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ZnO twin-cones, a new member to the ZnO family, were prepared directly by a solvothermal method using a mixed
solution of zinc nitrate and ethanol. The reaction and growth mechanisms of ZnO twin-cones were investigated by
X-ray diffraction, UV–visible spectra, infrared and ion trap mass spectra, and transmission electron microscopy. All
as-prepared ZnO cones consisted of tiny single crystals with lengths of several micrometers. With prolonging of the
reaction time from 1.5 h to 7 days, the twin-cone shape did not change at all, while the lattice parameters increased
slightly and the emission peak of photoluminescence shifted from the green region to the near orange region. ZnO
twin-cones are also explored as an additive to promote the thermal decomposition of ammonium perchlorate. The
variations of photoluminescence spectra and catalytic roles in ammonium perchlorate decomposition were discussed
in terms of the defect structure of ZnO twin-cones.

1. Introduction

ZnO belongs to a kind of wide band gap semiconductors
that have huge potential applications for light-emitting diodes,
field-effect transistors, ultraviolet lasers, catalysis, gas sen-
sors, solar cells, and diluted magnetic semiconductors.1–3 As
for many other semiconductors, the physical properties of
ZnO are determined by particle shape and sample uniformity.
Extensive physical and chemical approaches have been
employed to synthesize various crystalline shapes of ZnO4–9

with an aim to tailor the properties for advanced technolog-

ical uses. Physical methods5–7 have yielded ZnO tubes,
springs, and comblike shapes, which however show disad-
vantages of requiring either extreme conditions or expensive
equipments. Wet chemical syntheses have recently become
the priority that one has frequently taken to explore the
distinct morphologies. Nevertheless, to achieve low-temper-
ature synthesis, majority of the previous wet chemical routes
have to adopt various bases including NaOH, LiOH, or
KOH10 to promote the hydrolysis of zinc salts in water or
alcohols. Even in the case when a very low concentration
of strong bases was involved in the reactions, some amounts
of exotic metal ions may incorporate in ZnO lattice, creating
unintentional defect levels and moreover putting serious
damages on the material properties.11

Templates including surfactants and polymers have been
used as the additives to assist in retaining the special mor-
phology of ZnO products.12–14 However, addition of sur-
factants or polymers to the reaction systems will contaminate
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the sample surfaces and moreover increase the difficulty in
achieving sample uniformity, since these surfactants or
polymers are generally strongly bonded to ZnO surfaces. To
remove these absorbed species, high-temperature treatments
have to take effect, which may in turn alter the morphology
and put uncertain impacts on the physical properties.
Moreover, surfactants and polymers also complicate the
formation processes. Though the building processes of ZnO
architectures have been widely described by various meth-
ods,15 little is known about the chemical reactions that
involve the solvents, surfactants, or polymers. From the
chemical thermodynamics and kinetics viewpoints, these
reactions might play a key role in forming ZnO architectures.
As a consequence, it is of great value to find low-temperature
synthetic techniques to prepare ZnO of special morphologies
without involving any bases, surfactants, or polymers, which
can help to get into the possible reaction mechanism for
morphological and property tailoring.

In this work, we developed a simple solvothermal method
to prepare a unique ZnO twin-cone structure without involv-
ing any bases, surfactants, or polymers during the formation
reactions. By analyzing the compositions of the residual
solutions, we discussed the formation mechanisms of ZnO
twin-cones. The photoluminescence properties and the
catalytic roles toward ammonium perchlorate decomposition
were also explored.

