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Through hydrothermal process, the chrysanthemum-like ZnO particles are prepared with zinc acetate dihydrate
(Zn(CH3CO0O0)2-2H20) and sodium hydroxide (NaOH) used as main resources under the different concentrations of sur-

factant polyacrylamide (PAM). The microstructure, morphology and the electromagnetic properties of the as-prepared

products are characterized by high-resolution transmission electron microscopy (HRTEM), field emission environment

scanning electron microscope (FEESEM) and microwave vector network analyzer, respectively. The experimental results

indicate that the as-prepared products are ZnO single crystalline with hexagona wurtzite structure, that the values of

slenderness ratio Ly are different in different PAM concentrations, and that the good magnetic loss property is found

in the ZnO products, and the average magnetic loss tangent tan d, increases with PAM concentration increasing, while

the dielectric loss tangent tan e decreases.
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1. Introduction

The electromagnetic interference is one of the
most dangerous environmental pollutions and does se-
rious harm to the health of human being , which at-
tracts more attention recently.!) Therefore, it is ur-
gent for researchers to investigate and develop new
typical electromagnetic wave absorbing materials. 2!

It is well known that the morphology of nanopar-
ticle determines its properties to a large extent. Zinc
oxide (Zn0), a new typical electromagnetic wave ab-
sorbing material, has attracted considerable atten-
tion due to its peculiar morphology and good absorb-
ing property for electromagnetic wave.3=8 Growth of
nanostructured ZnO with novel morphology, in par-
ticular tetraleg structure, can be achieved through
various techniques, such as chemical vapour deposi-
tion (CVD),[®1% metal-organic chemical vapour de-
position (MOCVD),'%:12] physical vapour deposition
(PVD),!13:14 ete. It is evident that almost all prepa-
ration methods need high temperatures ranging about

from 800 °C to 1100 °C with a low growth rate and
precise instruments to control additionally. However,
chrysanthemum-like ZnO particles, prepared through
hydrothermal process with the advantage of simple
and cheap synthetical procedure, have good electro-
magnetic wave absorbing property,'®! which indicates
that it is worth while investigating hydrothermal syn-
thesis of chrysanthemum-like ZnO particles further.
In the present paper, we report on the ef-
fect of surfactant PAM on the morphology and
the electromagnetic properties of nanostructured
chrysanthemum-like ZnO particles. Importantly, the
ZnO product with good magnetic loss property is ob-

tained.

2. Experiment

On the basis of our previous work,['®] a group

of experiments were carried out through a hydrother-
mal process with PAM ([CHyCH(CONH,)],,, average
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molecular weight: >3000000) used as surfactant. The
weighing standards for Zn(CH3COO)9-2H20, NaOH
and surfactant PAM are listed in Table 1, in which the
reactants of the Zn?* concentration ([Zn**]) and OH~
concentration ([OH™]) are 0.1 mol/L and 1.2 mol/L
respectively and the PAM concentrations ([PAM]) are
presented according to the ratio of [PAM] to [Zn?*]. In
an experiment, deionized water was used as dissolvent,
and an appropriate amount of NaOH solution was
added into the mixed solution of Zn(CH3COO)2-2H,0
and PAM together with cold water bath and stirring,
which formed transparent and stable precursor. Then
the precursor was transferred into a Teflon-lined 50-
mL-capacity autoclave, of which the degree of fill was
about 70%.
into a bake oven, with the temperature maintained
at 180 °C for 12 h. Finally, the ZnO products were
kept scoured and filtered until the PH value of filtrate
reached 7, and then dried at 60 °C in air for further
characterisation.

After that, those autoclaves were put

Table 1. Correlative parameters of reactants, surfactant
PAM and as-prepared ZnO products.

[Zn2t] [OH™]

Ratio of

sample L) (mol/L) [PAM] to [zn2+] Td P/(®/ cm?)
1 0.1 1.2 0 5.32 4.243
2 0.1 1.2 0.0005%  10.90  3.763
3 0.1 1.2 0.0001% 12.18 3.114
4 0.1 1.2 0.00005%  13.89  2.652

The microstructure and morphology of the as-
prepared ZnO particles were examined by using
HRTEM (JEM-3010, JEOL, Japan) and FEESEM
(Quanta 400 FEG, FEI, Holand), respectively. The
ZnO particles/paraffin composites were prepared by
dispering the ZnO product with a weight ratio of 25%
into paraffin, and the electromagnetic properties of the
composites in the X band (8.2-12.4 GHz) were mea-
sured by microwave vector network analyzer (Agilent
technologies E8362B, Agilent, America).

3. Results and discussion

3.1. HRTEM analysis of as-prepared
ZnO product

HRTEM images of the nanorod taken from the

chrysanthemum-like ZnO particle are given in Fig.1.

Figure 1(a) shows a typical ZnO nanorod at 180 °C.
The selected-area electron diffraction (SAED) pattern
in Fig.1(b) and the HRTEM image in Fig.1(c) con-
firm that the ZnO nanorod is single crystalline with
hexagonal wurtzite structure and space group pbsmc
and the growth direction is along [0001].

