Journal of Solid State Chemistry 183 (2010) 1835-1840

journal homepage: www.elsevier.com/locate/jssc

Contents lists available at ScienceDirect

Journal of Solid State Chemistry

Jounseor
SOLID STATE
CHEMISTRY

Synthesis of porous and nonporous ZnO nanobelt, multipod, and hierarchical

nanostructure from Zn-HDS

Eue-Soon Jang **, Jung-Hee WonP, Young-Woon Kim ¢, Zhen Cheng?, Jin-Ho Choy ¢*

2 Molecular Imaging Program at Stanford (MIPS) and Bio-X Program, Department of Radiology, Stanford University, 1201 Welch Road, Stanford, CA 94305, USA

" Hygiene Application Team, LG Household and Health Care, Daejeon 305-343, Republic of Korea

€ School of Materials Science and Engineering, Seoul National University, Seoul 151-744, Republic of Korea

d Center for Intelligent Nano-Bio Materials (CINBM), Division of Nanosciences and Department of Chemistry, Ewha Womans University, Seoul 120-750, Republic of Korea

ARTICLE INFO ABSTRACT

Article history:

Received 19 February 2010
Received in revised form

17 May 2010

Accepted 24 May 2010
Available online 2 June 2010

Keywords:

Zn based hydroxide double salts
Soft-solution process

ZnO nanobelts

Multipod

Hierarchical nanostructures

Zn based hydroxide double salts (Zn-HDS) with an interlayer spacing of 20 A was produced by
dissolving dumbbell-like ZnO crystal. The resulting Zn-HDS with a ribbon-like shape has a suitable
morphology to explore the remarkably mild procedure for synthesis of ZnO nanobelts. We found that
the intercalated water molecules into the Zn-HDS could play a key role in the ZnO nanobelts porosity.
The nonporous ZnO nanobelts were successfully synthesized from the Zn-HDS by soft-solution process
at 95 °C through mild dehydration agent as Na;COs. As-synthesized ZnO nanobelts were grown along
not only the [0 1 —1 0], but also the [2 —1 —1 0]. On the other hand, the porous ZnO nanobelts were
obtained from the Zn-HDS by calcinations at 200 and 400 °C. In addition, flower-like ZnO multipod and
hierarchical nanostructures were produced from the Zn-HDS by using of strong dehydration agent
(NaOH) through hydrothermal reaction at 150 and 230 °C.

Published by Elsevier Inc.

1. Introduction

Zinc oxide (ZnO) crystal with a direct wide band gap
(AEg=3.37 eV) and large excition binding energy (60 meV) is
the most useful semiconductor in numerous application fields
such as room-temperature UV-laser [1,2], light-emitting-diode
(LED) [3,4], photocatalyst [5], gas sensor [6-8], solar cell [9,10],
piezoelectric device [11-13], and so on. In particular, the optical
and electrical properties of the ZnO crystal sensitively depend on
the size, shape, and orientation [5,14]. Therefore, their control has
been the key issue in the nanomaterials engineering field. For this
reason, tremendous nanostructures including nanorod [15],
nanobelt [16], nanoplate [5], nanoring [17], nanohelix [18],
multipod [19,20], and hierarchical nanostructure [21,22] have
been competitively developed by a number of methods such as
thermal vapor transport-condensation method [15-18], metal
organic chemical vapor deposition (MOCVD) [2], electrochemical
reaction [23], hydrothermal reaction [5,19-22], etc. Among them,
the ZnO nanobelts with a rectangular cross section have unique
opto-electronic properties due to its unusual shape and structure
[16]. It is well demonstrated by recent success in field-effect
transistor [24], nanoresonator [11-13], and spintronics [25]
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applications of the ZnO nanobelts. Conventional method for
synthesis of the ZnO nanobelts is vapor transport and condensa-
tion process based on vapor-liquid-solid (VLS) mechanism at
high temperature above 1400 °C [16]. Such an extreme condition
for vaporization of precursor could induce many oxygen defects
on surface of the ZnO nanobelts [26]. These specific defects hinder
progress to the applications of ZnO in optoelectronic and lasing
devices [1]. In this respect, mild processing is strongly demanded
for the synthesis of the ZnO nanobelts. Soft-solution process
based on hydrothermal reaction at low temperature (~100 °C) is
a green chemical procedure in terms of low energy consumption
and simplicity [1]. However, there are only few reports on the
synthesis of the ZnO nanobelts due to its unusual growth habit
against typical growth rate, [0001]>[01 -10]>[000-1], of
the ZnO crystal [1,5]. Therefore, mixed product with the
nanowires (~60%) and nanobelts (~40%) was usually obtained
from the hydrothermal reaction as well reported by Hu et al. [27].

