527 B 4 T L 1k & 2% Eild Vol.27 No.4
2011 4E 4 F CHINESE JOURNAL OF INORGANIC CHEMISTRY 752-758

ZnO HEHIIE R H 22 M B HOR 52

X EE AT EEE ABA KRBREM ATYA
ChAXFHAMARRZELEZRE Féd  250100)

FE . AR RIS A& RS 45 T LA 2 — A 50 A 8 50 R R e S B Herp R AR I R0 T A R AR N R e e A ) T
AR B | TT RUAT 245 ) ZnO WFE S RT LB T A A 5 M i e 78 TRl B2 41 1 R TR A ZnO T BE A9 A= AL 5 A1)
P FTIR 38— 2P 0E 52 T AT RN ZnO A K HUSEIE . 5380 e BUR L IE T LIE B AR ZnO TEAR, AR PERE S A BT AR IA]
SR BB AR ZnO B RO X T2 B AR TR AR 0O BRI DB B

KR AR AT MLEE JEATERE
FESES . 0614.24'1 ERARIRAD . A XEHS: 1001-4861(2011)04-0752-07

Synthesis and Optical Properties of Assembly-Controlled ZnO Structures

LIU Hai-Xia HUANG Bai-Biao* WANG Ze-Yan QIN Xiao-Yan ZHANG Xiao-Yang YU Jiao-Xian
(State Key Laboratory of Crystal Materials, Shandong University, Jinan 250100, China)

Abstract: A facile solvothermal synthesis of ZnO architectures has been developed using ethanol as solvent and
tartaric acid as the additive. The variational quantities of tartaric acid controlled the ZnO morphology and shape as
well as the self-assembly of ZnO crystals into complex architectures. Possible growth mechanisms of obtained ZnO
with different morphologies were proposed. The influence of tartaric acid to ZnO growth was further indicated by
FTIR spectra. In addition, the photoluminescence (PL) properties of these ZnO samples were investigated at room
temperature, which indicated that the ZnO morphology could influence its optical property. On the whole, the

fluorescence was violet emission and orange emission primarily.
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Introduction been investigated for applications in many areas, such
as photoelectronics, photocatalysis, field emission and

Nano- and micro-structured materials have sensors™¥. Likewise, the properties of ZnO are closely
attracted increasing interests from chemists and related to its structures, such as morphologies, sizes,
materials scientists in recent years . The design, aspect ratios or surface architectures, etc®!', Up to now,
fabrication and modification of hierarchical structures Zn0 with different structures and morphologies have
with  controllable morphologies remain a great been synthesized, including ZnO nanowires, nanorods,
challenge. Zinc oxide (Zn0O) is an important n-type nanotubes, branches, tetrapods and microtorches,
semiconductor with a wide direct band gap (3.37 eV) etc!. Among the various methods!"*!, wet chemical
and a large exciton binding energy (60 meV). Because approach is regarded as one of the best way to
of its excellent thermal and chemical stability, ZnO has synthesize ZnO materials without the demand of
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special  equipment, complex process or high in air. Under identical conditions, a series of
temperature. With better control over size and experiments were also carried respectively with tartaric

morphology, wet chemical method used for ZnO
synthesis has been reported by many groups P
Recently, organic molecules, such as PSS, PEG, TEA,
etc., have been widely employed as surfactant to
construct ZnO hierarchical arthitectures . Organic
acid, for its complexation with metal ions, is one of the
rising modifiers in the synthesis of ZnO. Cho et al. have
studied the effect of L(+)-ascorbic acid (vitamin C) on
the formation of ZnO crystals under weak acidic to
alkaline conditions ™. The amino acid histiduine has
been introduced as the directing and assembling agent
and a series of ZnO hierarchical architectures have
been developed, including prismlike, flowerlike and
non-crystalline hollow microspheres™.