2. Experimental Section

2.1. Sample Preparation. Chemicals of zinc nitrate hexahydrate
(Zn(NO3)2 ·6H2O) and absolute ethanol (C2H5OH) were analytical
grade and utilized without further purification. All samples were
prepared according to the following experimental procedure: 5.9498
g (0.02 mol) Zn(NO3)2 ·6H2O was completely dissolved into 150
mL C2H5OH with stirring at room temperature to form a transparent
solution. This batch solution was transferred equally into the 6
Teflon-lined stainless steel autoclaves with a filling capacity of 30
mL. To study the temperature dependence of the evolution of the
final products, these autoclaves were allowed to react at temperature
from 120 to 160 °C for 4–6 h. To study the reaction time
dependence of the evolution of the final products, these autoclaves
were kept at 160 °C for specific periods of time. After cooling to
room temperature, white solid products were collected by filtrating
and washed with distilled water for several times, and dried in air
at ambient condition.

2.2. Sample Characterization. The morphologies of the samples
were investigated by a field-emission scanning electron microscopy

(SEM) using a JEOL JSM-6700 apparatus and transmission electron
microscopy (TEM) on a JEOL JEM 2010 instrument under an
acceleration voltage of 200 kV. Phase compositions of the samples
were characterized by powder X-ray diffraction (XRD) at room
temperature on a Rigaku D/MAX25000 diffractometer with a
copper target. The lattice parameters of the samples were obtained
by structural refinement using Retica Rietveld program. Nickel
powders were used as the internal standard for peak position
calibrations.

Infrared spectra of the residual solutions after formation reactions
were measured using a Perkin-Elmer IR spectrophotometer (Spec-
trum One) at a resolution of 4 cm-1. UV–visible absorption spectra
of the residual solutions after formation reactions were recorded
on UV–vis spectrometer Lambda 35 in the wavelength range from
200 to 700 nm. The chemical species in the intermediate residual
solutions during the reactions were also analyzed using an ion trap
mass spectrometry (DECAX-30000 LCQ Deca XP). The carbon
content from the chemical species bonded on the sample surfaces
were quantitatively determined by a combustion analytic method.

Photoluminescence spectra of the as-prepared samples were
collected using He-Cd laser with the wavelength of 325 nm as
the excitation source. All as-prepared samples were also studied
as an additive in the thermal decomposition of 180 µm ammonium
chlorite (AP) using the STA449C thermal analyzer at a heating
rate of 20 °C min-1 in N2 atmosphere over the range of 30–500
°C. AP and ZnO twin-cones were mixed at a mass ratio of 98:2 to
prepare the target samples for thermal decomposition analyses. A
total sample mass of 3.0 mg was used for all runs.

3. Results and Discussion

Figure 1 shows XRD patterns of the products prepared at
160 °C for given periods of time. The standard diffraction
data for ZnO are also shown for comparison. It is seen that
all diffraction peaks of the products are in good agreement
with the standard data for ZnO (JCPDS 36-1451). No
impurity peaks were detected. These results indicated that
the products crystallized in a pure hexagonal wurtzite
structure. The narrow and intense diffraction peaks indicated
the presence of relatively large particle sizes which is
confirmed by our SEM observation (Figure 4). The lattice
parameters of the samples were given in Figure 1. It is seen
that with increasing the reaction time from 1.5 to 168 h, the
lattice parameters, a and c, decreased slightly from 3.2502(1)
and 5.2065(1) to 3.2492(1) and 5.2055(1) Å, respectively.
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Figure 1. XRD patterns of the samples prepared at 160 °C for given periods
of time. The * symbol denotes the diffraction peaks of internal standard
Ni. Vertical bars below the patterns represent the standard diffraction data
for wurtzite ZnO from the JCPDS file (No. 36-1451).

ZnO Twin-Cones

Inorganic Chemistry, Vol. 47, No. 10, 2008 4147



Comparatively, the lattice parameter, c-axis, increases by
0.003 or 0.01 Å when the diameter of ZnO nanorods
increased from 9 to 25 nm9 or when ZnO film was annealed
under vacuum in 300 °C for 1 h.16 It is thus clear that the
relative changes in lattice parameters for the present samples
are obviously smaller than those contributed by particle size
or oxygen content. Furthermore, IR spectra of the as-prepared
samples indicated the presence of surface hydration layers
and traces of residual organic carbon species (S1). The
amounts of the carbon content was determined to be 1.2 wt
% by a combustion analysis method.

