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Abstract Flower-like ZnO and hexagonally ring-like ZnO nanomaterials were fabricated via a tri-

ethylamine assisted solvent process free from any other auxiliary chemicals. Like magic, this process

could be implemented just in one minute without any laboratory apparatus. More importantly, the

flower-like ZnO was transformed into hexagonally ring-like ZnO as the content of additional water

was changed from 10% to 0%. The fast nucleation and morphological evolution of ZnO super-

structures could be mainly attributed to surface-self-assembly and base-erosion process. The

designed fabrication procedure is simple, feasible, and universal for ZnO with controlled

microstructure and improved performances.
� 2019 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Zinc oxide (ZnO) is one of the fascinating nanomaterials that

can be used in numerous technological fields, due to its
enthralling physicochemical properties that includes a wide
band gap (3.37 eV), considerable excitation binding energy at
room temperature (60 meV), high optical transparency in the

visible region, strong piezoelectricity, environmentally friendly
and so on (Wang et al., 2017; Dilger et al., 2014; Zhao et al.,
2013; Mao et al., 2018; Wang et al., 2015; Maiti et al., 2013).

As we all known, the morphologies of ZnO nanomaterials
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have a profound influence on their properties. Therefore,
design and tailor of ZnO nanomaterials with different mor-
phologies and superstructures are very important in view of

both basic fundamental research and development of novel
devices (Liu et al., 2016; Maiti et al., 2015; Lu et al., 2016).
To meet the demand for practical applications, various ZnO

nanostructures have been fabricated, including 0D hollow
spheres, 1D nanorods and nanowires, 2D nanosheets and 3D
hierarchical architectures (Liu et al., 2014; Park et al., 2012;

Lin et al., 2016; Wang et al., 2012; Dai et al., 2013).
To date, various methodologies have been developed to

fabricate various special superstructures, such as thermal evap-
oration, chemical vapor deposition (CVD), microwave tech-

nologies, hydrothermal, solvothermal, sonochemical methods
and so on (Yue et al., 2012; Meng, et al., 2015; Hu, et al.,
2011; Wang et al., 2014; Wang et al., 2013; Zang et al.,

2015). However, those methods usually need diversified high
experiment apparatus, a complex and time-consuming synthe-
sis process and so on. So it is still significant to develop novel,

low-cost and rapid routes to synthesize extraordinary ZnO
nanomaterials.

In this work, flower-like ZnO and hexagonally ring-like

ZnO nanomaterials were creatively fabricated via a triethy-
lamine assisted solvent process free from any other auxiliary
chemicals. Like magic, this process could be implemented at
room temperature just in one minute without any laboratory

apparatus, avoiding the defects of existing methods, such as
time-consuming, complex processing. Significantly, the mor-
phology of flower-like ZnO and hexagonally ring-like ZnO

possess excellent reproducibility. Hence, this fabrication
method opens a brand new field for synthesizing the similar
particular superstructures of ZnO nanomaterials or other com-

plex systems. More importantly, the fast nucleation and mor-
phological evolution of ZnO superstructures could be mainly
attributed to surface-self-assembly and base-erosion process.

2. Experiment section

2.1. Synthesis of ZnO architectures

All reagents were analytical grade. A novel, one minute pro-
cess was employed to fabricate flower-like and hexagonally

ring-like ZnO architectures. In a typical run for flower-like
ZnO, 5 mmol Zn (CH3COO)2�2H2O was directly dissolved
Fig. 1 FESEM images of (a) flower-like ZnO and (b) hexagona

corresponding ZnO products.
into the deionized water with vigorously stirring until a homo-
geneous clear solution. Then, the triethylamine (TEA) was
dropped into the above solution at room temperature (RT).

The content of additional water was about 10%, while the
total volume of TEA-H2O mixture solution was kept constant
at 50 mL. After being stirred for one minute, a large amount of

white colored precipitate was separated out immediately. Ulti-
mately, the resultant white colored precipitate was collected
and washed several times with deionized water to remove the

possible residues, and then dried under the oven at 60 �C for
6 h. The same procedure as for the preparation of flower-like
ZnO was used for the synthesis of hexagonally ring-like
ZnO, except that the content of additional water was decreased

to 0%.

2.2. Characterization

The crystalline phase of the ZnO products was identified by
powder X-ray diffraction (XRD) analysis using a D/max
2550 V diffractometer with Cu Ka radiation (k = 1.5406 Å,

Rigaku, Tokyo, Japan), and the XRD data were collected at
a scanning rate of 0.021�/s for 2h in a range from 20� to 80�.
The microstructures of the as-abtained ZnO products were

observed using a Hitachi S-4800 field emission scanning elec-
tron microscopy (FESEM). Transmission electron microscopy
(TEM) and high-resolution TEM (TEM/HRTEM, Tecnai G2,
FEI) were also used to assess the morphologies and crystalline

structure of the ZnO products. The Brunauer-Emmett-Teller
(BET) surface area of the ZnO products were analyzed by
nitrogen adsorption-desorption isotherms determined at liquid

nitrogen temperature on an automatic analyzer (ASAP 2460).