In this paper, we synthesized ZnO micro-crystals
by a simple solvothermal method with the addition of
tartaric acid. Different from the traditional ZnO
preparation method, where the precursor solutions are
usually alkaline in favor of the formation of Zn(OH),*
growth units, there is not any alkaline matter used
during the whole synthetic process. By controlling the
addition of tartaric acid, a series of ZnO samples with
different morphologies and sizes have been obtained.
Tartaric acid was regarded to play an important role on
the ZnO morphology. The room-temperature photolumin-

escence properties were also systematically investigated.
1 Experimental

All the reagents and solvents were analytical grade
and used without any further purification. In a typical
solvothermal process, the precursor solution was
prepared by dissolving 14.85 g zinc nitrate hexahydrate
(Zn(NO;),-6H,0) into 100 mL absolute ethanol under
After 7Zn (NO3), -6H,0

dissolved completely, 1.8 g tartaric acid was added to

vigorous magnetic stirring.
the above solution under continuous stirring to form a
clear solution. After 30 min stirring, the mixture was
transferred to the autoclave and was kept at 160 °C for
4 h in oven, including 0.5 h for heating up. The final
products were obtained after washed with deionized

water and ethanol for several times, and dried at 70 °C

acid amounts changed (1.8, 1.2, 0.8, 0.6, 0.4, 0.1 g).

The morphologies of 7ZnO crystals were
characterized by using scanning electron microscopy
(SEM, Hitachi S4800) with an accelerating voltage of 5
kV and  high-resolution
microscopy (HR-TEM, JEOL JEM-2100; 200 kV). X-
ray diffraction (XRD) analysis was performed with a

Bruker AXS D8 advance powder diffractometer with Cu

transmittance  electron

Ka radiation. The products were investigated by using
Fourier transform infrared (FTIR) spectroscopy (Nexus
670, Thermo Nicolet, USA) with smart iTR accessory.
Photoluminescence (PL) measurements were carried out
for the as-prepared ZnO different structures at room
temperature  with a  luminescence

(Edinbergh FLS 920) using 325 nm as the excitation

wavelength.

spectrometer

2 Results and discussion

The reacti on parameters including the reactant
concentration, temperature and pH value, play crucial
roles in controlling the size and morphology of the
products. In our studies, the morphology and phase
structure of the as-synthesized ZnO could be facilely
turned just by changing the amount of tartaric acid,
while the other conditions remained unchanged.

When tartaric acid was present in high addition as
1.8 g, the mask-like ZnO was obtained with a diameter
of 10~20 pm as shown in Fig.la~b. Because the
concentration of tartaric acid was so high, there were
many organic acid molecules and ions around Zn* ions,
and the generated ZnO growth unit was the center in a
small region. In this case, tartaric acid acted as a
surface active agent around ZnO nucleus, which made
the surrounding dissociative Zn** ions could crystallize
in a slow rate. In this way, the central ZnO nucleus
could grow into big crystals at a low speed gradually.
With the addition of tartaric acid decreased to 1.2 g,
7Zn0 flowers with an average diameter of 2 wm were
synthesized (Fig.1c). From the enlarged image shown in
Fig.1d, we could see that each flower was made up of

directional nanorods. The perfectly aligned lattice
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Fig.1 (a) SEM image of mask-like ZnO architectures grown with 1.8 g tartaric acid; (b) The high-magnification image

of ZnO mask; (¢) SEM image of flower-like ZnO architectures grown with 1.2 g tartaric acid. The inset shows

TEM image and an enlargement of the sample area in white frame; (d) The high-magnification image of ZnO flower

planes, as shown in the lower-right inset of Fig.lec,
provided strong evidence for the well-crystallized
architecture of ZnO flowers. Each highly crystalline rod
of ZnO flowers had a spacing distance of about 0.26 nm,
corresponding to the interspacing of the (002) planes,
which was the routine direction for one dimensional ZnO
growth. As the tartaric acid decreased, the Zn** ions
increased relatively, but still acted as the centers with
organic matter surrounded in small regions. There were
more centers to the nucleation, and these ZnO nucleuses
grew along one-dimensional direction. With the reaction
time prolonged, plenty of ZnO nanorods appeared and
constituted the ZnO flowers through static adsorption of
7Zn0 polarity. From the above discussion, when tartaric
acid was present with a large amount (1.8 g, 1.2 g), the
organic molecules could surround the ZnO nucleus and

control its surface growth, which influenced the ZnO

morphologies as surface active agents.