Previously, the special morphologies of nanoscale inor-
ganic compounds are stabilized by strong bases or templates
such as surfactants or polymers.10–14 For the present work,
as indicated by SEM photos in Figure 4, the products were
in a twin-cone shape. Since no bases were involved in the
formation reactions, what, then, is the formation mechanism
of ZnO twin-cones? We explored the reaction mechanism
by studying the UV–visible, infrared absorption, and ion trap
mass spectra of the residual solutions collected at different
stages of the formation reactions. Figure 2 shows the
UV–visible absorption spectra of the residual solutions. For
the prereaction solution (T ) 27 °C and t ) 0 h), one broad
absorption peak was observed at about 300 nm (Figure 2a),
which is assigned to the excitation of a lone-pair, nonbonding
electron (n orbital) of oxygen into an antibonding π orbital

(π* orbital) of the nitrate species (–O–NO2).17 After forma-
tion reaction at T ) 120 °C for t ) 6 h, the residual solution
exhibited a similar broad absorption band to that of the pre-
reaction solution except for a set of very weak peaks in the
range from 320 to 400 nm (inset of Figure 2a). When the
formation reactions were performed at 140 °C for 4 h,
the broad absorption associated with the –O–NO2 bond was
hardly seen, while the set of peaks in the range from 320 to
400 nm became strong in intensity. Further increasing the
reaction temperature up to 160 °C significantly intensified
the fine structure of the set of peaks in the range from 320
to 400 nm. In addition to the reaction temperature, reaction
time has also imposed an important influence on the
evolution of the UV–visible absorption spectra of the residual
solutions. Figure 2b illustrates the UV–visible spectra of the
residual solutions after formation reaction at 160 °C for given
periods of time. When the reaction time was shorter than 20
min, only one broad absorption peak for nitrate species was
observed at about 300 nm, almost the same as that observed
for the prereaction solution. When the reaction time was
prolonged for 30 min, the set of very weak peaks in the range
of 320 to 400 nm appeared (inset of Figure 2b). The broad
absorption at about 300 nm for –O–NO2 became weaker with
prolonging the reaction time to 60 min, while the set of the
fine structure in the range from 320 to 400 nm became
stronger. When the reaction time was increased to 90 min,
the fine structure of the absorption in the range of 320 to
400 nm became outmost pronounced, while the broad absorp-
tion for –O–NO2 disappeared, which indicates the complete
decomposition of the nitrate species. This conclusion is also
confirmed by our infrared spectra (Figure 3) and ion trap mass
spectral analysis (S2).

In order to explore the origin of the set of peaks in the
range of 320 to 400 nm, a parallel experiment was performed
in which zinc nitrate was replaced by nitric acid, while the
other preparation parameters were kept the same. It is seen
that the residual solution after reaction of ethanol with nitric
acid or zinc nitrate at 160 °C for 4 h gave the similar fine
structure in the UV–visible absorption spectrum (S3). It is
well-known that when the organic molecules are exposed to
light irradiation, six electronic transitions among σ, π, n, σ*,
and π* may occur. The σ and σ* levels in organic molecules
are far apart in energy. Thus, the electronic transitions
between σ and σ* do not give rise to any absorptions above
250 nm. For example, ethanol, an organic molecule with only
sigma type orbital, is transparent in the range from 200 nm
to the visible wavelength. According to the assignments in
literature,18 the fine structures observed in the range of 320
to 400 nm in Figure 2 should be associated with the presence
of certain new organic species that were derived from the
reactions between ethanol and nitrate species. This conclusion
could be understood by considering the redox potentials. It
is well documented that the electrode potential of ethanol
related to acetaldehyde is around -0.197 V at standard
conditions, while that of nitrate is about 0.4 V (�NO2