Herein, we systematically developed a new procedure to
synthesize porous and nonporous ZnO nanobelts from zinc based
hydroxyl double salts (Zn-HDS) with a lamella structure. This
Zn-HDS with an interlayer spacing of 20.0 A was obtained by
dissolving dumbbell-like ZnO crystal. Such large interlayer
spacing of the Zn-HDS was induced by co-intercalation of acetate
and carbonate anions, and its layered structure was profitable for
the development of ZnO nanobelts. The Zn-HDS was completely
changed to the porous and nonporous ZnO nanobelts by
calcinations and dehydration agent as sodium bicarbonate
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(Na,COs3). We expect that the present mild procedure could be an
alternative approach to produce the ZnO nanobelts instead of the
VLS method with high energy consumption process. In addition,
flower-like multipod and hierarchical ZnO nanostructures were
produced from the Zn-HDS by using sodium hydroxide (NaOH) as
strong dehydration agent. To the best of our knowledge, it is the
first report on the synthesis of the ZnO multipod and hierarchical
nanostructures from the Zn-HDS.

2. Experimental procedure
2.1. Thermal processing

Zinc acetate dihydrate (Zn(CH3COO), - 2H,0, 99%) and hexam-
ethylenetetramine (HMTA, (CH;)sN4, 99.5%) were purchased from
Sigma Aldrich. As a nutrient solution, 0.1 M zinc acetate dihydrate
and 0.1 M HMTA aqueous solutions were prepared in Teflon lined
autoclave, which was maintained at 95 °C for various reaction
time from 6 to 60h in conventional furnace. The resulting
products were collected by centrifuging, and then washed with
deionized water to remove any residual organic salts. The porous
ZnO nanobelts were produced from the Zn-HDS, which was
obtained from the above hydrothermal reaction of 60h, by
calcinations at 400 °C for 3 h. For the synthesis of the nonporous
ZnO nanobelts, Teflon lined autoclave including the Zn-HDS
(0.5 g) and 0.5 M Na,CO5; aqueous solution was heated at 95 °C
for 24 h. In addition, a flower-like ZnO crystal was obtained from
the Zn-HDS product of hydrothermal reaction for 60 h by using of
0.01 M NaOH as dehydration agent under hydrothermal reaction
at 150 °C for 3 h. On the other hand, hierarchical structures (30%)
and multipod ZnO crystal (70%) were achieved by increasing
hydrothermal temperature up to 230 °C.

2.2. Instrumentation and measurements

Morphologies of the resulting products were observed by field
emission scanning electron microscope (FE-SEM, HITACH],
S-4300) and high resolution transmission electron microscope
(HR-TEM, JEOL, JEM-3000 F) with 300 kV accelerating voltage.
Phase identification of all the products was characterized by the
powder X-ray diffractometer (XRD, PHILIPS, PW3710 with Ni
filtered Cu-K,, radiation, A,=1.54187 A), Fourier transform Infra-
red spectrometer (FT-IR, Jasco 200), and thermal gravity/differ-
ential thermal analyzer (TG/DTA). The TG/DTA thermal analysis of
the Zn-HDS product was carried out in an air environment at a
heating rate of 10 °C/min.

3. Results and discussion

From hydrothermal reaction for 6 h of the nutrient solution,
including 0.1 M zinc acetate and 0.1 M HMTA solution, we
obtained dumbbell (DB)-like ZnO twin crystals as shown in
Fig. 1(a). At the reaction time of 12 h, star-like Zn-HDS with 5 pm
in length was produced by dissolving the DB ZnO crystals as
shown in Fig. 1(b). After the reaction time of 24 h, Fig. 1(c) shows
that dimension of the Zn-HDS increased up to 30 pm and shape of
the DB ZnO crystals changed to hexagonal tube via gradual
dissolution. At further increased reaction time of 60 h, the DB ZnO
crystal was almost dissolved, and we found hexagonal nanoplates
with numerous apertures (the inset of Fig. 1(d)). In addition, the
Zn-HDS was continuously grown by dissolving the DB ZnO crystal
as shown in Fig. 1(d).

Fig. 2 shows a further detailed FE-SEM and HR-TEM images for
the Zn-HDS generated by dissolving the DB ZnO crystal. According

Fig. 1. Time resolved FE-SEM images of the resulting products obtained from soft-
solution reaction times of (a) 6, (b) 12, (c) 24, and (d) 48 h.