When tartaric acid deceased to 0.8 g, ZnO spheres
with thorns formed gradually, whose diameters were
about 1 pm (Fig.2a~b). For TEM analysis, these big
spheres had been crushed into small crystals as shown
in Fig.2c. The HRTEM image corroborated the ZnO
spheres were actually composed of nanometer-sized
Zn0 units, arranged along (002) direction in a specific
way, as displayed in Fig.2d. The diffraction rings shown
in the inset of Fig.2d, resulted from the SAED analysis
on the edge of the ZnO sphere, further indicated that
the obtained sphere was polycrystalline ZnO. In this
condition, the acid/Zn* molar ratio became much lower
and tartaric acid molecules, instead of the ZnO units,
became the centers in a small region. Correspondingly,
there were plenty of Zn®* ions gathering around the

central giant molecule. In this way, tartaric acid played

=0.26 nm )\\(‘n
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Fig.2 (a) SEM image of ZnO spheres with thorns grown with 0.8 g tartaric acid. (b) The high-magnification image
of ZnO sphere. (c) and (d) showed TEM image and TRTEM image of the crushed sphere, respectively.
The inset in panel d shows the SAED pattern of the sample. (¢) SEM image of ZnO blossoms grown

with 0.6 g tartaric acid. (f) The high-magnification image of ZnO blossom
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a morphology-directing role in ZnO growth. Later on,
tartaric acid molecules overflowed from inside and the

surrounding Zn**

ions continue to crystallize, which
finally formed the ZnO spheres and the superfluous
Zn0 units crystallized into the peripheral thorns on the
surface. When the addition of tartaric acid was 0.6 g,
the relative Zn®* concentration was higher, and the
surrounding ZnO units around the central organic
molecule congregated to a great extent (Fig.2e~f). The
former thorn (Fig.2a) of the surface became a prominent
petal with thick bottom and thin top. The whole
morphology liked a blossom with pronounced petals,
and each petal had a length of ~300 nm.

With the present tartaric acid decreased to 0.4 g,
durian-like ZnO was formed as shown in Fig.3a~b. The
durian had a size of 6 ~8 pwm and there were obvious

cracks from the inside to outside on the durian. The

growth mechanism was similar to the former spheres and

blossoms, and tartaric acid was still the center and the
template. But because the amount of tartaric acid was
reduced, the small quantity of organic molecules did not
have enough power to overflow from inside rapidly until
the last stage that all the Zn** ions had crystallized. Then
it was not surprising that there were some cracks on the
surface of durian-like ZnO. From the enlarged image
(Fig.3b), we could see that the surface of durian was
composed with nanosheets that came from the
superfluous ZnO units as well. When tartaric acid was
changed to 0.1 g, ZnO balls were generated (Fig.3c~d).
The balls were loose and constituted with small
nanocrystals. Each ball had a diameter of 2 pum and each
composed crystal had a nanoscale size. Tartaric acid,
which acted still as the morphology-directing agent, was
added with a little amount, so the organic molecules
could overflow through the loosen structure and the

cracks did not form anymore.

Fig.3 (a) SEM image of durian-like ZnO architectures grown with 0.4 g tartaric acid. (b) The high-magnification image of

Zn0 durian. (¢) SEM image of ZnO spheres composed of small crystals grown with 0.1 g tartaric acid.

(d) The high-magnification image of ZnO sphere

A schematic diagram of the possible formation
mechanism of the various ZnO has been shown in Fig.4.
Moreover, the initial formation reactions of ZnO crystals
in the ethanol have been studied profoundly in the
literature™ as follows:

4CH,CH,OH+NO; —

4CH;CHO+NH; T +OH+2H,0 1)

Zn*+20H"— ZnO+H,0 (2)

From the above formula we can see that absolute
ethanol is the solution as well as the reactant, which
reacts with the nitrate and produces the original OH~
ions. This explained the ZnO formation in the neutral or
weak acidic environment.

Fig.5 shows the typical XRD patterns of the
obtained ZnO architectures. The six ZnO structures

have similar XRD patterns, except for relative peak

intensities, due to their random orientation. All

diffraction peaks can be indexed to wurtzite structured
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Fig.4 Schematic diagram of the proposed formation

processes of the different ZnO structures
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Fig.5 XRD patterns of the ZnO architectures synthesized
with different concentrations of tartaric acid;

the inset is EDS pattern

Zn0 (space group P6ymc) with cell parameters a=0.325
nm and ¢=0.521 nm, which is in good agreement with
the literature values (JCPDS card, No. 36-1451). No
peaks of other impurities are detected in the patterns,
suggesting that only single-phase ZnO samples were
formed. And the insert EDS pattern further indicates
that the samples were composed of only Zn and O; the C
signal was attributed to the carbonous tape used.