-/NO3
-
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Figure 2. UV–visible spectra of (a) prereaction solution (27 °C, 0 h) and
the residual solutions after formation reaction at given temperatures and
(b) the residual solutions after reactions at a fixed temperature of 160 °C
for given periods of time. All absorption spectra were recorded by taking
ethanol as the reference.
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) 0.421V, �NH4
+/NO3

- ) 0.36V). That is, nitrate species
could possess enough potential to oxidize ethanol.19 These
experimental observations are of fundamental significance
since the formation of ZnO twin-cones is based on the redox
reaction between ethanol and nitrate, which does not need
any bases, surfactants, or polymers.

The creation of new chemical species from the formation
reactions was also conformed by IR spectral analysis of the
residual solutions after reactions at 160 °C for 4 h. For
comparison, IR absorption spectra of the prereaction solution,
ethanol, and nitrate solutions were also presented in Figure
3. It is seen that the IR spectrum of the prereaction solution
is only a simple mixing of the absorptions from nitrate and
ethanol species. When the formation reaction was ended, the
absorption peaks associated with nitrate species disappeared,
which is consistent with our analysis of UV–visible absorp-
tion spectrum. Moreover, a new absorption was observed at
1717.2 cm-1, which can be attributed to the typical absorption
of CdO bonds.20

To understand the origin of this CdO bond and the
possible derivatives, ion trap mass spectra of the residual
solution were measured. Four signals with m/z ) 69.5, 114,
115.1, and 115.8 were observed (S2). Signals of m/z ) 69.5

and 114 are associated with the CH3CHdCHCHO and
CH3CHdCHCOOC2H5, respectively, while those of m/z )
115.1 and 115.8 are attributed to the isotopic species of
CH3CHdCHCOOC2H5. No signals were detected at m/z )
62, which indicates the absence of nitrate species after
formation reactions. Therefore, the formation reactions of
ZnO twin-corns could proceed through the following routes:

4CH3CH2OH+NO3
-f 4CH3CHO+NH3 v +OH-+

2H2O (1)

Zn2++ 2OH-fZnO+H2O (2)

2CH3CHO98
OH-

CH3CH(OH)-

CH2CHO(aldol condensation) (2.1)

CH3CH(OH)-CH2CHO98
dehydration

CH3CHdCHCHO+

H2O (m/z) 70) (3)

CH3CHdCHCHO98
[O]

CH3CHdCHCOOH (4)

CH3CHdCHCOOH+CH3CH2OHf

CH3CHdCHCOOC2H5 (m/z) 114) (5)

Therefore, the functional groups of CdO in the residual
solution as detected by IR spectra could be associated with
the newly formed organic species which explains the set of
weak absorptions in UV–visible spectra in the range of
320–400 nm.

The morphologies of the as-prepared samples were
observed by SEM. Figure 4a and b show the SEM images
of the samples that were obtained at 160 °C for 4 h. It is
clear that the majority of ZnO particles were distributed in
the shape of twin-cones. Prolonging the period of reaction
time up to 148 h did not show apparent changes in the
morphology. Magnified SEM images of the samples (Figure
4c) indicated the presence of a well-resolved slit in the twin-
cone structure. Though both sides of the ZnO twin-cones
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Figure 3. IR spectra of (a) nitrate, (b) ethanol, (c) prereaction solution, and (d) residual solution after formation reactions at 160 °C for 4 h. The * symbols
represent the characteristic absorptions of nitrate species.21