\

Fig.1. (a) HRTEM image of a nanorod taken from the
chrysanthemum-like ZnO particle. (b) SAED image of the
nanorod showing a [0001] growth direction. (¢) HRTEM
image taken from the tip of the nanorod in (a).

3.2. Effect of PAM on the morphology of
chrysanthemume-like ZnO particles

A group of SEM images of the as-prepared ZnO
particles, i.e. samples 1, 2, 3 and 4, are shown in
Figs.2(a)-2(d), in which the inset is the correspond-
ing higher magnification SEM image. By analysing
Fig.2, it is clear that all the as-prepared ZnO parti-
cles under the different concentrations of PAM have a
uniform three-dimensional chrysanthemum-like struc-
ture with different values of slenderness ratio Lg,
which is defined as the ratio between the radius of the
chrysanthemum-like structure and the diameter of a
petal-like nanorod, and almost all the nanorods have
a tapered front tip except sample 1. In particular,
the slenderness ratio of sample 1 is obviously different
from those of the other three samples.

By further analysing the technological parame-
ters, the characteristic parameters of the products, i.e.
slenderness ratio Ly and density p (see Table 1) and
the morphologies of the as-prepared ZnO particles, it
is noticeable that the surfactant PAM significantly in-
fluences the growth process of the chrysanthemum-like

ZnO particles.
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Fig.2. FEESEM images of the as-prepared ZnO particles under the different concentrations of PAM: (a) sample
1, (b) sample 2, (c) sample 3, (d) sample 4.

On the one hand, due to the fact that the surfactant PAM reduces the surface tension of water, the colloidal
particles can evenly distribute in the disperse system so as to form the uniform multi-twin central nucleus!*?!
at an appropriate temperature in the formation period of precursor. Simultaneously, the PAM in a certain
concentration range effectively reduces the gradient of supersaturation. Thus, at the ratios of [PAM] to [Zn?T]:
0.0005%, 0.0001% and 0.00005% respectively, for ZnO products of such a kind, such as samples 2, 3 or 4, the
morphologies of the chrysanthemum-like ZnO particles are uniform and so are the petal-like naorods’; but the
morphologies of samples 2, 3 and 4 are different from each other.

On the other hand, the ionized surfactant PAM contains the positive hydrophilic group (-CONH;) and

negative hydrophobic group (—CHy (le—) In the developmental stage of the multi-twin central nucleus, the
positive hydrophilic groups can bond with the basic cells of crystalline growth [Zn(OH)4]?~ easily by Coulomb
force, which means that the positive hydrophilic groups become the carriers of [Zn(OH)4)?~; while the negative
hydrophobic groups are absorbed on the non-polar lateral surfaces of ZnO nanorods by van der Waals force,
implying that the hydrophobic films formed by the negative hydrophobic groups appear on the non-polar lateral
surfaces. Thus, the aeolotropic growth pattern forms, i.e. the basic cells of growing [Zn(OH)4)?>~ carried by the
positive hydrophilic groups can reach the polar axial surface (0001) easily to hold together and reside at the
proper lattice sites but difficultly reach the non-polar lateral surfaces because of the existence of the hydrophobic
films. This means that the growth rate of positive polar surface (0001) is larger than that of non-polar lateral
surfaces in a certain [PAM] range, suggesting that the [PAM] is an important factor in maintaining a large
slenderness ratio of the petal-like nanorods in chrysanthemum-like ZnO particles. So obviously the sample 1
has the smallest value of Ly in all of the samples. Also, 0.00005% is found to be the optimum ratio of [PAM]
to [Zn?*] for obtaining a large slenderness ratio (Fig.2(d)). When the ratio of [PAM] to [Zn?**] increases, for
example, to 0.0001% (Fig.2(c)), the slenderness ratio becomes smaller than that at 0.00005%. This is due to
the fact that the excessive negative hydrophobic groups and non-ionized PAM molecules restrain the basic cells
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of growth carried by the positive hydrophilic groups to reach the positive polar surface (0001) at high [PAM] so
as to reduce the relative growth rate of polar surface to non-polar surface to a certain extent. When the [PAM]
increases to 0.0005% (Fig.2(b)), this restraining action becomes more obvious. Therefore, the morphology and
value Ly = 10.90 of sample 2 are easily understood. At the same time, the relation between the density p and the
L, value is obvious, i.e. the larger the slenderness ratio Ly is, the smaller the density of the chrysanthemum-like
ZnO particles will be.