Fig.a 2. (a-c) FE-SEM and (d) HR-TEM images of Zn-HDS with interlayer spacing of
20A.

to the low magnification FE-SEM image in Fig. 2 (a), the Zn-HDS
was grown up to ~150 um in length. As the high resolution
images, Fig. 2(b) and (c) shows that the Zn-HDS has a ribbon-like
shape with a width of 2 pm and thickness of 10 nm. Such
well developed belt shape of the Zn-HDS is suitable to progress
the ZnO nanobelt growth. HR-TEM image in Fig. 2(d) clearly
shows layered structure of the Zn-HDS with an interlayer spacing
of 20 A.

In the electrostatic viewpoint, a positive charge of the Zn-HDS
unit blocks ([Zn$ZnS$YOH)s]?>*) is the driving force for the
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Fig. 3. (a) FT-IR spectra of Zn-HDS produced by heat treatment at (i) RT, (ii) 50, (iii) 100, (iv) 150, (v) 180, (vi) 200, and (vii) 250 °C; (b) schematic representation of Zn-HDS

structure.

intercalation of various anion molecules [29]. In particular,
positive Zn"" ions occupied on tetrahedral sites play an important
role in the intercalation reaction [29]. Identification of inter-
calated molecules could be characterized by FT-IR studies. As
shown in Fig. 3(a)-(i), an FT-IR absorption feature of the Zn-HDS
was corresponding to those of the typical carbonate and acetate
anions [30,31]. In fact, we cannot obtain the carbonate
intercalated Zn-HDS from the decarbonated water. This result
implies that the intercalated CO3~ species come from the
dissolved CO, into the nutrient solution. For the conjugation
carbonate anion with Zn'', there are three different coordina-
tion structures as unidentate (C;), bidentate (C;,), and
bridging coordination (Cy,). Among them, bridging coordination
is forbidden due to the steady electric dipole moment
(see Supporting Information) [31]. Therefore, the intercalated
carbonate anion has unidentate or bidentate coordination state
with the Zn"*' cation. As the symmetric C-O stretching mode
(vs(CO37)), A} (v1) mode split into Ag+B, and only B, species
is an IR active. In addition, doubly degenerated E'(vs3) as the
asymmetric C-0 stretching mode (v,(CO3% ™)) split into two bands
as A’ +A” under the Cs and Gy, site symmetry (see Supporting
Information) [31]. Fig. 3(a)-(i) clearly shows the Aj(v;) mode at
1043 cm~! and the two E'(v3) modes at 1506.1 and 1392.4 cm ™.
It is indicating that the carbonate anions have C; or G, site
symmetry with the Zn"' cations. According to the correlation
between splitting value (Avs) of the v; mode and coordination
structure of the carbonate anion, the Avs; (~200cm™!) of the
bidentate state is larger than that (~100 cm~!) of the unidentate
complex [31]. Therefore, the Avs value of 113.7 cm ™! reveals that
the carbonate anion in the present Zn-HDS has the unidentate
coordination (Cs). On the other hand, we confirmed that the
intercalated molecules are not only the carbonate, but also acetate
anions, from which fingerprints of the methyl and carboxyl group
were also observed as the symmetric bending mode (5,(CHs))
at 13384 cm~! and an asymmetric stretch band (vg(CO3))
at 1552.4cm~! and symmetric one (v{(CO3)) at 1392.4cm ™!
as shown in Fig. 3(a)-(i) [30]. It indicates that the carbonate and

acetate anions were co-intercalated into the Zn-HDS. According to
Nakamoto, the separation values (Avys_s) between vq(CO3 ) and
vs(CO3 ) bands are related to the coordination state of the acetate
anion with a metal cation [31]. The present Avg_s value of
160 cm~! is indicating that the acetate anions are existing as a
free ionic species and consequently the Zn'*' is completed by
water molecules. Strong absorption peaks of the intercalated
carbonate and acetate anions were observed even though
increasing temperature up to 150°C as shown in Fig. 3(a)-
(ii)~(iv). Above 180 °C, the typical absorption peaks of the
intercalated anions were significantly disappeared as shown in
Fig. 3 (a)-(v)~(vii). It is indicating that transformation of the
Zn-HDS to ZnO was induced above 180 °C. From the above FT-IR
results, we suggest the crystal structure of the present Zn-HDS as
shown in Fig. 3(b).