3. Results and discussion

Fig. 1 shows the typical FESEM images of the flower-like ZnO
and hexagonally ring-like ZnO superstructures prepared in one
minute assisted by triethylamine. As can be seen from Fig. 1a,

the flower-like ZnO structures were synthesized successfully
with 10% water content in mixture solvents. The size of the
flower-like structures is on the scale of micrometers with a

diameter of about 1–1.5 lm. The high-magnification FESEM
image (inset of Fig. 1a) reveals that each flower-like ZnO is
consisted of closely packed rugby-shaped structures with
lengths of 350–600 nm. Interestingly, the flower-like ZnO
lly ring-like ZnO, the inset is an enlarged SEM image of the
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was transformed into hexagonally ring-like ZnO as the content
of additional water was changed from 10% to 0%, as shown in
Fig. 1b. A clear hollow architecture of hexagonally ring-like

ZnO is also observed. The average outer-diameter and length
of the hexagonally ring-like ZnO are about 250 and 300 nm,
respectively. However, a more distinct variation was observed

with further modified of water content to 50%, showing that
the well-dispersed rugby-shaped ZnO was fabricated
(Fig. S1). These observations suggest that the water content

in mixture solvents could strongly affect the nucleation as well
as the growth processes of ZnO crystals in one minute, result-
ing in different morphologies evolution of ZnO nanomaterials.

To evaluate the morphological reproducibility of flower-

like ZnO and hexagonally ring-like ZnO, three times of prepar-
ative experiments were performed repeatedly. Fig. S2 shows
the FESEM images of the flower-like ZnO and hexagonally

ring-like ZnO fabricated via three times of repeated experi-
ments. It is noteworthy that repeated experiments have been
carried out by keeping any reaction parameters constant

entirely. It can be clearly seen that the morphology of
flower-like ZnO and hexagonally ring-like ZnO possess excel-
lent reproducibility.

To verify the phase composition and structural properties
of the samples prepared with 10% and 0% water content in
mixture solvents, x-ray diffraction analyses were carried out.
Fig. 2 shows the XRD patterns of the as-synthesized ZnO

structures with different morphologies. As can be seen, all of
the observed diffraction peaks of the ZnO samples matched
well with those from standard hexagonal wurtzite structured

ZnO (JCPDS no. 36-1451). Its relatively sharp and strong
peaks suggest that the ZnO phase is of highly crystalline. No
other crystalline phase corresponding to impurity was

detected, which indicates that the flower-like and hexagonally
ring-like structures are all pure-phase ZnO. As shown in Fig. 2,
the ZnO microstructures have similar XRD patterns, with dif-

ferences in their relative peak intensities due to their random
orientation. The strong (1 0 0) and (1 0 1) diffraction peaks
suggest that h1 0 0i and h1 0 1i are the preferred growth orien-
tations of the flower-like ZnO (Fig. 2a). As for hexagonally

ring-like ZnO (Fig. 2b), the preferred growth orientations is
about h1 0 0i, h0 0 2i and h1 0 1i.
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Fig. 2 XRD patterns of (a) flower-like Z
The microstructures and surface area of the flower-like
ZnO and hexagonally ring-like ZnO were characterized by
Brunauer–Emmett–Teller (BET) nitrogen desorption/adsorp-

tion isotherms, including specific surface area, pore volume
and pore size. As shown in Fig. 3a and b, the flower-like
ZnO and hexagonally ring-like ZnO exhibit a hysteresis loop

at relative pressure range of 0.7–0.9, which can be classified

as type I adsorption isotherms according to the International
Union of Pure and Applied Chemistry (IUPAC) classification.

This type of hysteresis loop reveals the existence of abundant
mesoporous structures in ZnO microstructures. The obtained
specific data are presented in Table 1. As can be seen, the speci-

fic surface area of the flower-like ZnO and hexagonally ring-
like ZnO are 14.15 and 17.12 m2 g�1, respectively. The larger
specific surface area possessed by the hexagonally ring-like

ZnO samples is mainly due to the smaller size and prominent
hollow degree of ZnO structures.