Figure 4. SEM images of the as-prepared ZnO sample prepared at 160 °C
for 4 h: (a) low-magnification, (b) high-magnification, (c) enlarged SEM
images of individual twin-cone, and (d) SEM images of the single ZnO
cones.
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are slightly different (Figure 4c), the bottoms of both twin-
cones are compatible each other with a diameter of 4 µm,
indicating a special growth process. Figure 4d gives the SEM
images of the single ZnO cones that were selected from the
majority twin-cone products. An individual cone is seen to
show a circular cross section of round-bottom as indicated
by TEM image (Figure 5a). Selected electron diffraction
pattern indicates that these individual cones possessed a
single-crystal hexagonal structure, as characterized by dif-
ferent sets of lattice plane, (0002) for {0001} and (-1100)
for {1j100} (Figure 5b). Surprisingly, the intensities of
diffraction spots are not identical. Consequently, the round
base of cones is not consisted by only one crystal plane
because of the nonflat base (Figure 4d). In comparison with
the hexagonal shaped ZnO cones previously reported in
literature,22 our ZnO twin-cones are distinct for the absence
of any obvious hexagonal edges and corner. Twin-structures
are not new and have been previously reported in Si, CuO,
and ZnS;23,24 nevertheless, the twin-cones discovered in this
work are never observed in all ZnO family. In addition, the
tiny boundary between ZnO twin-cones is fundamentally
important which may block the motion of dislocation and
therefore have significant impacts on the electronic and
optical properties25 for many technological applications.

The more exciting observation is the evolution of ZnO
single crystal structures toward the formation of twin-cones.
Figure 6 shows the scheme of morphological evolution of
undeveloped ZnO along with the corresponding SEM images.
As mentioned above, the formation of ZnO in present
condition is strongly dependent on the reaction temperature
and time. In the early growth stage of ZnO twin-cones, some
amounts of ZnO nanoparticles are generated (S4) following
the reaction path in eq 2, which could serve as the seeds or
nucleation centers to form larger ZnO particles via Ostwald

ripening mechanism. TEM observations for the edge of cones
(S5) also prove this assumption. The ZnO nanoparticles
formed in the early growth stage are poorly crystallized,
aggregated, and undergo a subsequent development toward
the formation of single crystals. Consequently, single ZnO
cones were structurally and energetically favorable to form
under the present preparation condition. It is known that ZnO
has both polar and nonpolar crystal surfaces, in which the
former ones have higher surface energies for growth velocity
than the later ones. Therefore, the [0001] direction (c-axis)
has a highest growth rate.26 The surfaces with a faster growth
rate continually decrease their area, while the surfaces with
slower growth rate gradually dominate the morphology of
the resulting crystals. Therefore, most of the ZnO particles
with special shapes such as hexagonal cone-shaped, pyramid,
and tetrapods are grown along [0001] direction. The cones
prepared in this work might have the same growing direction
in which the cone bottoms served as the growth centers of
the other cone. As evidenced in Figure 6, there is a small
subunit in the middle of cone bottom, which grew larger
and developed to yield the twin-cone structures. Since no
templates were used during the formation reaction, the
products of twin-cones are solid structure rather than the
hollow structures as reported for many kinds of oxides.27

As revealed by UV–visible spectra of the residual solution
after reactions at different temperatures for given periods of
time (Figure 2b), the reaction rate of eq 1 is slow. Since the
Ostwald ripening process is related to the extremely low
reaction rate,28 it is likely that the small ZnO particles initially
formed in eq 2 can have enough time to aggregate and
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Figure 5. (a) TEM image for the round base and (b) selected electron
diffraction pattern for an individual cone.

Figure 6. Morphological evolution of ZnO twin-cones.
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coarsen to ZnO twin-cones. It is also noted that, as for TiO2

and many other oxide materials,29 water content determines
the initial species formed during the hydrolysis and therefore
strongly impacts the resultant phase produced. For the present
work, there exist some amounts of water molecules originated
from the starting zinc nitrate hexahydrate and from the
reaction eqs 1-3 as well, while the impact of water could
be negligible since the water concentration is extremely low
at 0.08 mol/100 mL in the starting solution. Instead, when
plenty of water molecules were involved in the formation
reactions such as at a water/ethanol volume ratio of 1/15, a
novel morphology of ZnO twin-prisms was obtained (S6).

