO superstructure and its edges,
and ED patterns for the dotted areas.
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4. Conclusion

Overall, this study presented a fundamental investigation into the preparation of
sol-gel-derived highly crystalline HP ZnO superspheres, along with the synthetic strategy
and formation mechanism of HP ZnO superspheres featuring intact hollows. The critical
role of the molar ratio of H>O/Zn in the solvothermal system was highlighted, particularly
in achieving HP superstructures with intact hollows by controlling the rates of Ostwald
ripening and outward diffusion. It was found that a molar ratio of 2 was necessary for the
formation of intact HP superspheres. Within the molar ratio range of 2-4, the initial
nanoparticles exhibited self-assembly in various orientations to form SP superspheres,
followed by preferential growth along or toward the c-axis. Leveraging this property,
pollen-like ZnO colloids were successfully derived from the intact HP ZnO superspheres
through a hydrothermal reaction. Such intact HP superspheres hold potential as model
systems for biomimetic superstructures resembling pollen-like or urchin-like structures.
Ongoing research is focused on exploring the applications of the synthesized materials,
with findings to be reported in subsequent publications.
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CO CHE HINH THANH VA TONG HOP CAC SIEU CAU TRUC ZnO
TINH THE CAO BANG PHUONG PHAP SOL-GEL: QUA TRINH BIEN
POI TU CAU TRUC VI CAU RONG PEN HINH THAI HOC DANG HOA

Lé& Thé Son?
'Khoa Héa - Ly kj thudt, Triong Dai hoc Ky thudt Lé Quy Dén, Ha Ngi, Viét Nam

Tém tit: Céc siéu cau ZnO rong va xdp (HP) vdi cau tric nguyén ven c6 Gmg dung trong
nhiéu linh vuc khac nhau. Tuy nhién, viéc tong hop vat liéu nhu vay gap rat nhiéu khé khan. Nghién
ctru ndy gop phan vao viée t6i uu hoa quy trinh diéu ché siéu cau HP ZnO vé6i do két tinh cao bang
phuong phép sol-gel, dé xuit co ché hinh thanh va kha ning sir dung céc siéu cau HP ZnO dé tao
ra ZnO dang cau trac hinh hoa v&i cau tric 3D phtic tap hon. Trong diéu kién phan tmg nhiét dung
mdi & 200°C, bang cach sir dung zinc acetate (0,065 M) trong diethylene glycol véi cac ti 16 mol
H,0O/Zn khac nhau, da téng hop dugc mdt loat vat liéu ZnO & dang hat kich thudc nanomet va dang
siéu cau. Trong pham vi ti 1€ mol 2 - 4, cac hat nano ban dau tu tap hop thanh cac siéu cAu rén va
x6p (SP), phat trién chii yéu vé phia hodc doc theo truc c, tao ra cac siéu cau HP véi ciu trac rong
nguyén ven. Nguoc lai, ti 16 mol 6 - 20 chi tao ra tinh thé nano riéng biét thay vi siéu cau. Vai tro
quan trong cua ti 1¢ mol H,O/Zn trong viéc hinh thanh cdu triic 3D HP véi cac 1 rdng nguyén ven
d3 duoc chi rd. Ti 18 nay gop phan kiém soat tc dd ctia qua trinh chin Ostwald va toc do khuéch
tan ra bén ngoai. Ti 1é mol H,O/Zn = 2 dugc x4c dinh 1a diéu kién tién quyét dé c6 duogc cac siéu
cau HP nguyén ven. Céc siéu cau nay phat xa manh va sic nét & 389 nm, cho thiy cic ung dung
quang dién tiém ning. Ngoai ra, nghién ctru cling xem xét viéc sir dung céc siéu cau ZnO HP nguyén
ven dé tong hop ZnO cau triic 3D dang hoa c6 kha ning phan tan 6n dinh. Qua trinh phat trién tinh
thé duoc kiém soat dé xay ra chu yéu doc theo truc ¢ hudng ra ngoai.

Tir khéa: ZnO; siéu cau; vi cau rgng.
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