The detailed morphologies and microstructures of the ZnO
products were investigated by TEM and HRTEM. The TEM

image (Fig. 4a) further confirms that the flower-like ZnO
architectures are constructed by radial rugby-shaped rod
arrays from the center to the surface of the flower. The

HRTEM image in Fig. 4c indicates a rugby-like ZnO nanorod
in the ‘‘flower-like” structure, with clear lattice fringes at a d-
spacing of 0.26 nm, corresponding to the (0 0 2) lattice plane of

hexagonal ZnO. Namely, the preferred growth orientation of
the flower-like ZnO is parallel to (0 0 0 1). The corresponding
selected area electron diffraction (SAED) pattern, shown in the
Fig. 4e, indicates that the flower-like ZnO structures are

monocrystal in nature and are indexed as the hexagonal ZnO
phase in accordance with the XRD data. Fig. 4b shows
TEM image of hexagonally-like ZnO with a ‘‘ring-like” struc-

ture, while the lattice fringes at a d-spacing of 0.28 nm, corre-
sponding to the (1 0 0) spacing of wurtzite-ZnO are depicted in
Fig. 4d. The Fig. 4f confirms that the hexagonally ring-like

structures are single crystals and are grown along the c-axis
direction.

The specific experimental operation has a crucial influence

on morphology of flower-like ZnO and hexagonally ring-like
ZnO. Fig. S3 shows the FESEM images of the ZnO samples
prepared with the following three operations: (a) triethylamine
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Fig. 3 The nitrogen adsorption-desorption isotherms of (a) flower-like ZnO and (b) hexagonally ring-like ZnO.

Table 1 Specific surface area, pore volume, average pore size

of various ZnO microstructures.

Sample SBET
a

(m2 g�1)

Pore volumeb

(cm3 g�1)

Pore sizec

(nm)

Flower-like ZnO 14.15 0.06 17.13

Hexagonally ring-

like ZnO

17.12 0.06 15.18

a The BET surface area is calculated from the linear part of the

BET plot (P/P0 = 0.05–0.3).
b Pore volume is determined by adsorption branch of the nitrogen

isotherms at P/P0 = 0.994.
c Average pore size is estimated using the adsorption branch of

the nitrogen isotherms and the Barrett-Joyner-Halenda method.
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joined directly, (b) triethylamine added dropwise, (c) solution
of zinc acetate dihydrate added dropwise. And it is noteworthy

that the water content in mixture solvents is all about 10%. As
can be seen from Fig. S3a, the flower-like ZnO were fabricated
successfully via triethylamine joined directly. When addition

manner of triethylamine changed from joining directly to add-
ing dropwise, the petal of flower-like ZnO was entirely scat-
tered, and the conus-like ZnO was fabricated extensively

(Fig. S3b). By farther changing the addition manner of the
solution of zinc acetate dihydrate to adding dropwise, a clear
granular architecture was fabricated (Fig. S3c). These results
show that adding dropwise can observably delay reaction

degree of TEA with zinc ions, influencing the formation of
flower-like ZnO in one minute. But the sudden addition of
enough TEA can promote a large amount of zinc ions convert

into ZnO. Fig. S4 shows the FESEM images of the ZnO sam-
ples grown in 0% water content with three different opera-
tions, (a) triethylamine joined directly, (b) triethylamine

added dropwise, (c) zinc acetate dihydrate powder added drop-
wise, respectively. As can be seen from Fig. S4a, the hexago-
nally ring-like ZnO were fabricated successfully via
triethylamine joined directly. As addition manner of triethy-

lamine changed from joining directly to adding dropwise, the
double-conus-like ZnO was fabricated extensively (Fig. S4b).
This is consistent with the experimental results of flower-like

ZnO. Accompanying with changing the addition manner of
zinc acetate dehydrate powder to adding dropwise, laminar
microstructure with well tightness can be produced on a large
scale (Fig. S4c). XRD pattern (Fig. S5) of the above-
mentioned laminar product indicates that it is not only hexag-

onal wurtzite structured ZnO, but also includes Zn(OH)2
partly.

Based on the above analysis, the formation mechanism of

flower-like ZnO and hexagonally ring-like ZnO is assigned to
the surface-self-assembly at 10% water content and base-
erosion at 0% water content, respectively (Fig. 5). In the whole

fabrication process, TEA plays an important role in control-
ling the ZnO superstructures (Long et al., 2010). Firstly, it is
speculated that the presence of TEA blocks the preferential
growth of ZnO crystals along the C-axis. Namely, the TEA

molecules acted as a structure-directing agent are adsorbed
on the surface of the ZnO crystal core and then impel neigh-
boring starting nuclei randomly aggregated together to form

a spherical aggregation. In addition, TEA assists in the hydrol-
ysis of zinc acetate dihydrate to form ZnO, even without addi-
tional water in the reaction system. Obviously, the formation

of manifold ZnO superstructures depends on the added
amounts of TEA and deionized water into the reaction solu-
tion profoundly. When the water content is maintained at