To further characterize the defect feature of these twin-
cones ZnO, photoluminescence spectra with an excitation
wavelength of 375 nm were measured. As shown in Figure
7, all ZnO twin-cones displayed a broad asymmetric emission
with the peak position varying with the reaction conditions.
For instance, ZnO cones obtained after reaction at 160 °C
for 1.5 h showed an emission centered around 527 nm, which
is identified as a green emission band. When the reaction
time was prolonged to 4 h, the emission band shifted to 565
nm in the yellow spectral range. Further prolonging the
reaction time to 168 h, the emission peak shifted to about
580 nm, near to the orange spectral range. This observation
is surprising since ZnO is a wide band gap semiconductor
(3.4 eV) that usually shows a near band-edge emission at
380nm.29 Because of the existence of intrinsic defects,
photoluminescence at visible region is usually observed for
both bulk and nanoparticles of ZnO.8,13 The nature of green
emission remained controversial for decades. In the early
studies about the ZnO single crystals, it is attributed to the
impurities such as Cu. But, much evidence presented recently
for nanosize ZnO suggests that it should be associated with
the donor levels of oxygen vacancy (Vo),30 while the yellow
or longer wavelength emissions are ascribed to contribution

of interstitial oxygen (Oi).31 The observation of green
emission for twin-cones ZnO obtained at short reaction time
indicates that oxygen vacancies are formed at the beginning
of crystallization of ZnO particles. With increasing the
reaction time, the emission shifted toward longer wavelength,
indicating a decrease of Vo concentration and the introduction
of Oi. The variation of defect species vs reaction time might
be related to the formation energy of these intrinsic defects.
First-principles calculation32 has revealed that oxygen vacan-
cies Vo of ZnO have the lowest formation energy under zinc-
rich conditions. However, under oxygen-rich conditions,
either oxygen interstitials Oi or doubly negatively charged
zinc vacancy (VZn′′) could become the dominant defect for
bulk ZnO as is determined by the position of Fermi level.
For the present work, ZnO twin-cones were formed by a
solvothermal condition, an oxygen-poor system, which might
favor to form the oxygen vacancies as indicated by the
observed green emission. Comparatively, the nanoseeds
prepared at room temperature in air, an oxygen-rich condi-
tion, exhibited an emission centered at 603 nm.9 The very
broad asymmetric emission may also be contributed by Vo-
and the Oi-related defect as well. Prolonging the reaction
time resulted in an increase in the concentration of Oi-related
defects. Therefore, at oxygen-poor conditions, Oi-related
defects should be stable kinetically. The slight decrease of
lattice parameters observed with reaction time might also
reflect the relative variation of defect concentrations.

ZnO twin-cones were explored as an additive to the
thermal decomposition of ammonium perchlorate (AP), the
key component of composite solid propellants. The perfor-
mance of ZnO twin cones in the thermal decomposition of
AP was investigated by TG-DSC measurements. From the
TG curves (S7), it is seen that in the temperature range from
room temperature to 500 °C, only one mass loss was
observed for both pure AP and mixture of AP with ZnO
cones prepared at 160 °C for 4 h. The addition of ZnO cones
dramatically decreased the AP decomposition temperature,
consistent with our DSC measurements. Figure 8 shows the
DSC curves of both pure AP and the mixture of AP with
ZnO cones at a 2% mass basis. Only two thermal signals
were observed for mixture of AP with ZnO cones, which
compares to the three obvious peaks for pure AP. The first
endothermic peak at 240 °C is due to the crystal transforma-
tion of AP from orthorhombic to cubic phase, while the
second exothermic peaks occurred at temperatures above 300
°C are attributed to the AP decomposition. The thermal
decomposition of pure AP, depending on the quality of
crystals, usually undergoes two or more steps. From Figure
8, it is seen that, for pure AP, there are two obvious
exothermic peaks centered at about 338 and 442 °C, which
correspond to the low-temperature decomposition (LTD) and
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C.; Ragaini, V. J. Phys. Chem. C. 2007, 111, 13222, and references
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2000, 214, 312.
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Figure 7. Photoluminescence spectra of ZnO twin-cones prepared at 160
°C for given periods of time.
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high-temperature decomposition (HTD), respectively. The
low-temperature decomposition has been proposed to be a
heterogeneous process which includes a proton transfer in
the AP subsurface to yield NH3 and HClO4, the adsorption
of NH3 and HClO4 in the porous structure, and finally the
decomposition of HClO4 and reaction with NH3.33 Alterna-
tively, the high-temperature exothermic process is due to the
oxidation of NH3 by HClO4 in the close sample pans. The
total process can be expressed as follows:34,35