The general formula of HDS is [(M3*, M?%i.)(OH)s_y)]
*X('113y)/n~zl—120, in which M and M’ correspond to divalent
transition metals (Cu, Co, Ni, Mn, and Zn) and X™ is the
intercalated anions [30]. In the present Zn-HDS, M and M’ is Zn
and X is CH3COO~ and CO35~ as well explained by an FT-IR study.
Therefore, formula of the present Zn-HDS could be represented as
[Zl’lz(OH)g,(] ,y)]+[CH3COO](71 +3y)[CO3](21:.3y)/2~ZH20. From induc-
tively coupled plasma (ICP) analysis, Zn concentration in 10 mg
weight of the Zn-HDS was determined as 8.26 x 107> mol. In
addition, Wt% of C, H, and N elements in 10 mg of the Zn-HDS was
4.9% (C), 3.0% (H), 0.0% (N). Therefore, the y and z parameters in
the above formula of the Zn-HDS were determined as —0.198 and
1.2, respectively. Namely, composition stoichiometry of the
present Zn-HDS is an(OH)35(CH3CO£ )0.4(C0§7)0.2 -1.2 H,0.

The thermal gravity/differential thermal analyzer (TG/DTA)
and temperature resolved XRD analysis for the Zn-HDS were
systematically accomplished to find optimal calcinations tem-
perature for the ZnO formation. The first weight loss occurred at
73.8 and 118.6 °C as endothermic peaks, as shown in Fig. 4(a). The
former temperature corresponds to the departure of physically
adsorbed water on the surface and the latter one implies the
departure of intercalated water molecules into the Zn-HDS
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Fig. 4. (a) TG/DTA curves of Zn-HDS (heating rate is 5 °C/min); (b) XRD patterns of the resulting Zn-HDS obtained by heat treatment at (i) RT, (ii) 50, (iii) 100, (iv) 150,

(v) 180, (vi) 200, and (vii) 250 °C.

[29,32]. The second weight loss with a strong endothermic peak at
176.8 °C is related to the transformation of the Zn-HDS to ZnO
through the dehydroxylation of Zn hydroxide layer [29,32]. It is
well consistent with the above FT-IR results. The third weight loss
with an exothermic peak at 355.8 °C indicates the departure of
CO, due to combustion of the intercalated carbonate and acetate
molecules [29,32]. Temperature resolved XRD patterns were
obtained by heating from room-temperature (RT) to 250 °C in
the conventional furnace (Fig. 4(b)). For room temperature, the
(001) peaks (I=1~4) of the Zn-HDS were observed at 4.39, 8.80,
13.21, and 17.71 degree of 20 (Fig. 4(b)-(i)). Basal spacing of the
Zn-HDS was determined as 20 A from the observed (0 0 I) peaks
by using the Bragg equation, nA=2d sin 0, where n is an integer
and / is the wavelength (1.54056 A) of an incident X-ray beam.
As shown in Fig. 4(b)-(ii) and -(iii), the (0 0 [) peaks were shifted
toward high angle, which the new (0 0 [) peaks are corresponding
to the interlayer spacing of 16.0 A, by heating at 50 and 100 °C.
Fig. 4(b)-(iv) shows the interlayer distance of the Zn-HDS is
completely changed from 20.0 to 16.0 A by heating at 150 °C. This
result implies disintercalation of the water molecules from
interlayer of the Zn-HDS. Usually, eliminating temperature of
the interlayer water is higher than the normal boiling
temperature (100 °C) due to protection from the external
thermal energy by the inorganic unit blocks [29]. One of the
interesting facts is that such a decrease of the interlayer distance
was immediately recovered from 16.0 to 20.0 A under an ambient
humidity condition for a few hours. It demonstrates that the
water molecules play an important role in the electrostatic charge
compensation between the intercalated molecules and building
blocks. The decomposition of the Zn-HDS occurred at 180 °C and
consequently the typical XRD patterns of the ZnO were observed,
as shown in Fig. 4(b)-(v)~(vii).

For the ZnO nanobelts formation, the Zn-HDS was heated at
400 °C for 3 h to completely eliminate the intercalated water and
carbonate species. Fig. 5(b) shows the resulting products that the
outer frame was still maintained, but the inner part was collapsed
by creating many pores. Even though heat treatment at a lower
temperature of 200 °C, we obtained only porous ZnO nanobelts as
shown in Fig. 5(b). It clearly reveals that vaporization of the
intercalated water molecules could influence on the Zn-HDS
porosity. In order to synthesis the nonporous ZnO nanobelts,
Na,CO3 was used as dehydration agent for elimination of the

Fig. 5. FE-SEM images of porous ZnO nanobelts achieved from calcinations of
Zn-HDS-60 h at (a) 400 °C and (b) 200 °C.