The influence of tartaric acid molecules to the ZnO
morphologies has been proved by FTIR spectra (Fig.6).
Because the spectra of some simples are similar and
coincident nearly, so we have selected several
representative IR spectra. The spectra of flowerlike,
durian-like and mask-like ZnO are shown in Fig.6a~c,
respectively. The peaks at ca. 3 450 and 1 620 ¢cm™

should be derived from the stretching vibrations and

(2)

Transmittance

N

N

*

T T T T T T
1000 1500 2000 2500 3000 3500 4000

Wavenumbers / cm™!
(a) the flower-like ZnO; (b) the durian-like ZnO; (c) the mask-like

ZnO0. (d) IR spectrum of pure tartaric acid

Fig.6  FTIR spectra of the ZnO architectures

deformation vibrations of -OH group of atmospheric
water on the ZnO surfaces, respectively. Compared with
Fig.6d, abundant of peaks marked specially from 700 to
1 500 ecm™ in Fig.6a~c are in accordance with pure
tartaric acid, especially at the peak centered at 1 130
and 1316 nm marked with the symbol ("). It implies
that tartaric acid molecules are adsorbed on the surface
of ZnO crystals and the ZnO fabrication should have
been influenced by tartaric acid largely. From the
partial enlarged detail in the image, we can see that
there is a peak at 1 086 cm™ in the spectrum of mask-
like ZnO in consistent with pure tartaric acid, which is
absent in curve a and b. The same occurs in the peak of
1 409 c¢m ™. This implied that tartaric acid played a
more important role on the formation of mask-like ZnO.
The reason was that in the process of mask-like ZnO
fabrication, tartaric acid was added with a bigger
amount and most of the molecules were adsorbed on the
surface of ZnO crystals due to their roles of surface
active agent.

It" s well known that different peak luminous
wavelength of ZnO crystals could be induced by several
factors, such as morphologies, crystal defects and
impurity levels. The room-temperature PL spectra of as-
prepared ZnO structures were obtained with an
excitation wavelength of 325 nm, shown in Fig.7. Its
clear that there are obvious peaks centered at ca. 450
nm in most samples except b, and belong to the violet
emission. The violet emission could be ascribed to the

red shift of the band edge emission because of the

17 000
16 000
15 000
14 000
13 000+

400 500 600 700
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(a) masks; (b) flowers; (c) spheres; (d) blossoms; (e) durians; (f) balls

Fig.7 Room-temperature PL of the ZnO architectures

synthesis with tartaric acid variational



5 430

XU 5258 . ZnO) B2 HI I I HOG 22 P R RO 5 757

formation of surface states below the conduction band™".
The similar result that the strongest emission existed in
visible region has been observed in Wang's work"™ and
the origin was also contributed to the surface
adsorption through experimental confirmation, which
was in good accordance with our theory. Among these
curves, with a decreasing addition of tartaric acid in
the solvents, the PL spectra show a gradual red shift
from 400 nm to 460 nm in the peak position of the
highest peaks, which could be due to different surface
states in different samples. What" s more, there are
obvious orange emission centered at ca. 618 nm in
curve a, b and c. The orange emission as deep level
emission was associated with the defect-related
transitions through previous studies ®*. Huang et al.
further proved that the interstitial oxygen ions caused a
strong orange emission finally . In addition, with little
violet emission, sample b shows a more intense orange
emission than sample a and c. The specific causes need
much more research in the future. In sum the
controllable morphologies could affect the optical
characters of the ZnO with various peak positions and

different intensities.
3 Conclusions

Zn0 micro stru ctures with different morphologies
were prepared by a simple solvothermal synthesis with
tartaric acid as an additive. Tartaric acid with different
quantity has been used as a shape modifier and proved
to be efficient at controlling the ZnO architectures. The
possible action mechanisms of tartaric acid in the high
and low concentration have been proposed respectively.
The IR spectra indicated that the tartaric acid
molecules were absorbed on the surface of ZnO crystals
and they were more effective when they played as a
surface agent. The PL spectra showed that the obtained
Zn0 had strong visible emissions and the morphologies
of as-prepared ZnO could influence their optical

properties.
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