10%, a high concentration of TEA and a proper amount of
deionized water lead to a fast nucleation and congregation of
ZnO crystal, resulting in the rugby-like ZnO nanorods plenti-
fully. To minimize surface energy of the system, rugby-like

ZnO nanorods assemble to form flower-like ZnO, which
explain the basis of the growth mechanism of flower-like
ZnO when water content is about 10%. The van der waals

force interactions between the surface molecules of the
rugby-like ZnO nanorods could be perceived as the driving
force for self-assembly. However, when the water content is

increased from 10% to 50%, rugby-shaped ZnO just can be
formed by the isotropic growth from center nuclei on account
of the low concentration of TEA in mixture solvents. Contrar-

ily, as the water content is reduced from 10% to 0%, a low
growth rate would result in quasi-equilibrium growth of ZnO
nanocrystal owing to only TEA in solvent. The diethylzinc
adduct combines with TEA and Zn2+ is widely used as a pre-

cursor for the growth of ZnS, ZnSe and ZnO, for the reason
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that TEA as the stabilizer has a capacity for coordinating with
Zn2+ ions, as reported (Jones et al., 1991). Thus, the initial

nucleation just in the TEA solution could provide a kinetically
favorable condition and stabilize structure of Zn-(0 0 0 1)
plane, which generates the regular hexagonal ZnO prisms.
As we all known, the distinct overdosage alkaline TEA possess
a sufficient pH level, which makes the hexagonally-like ZnO

erode from the center point to the outside in succession
(Zeng et al., 2017). At the center of the hexagonally-like
ZnO, the local zinc concentration is the highest, causing the
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Fig. 5 Schematic illustration of the flower-like ZnO and hexagonal ring-like ZnO.

Table 2 A summary of flower-like ZnO and ring-like ZnO reported in literatures.

Morphologies Methods Alkali source Structure directing agents Reaction

conditions

Ref

Flower-like ZnO Wet-chemical NaOH Sodium ascorbate 60 �C, 3 h Raula, et al., 2010

Flower-like ZnO Hydrothermal NaOH Sodium citrate 180 �C, 6 h Zhang, et al., 2015

Flower-like ZnO Hydrothermal NaOH Ethanolamine 140 �C, 12 h Wang, et al., 2011

Flower-like ZnO Hydrothermal NaOH Citric acid 150 �C, 19 h Mao, et al., 2019

Flower-like ZnO Solvothermal NaOH Polyethyleneglycol 110 �C, 10 h Agarwal, et al., 2019

Flower-like ZnO Supercritical assisted

solvothermal

– – 120 �C, 24 h Wang et al., 2013

Flower-like ZnO Sonication Ammonia TEA 80 �C, 3 h Cheng, et al., 2008

Hexagonally ring-like ZnO Hydrothermal NaOH Ionic liquid

([C3mim]Br)

120 �C, 24 h Lian, et al., 2011

Hexagonally ring-like ZnO Hydrothermal – – 150 �C, 12 h Qi, et al., 2013

Ring-like ZnO Thermal evaporation – – 900 �C, 2 h Wu, et al., 2009

Flower-like ZnO and

hexagonally ring-like ZnO

Wet-chemical TEA TEA RT, 1 min Our work
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fastest erosion velocity of the center of the hexagonally-like
ZnO. Therefore, when the water content is decreased to 0%,

the hexagonally ring-like ZnO tends to be formed at the ero-
sion effect of extra base.

To further confirm the superiority of the method used in

our work, a summary about reaction conditions and the mate-
rials used in preparation of flower-like ZnO and ring-like ZnO
reported in the literatures are shown in Table 2. It can be seen

that various methods have been developed to obtain flower-
like ZnO and ring-like ZnO. However, compared with the
method used in our work, these methods require a long time
at a high temperature, extra alkali source and the addition of

structure directing agents. Moreover, the realization of mor-
phology transformation between flower-like ZnO and ring-
like ZnO using the same method has not been reported in

the literatures.

4. Conclusion

Herein, we ingeniously synthesized flower-like ZnO and hexag-
onally ring-like ZnO nanomaterials via a triethylamine assisted
solvent process free from any other auxiliary chemicals. Like

magic, this process could be implemented just in one minute
without any laboratory apparatus. More importantly, the
flower-like ZnO was transformed into hexagonally ring-like
ZnO as the content of additional water was changed form

10% to 0%. A mechanism that comprises surface-self-
assembly at 10% water content and base-erosion at 0% water
content to form flower-like ZnO and hexagonally ring-like

ZnO is proposed, respectively. The solvolysis based one minute
fabrication approach can also be applied to new and other
material and material combinations or be used for more speci-

fic shape control purposes. We are sure that many interesting
questions about this particle synthesis process are still ahead
of us and the interested scientific community.
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