NH4ClO4hNH3-H-ClO4hNH3-HClO4hNH3(a) +
HClO4(a) (LTD) (6)

NH3(a) +HClO4(a)hNH3(g) +HClO4(g) (HTD) (7)

A significant difference for AP decomposition with and
without additive ZnO twin-cones is the disappearance of
high-temperature process, which should be associated with
the concentration reduction of NH3(a) and HClO4(a). On the
one hand, Vo-related defects are usually formed in the poor-
oxygen condition,33,36 which may reduce the concentration
of NH3 partially. Since nitrogen gas passes though the
samples and produces a poor-oxygen condition during the
whole DSC measurement, some of interstitial oxygen, Oi

x

or lattice oxygen, Oo
x, might transform to Vo-related defects

and release oxygen in terms of the following processes:

Oo
xfVo

x + 1
2

O2(g) (8)

Oi
xfVi

x + 1
2

O2(g) (9)

where the superscript “x” denotes the neutral species. The
oxygen released in eqs 8 and 9 might react with NH3 to
decrease the concentration of NH3(a). On the other hand, the

reaction of ZnO twin-cones with HClO4 to form Zn(ClO4)2

and the decomposition of Zn(ClO4)2 to release O2 and Cl2

also occurred in the temperature range of LTD.37 Therefore,
AP decomposition was accelerated in the presence of ZnO
twin cones. It is also found that AP mixed with ZnO twin-
cones prepared at 160 °C for different periods of time
exhibited almost the same thermal decomposition behaviors,
most likely due to the undistinguished differences of defect
species and their concentration in addition to the similar
particle size. Finally, the influence of ZnO cones on the
decomposition temperature and conversion rate of AP is
much more prominent than TiO2 nanoparticles, since for the
latter case, as indicated in S8, the addition of TiO2 nano-
particles did not suppress the HTD process but only slightly
decreased the temperature of HTD as is reported by Seal et
al.34

4. Conclusions

ZnO twin-cones were directly prepared from a mixed
solution of zinc nitrate with ethanol. UV–visible and IR
spectra for the residual solutions at different stages of the
reactions indicated that nitrate species were reduced as the
formation reaction goes. The low reaction rate in the Ostwald
ripening process could be the main reason for the formation
of ZnO twin-cones with a relatively large size. TEM and
selected electron diffraction pattern indicated that the cones
possessed a single-crystal hexagonal structure. ZnO twin-
cones exhibited a defect-relevant photoluminescence. With
prolonging the reaction time from 1.5 h to 7 days, the
emission peak shifted from the green to yellow region, which
is associated with the increased interstitial oxygen concentra-
tion and decreased oxygen vacancy concentration. These
defect characteristics also enable ZnO twin-cones to show
merits in promoting the thermal decomposition of ammonium
perchlorate.
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Figure 8. DSC curves of pure AP and the mixture of AP with ZnO twin-
cones that were prepared at 160 °C for 4 h. The mass percentage of ZnO
to AP in the mixture is fixed at 2%.
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