Fig. 6. (a) FE-SEM image and (b-d) TEM images and SAED patterns of nonporous
ZnO nanobelt obtained from an anhydrous agent (Na,CO3) at 95 °C.
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intercalated water molecules. After heat treatment at 95 °C for
24 h, Fig. 6(a) shows an FE-SEM image of the ZnO nanobelts
without porosity. TEM image in Fig. 6(b) shows the typical ZnO

(100)
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Fig. 7. XRD pattern of nonporous ZnO nanobelts.

nanobelt shape with rectangular edge. From the HR-TEM images
and selected area electron diffraction (SAED) patterns in Fig. 6(c)
and (d), we found that the present ZnO nanobelts have the
dominated plane of the (2 -1 -10) or (0001) surface as
represented in the inset of Fig. 6(c) and (d) [33]. Namely, the
as-synthesized ZnO nanobelts were grown along the [0 1 —1 0] or
[2 =1 —1 0] direction. Such mixed growth direction could result
from the nucleation seed growth with a different orientation.
Fig. 7 shows XRD pattern of the ZnO nanobelts produced from the
Zn-HDS by dehydration procedure via Na;COs. There are no peaks
corresponding to the Zn-HDS and any impurity components. In
addition, intensity of the (h k 0) peaks is stronger than that of the
(001) peaks. It is indicating that preferred growth orientation of
the nanobelts is the [0 1 —1 0] direction.

On the other hand, a flower-like ZnO crystal was synthesized
by using of 0.01 M NaOH as a strong dehydration agent under
hydrothermal reaction at 150 °C for 3 h. Fig. 8(a) shows the
flower-like ZnO crystals with ~50 pm in diameter. The high
magnification FE-SEM images of Fig. 8(b) and (c) shows that the
flower-like ZnO crystal consisted of many hexagonal rods with
~3 um in length and ~1 pm in diameter. Growth mechanism of
the ZnO multipod has been simply suggested by growing the
nucleation seed, which was accidentally created into the nutrient
solution [19,20]. However, growth mechanism of the nucleation
seed for the ZnO multipod is still unclear. The present multipod
ZnO crystal was produced from the Zn-HDS bundles with star-like
shape. Therefore, destruction or dissolving rate of the center is
much slower than that of the Zn-HDS edge. For this reason, the

Fig. 9. FE-SEM images of hierarchical ZnO nanostructures.
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nucleation seed with multi-domain for the ZnO multipod could be
easily created during the dehydration reaction.

In addition, the hierarchical structures (30%) and the multipod
crystal (70%) were achieved by hydrothermal reaction with NaOH
solution at 230 °C. Fig. 9(a) shows a number of nanorods were
grown on each side of a large hexagonal crystal. This hierarchical
structure looks like a sunflower shape. From the high
magnification image of square (i) denoted in Fig. 9(a), we found
that the ZnO nanorods with 3 um in length and 300 nm in
diameter were densely grown on the side of hexagonal crystal as
shown in Fig. 9(b). This hexagonal crystal with a diameter of
12 um consisted of the hexagonal nanorods with a uniform
diameter of 150 nm (Fig. 9(c)). Fig. 9(d) shows the side view of the
hierarchical nanostructure with approximately 12 pm in length.
The nanorods on the side were grown up over 7 pum thickness on
the center. As the high magnification image of square denoted in
Fig. 9(d), Fig. 9(e) shows that the nanorods were grown up to
4 pm in length. Some of the hierarchical nanostructure has a tube
shape as shown in Fig. 9(f).

4. Conclusions

In conclusion, we systematically demonstrate the growth of
the Zn-HDS from the DB ZnO crystal. During the dissolving
progress, morphology of the DB ZnO crystal was changed to tube
and nanoplates. As-synthesized Zn-HDS has a large interlayer
spacing of 20 A due to co-intercalation of acetate and carbonate
anions. Ribbon-like shape of the Zn-HDS was suitable for the
synthesis of the ZnO nanobelts. From the mild dehydration agent
(NayCOs), nonporous ZnO nanobelts with the preferred growth
along the [01 —1 0] direction were successfully synthesized by
soft-solution procedure. Porous ZnO nanobelts were also pro-
duced from the Zn-HDS by calcinations process. Moreover the
flower-like ZnO multipod and hierarchical nanostructures were
obtained from the Zn-HDS by using of the strong dehydration
agent (NaOH) under hydrothermal reaction. The remarkably mild
process for the ZnO nanobelts would be extremely advantageous
not only in reducing the production cost, but also in accelerating
the practical application of the ZnO nanobelts. In addition, the
porous ZnO nanobelts, multipod, and hierarchical nanostructures
with large surface area could be utilized for photocatalyst and gas
sensor.
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