3.3. Effect of PAM on the electromagnetic properties of chrysanthemum-like ZnO
particles

3.3.1. Dielectric properties in X band

Figures 3(a)-3(c) show the real part of permittivity ¢, the imaginary part of permittivity ¢” and the
dielectric loss tangent tan d. of samples 1, 2, 3 and 4 in X band respectively. As shown in Fig.3, the real parts
of permittivity &’ of samples 1, 2, 3 and 4 have almost constant behaviour in the 8.2-12.4 GHz frequency range,
and the values of ¢” and tan d. gradually increase in X band with the improvement of the developmental level
of chrysanthemum-like structure, i.e. the value of Ly. Obviously, not only the permittivity (¢’, €”) but also the
dielectric loss tangent tan d, of sample 1 are all the smallest and greatly different from ones of samples 2, 3 and
4 in X band. Contrasting the values of tand,. in Fig.3(c) with the Ly values in Table 1 clearly shows that the
value of Ly, associated closely with the [PAM], determines the dielectric properties of the chrysanthemum-like
ZnO particles. The larger the value of L, is, the better the dielectric properties will be.

4.0 1
sample 1

3.5 1

8 9 10 11 12 8 9 10 11 12
Frequency/GHz Frequency/GHz

tande

Frequency/GHz

Fig.3. (a) Real part of permittivity &', (b) imaginary part of permittivity ¢/ and (c) dielectric loss tangent
tan de.

The real part of permittivity ¢’, contributed by displacement polarization, depends on the crystalline quality
of the ZnO product to a large extent. Although the L, value of sample 2 is smaller than that of sample 3, due to
high ratio of [PAM] to [Zn?*], i.e. 0.0005%, some O and Zn vacancy defects appear in ZnO crystalline to induce
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the formation of space charges so as to give rise to additional displacement polarization under the imposed
electric field. While, the dielectric loss tangent tan d., defined as the ratio of €” to €', represents the phase lag of
the dipole oscillation with respect to the applied electric field and the contribution from the finite conductivity of
the ZnO product, and it reflects the electromagnetic wave absorbing property of absorber. The turning-direction
polarisation of electric dipole, the associated relaxation phenomena and the conducting network formed easily
in the chrysanthemum-like ZnO particles with the large value of Ly, constitute the dielectric loss mechanism
of the ZnO product!*® due to the fact that the basic cell of ZnO crystalline growth with tetrahedron structure
determines the features of electric dipole, and thus it is easy to understand that a large tan d. is accompanied
with a large Lg.

3.3.2. Magnetic properties in X band

Figures 4(a)—4(c) show the real and imaginary parts of permeability (u’, 4’') and the magnetic loss tangent
tan d,, of samples 1, 2, 3 and 4 in X band. The real parts of permeability for all samples show a decreasing trend
with the increase of frequency. Although the imaginary parts of permeability greatly undulate and mutually
intervein, the average values of i/ increase in sequence of samples 1, 4, 3 and 2, that is to say, of them, the
average of p’ of sample 2 is the largest, and that of sample 1 is the smallest. The features of the curves in
Figs.4(a) and 4(b) determine that the average values of tand,, defined as the ratio of p” to p’, necessarily
increase in the same sequence, i.e. 0.0626 for sample 1, 0.0691 for sample 4, 0.1203 for sample 3 and 0.1334
for sample 2. Further comparing the magnetic properties of all samples with the ratios of [PAM] to [Zn?*]
evidently shows that the [PAM] plays a vital role in forming the microstructure related to magnetic properties
to a large extent.

8 9 10 11 12 8 9 10 11 12
Frequency/GHz Frequency/GHz

Frequency/GHz

Fig.4. (a) Real part of permeability u’, (b) imaginary of permeability p” and (c) magnetic loss tangent tan d,.

The magnetic loss tangent tan d,, represents the phase lag of the magnetic-dipole oscillation and the asso-
ciated relaxation magnetisation with respect to the applied magnetic field. According to Ref.[16], Zn vacancy
defects induce magnetism, derived from the unpaired 2p electrons at O sites surrounding the Zn vacancy, in
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the undoped nanostructured ZnO, which may be the essential causation to lead to the magnetic loss under
high-frequency magnetic field. At the low ratio of [PAM] to [Zn?*], i.e. 0.00005%, the large relative growth
rate of polar surface to non-polar surface is propitious to the improvement of the developmental level of the
chrysanthemum-like ZnO particles but not to the creation of Zn vacancy defects. However, the weak tand,
of sample 4 in Fig.4(c) is determined by few Zn vacancy defects caused by the hydrothermal technological
conditions like that of sample 1. With the ratio of [PAM] to [Zn%**] increase, for example, to 0.0001%, more
Zn vacancy defects are induced so as to form the average value of tand, 0.1203. Thus, it is easy to understand
that the sample 2 has a large magnetic loss, tangent tan d,,.

4. Summary

Under the same hydrothermal technological conditions, different concentrations of surfactant PAM are
employed to prepare the chrysanthemum-like ZnO particles. Their morphology, microstructure and electro-
magnetic properties have been characterised. Comparing the products with PAM with the ones without PAM
shows that not only the dielectric properties but also the average values of tand, of products with PAM are
higher than the ones of the products without PAM. Obviously, the PAM improves the developmental level of
the chrysanthemum-like ZnO particles. With the increase of [PAM], the slenderness ratio Lg decreases, and the
dielectric properties weaken, while the average value of magnetic loss, tangent tan d,, increases. When the ratio
of [PAM] to [Zn?**] is 0.00005%, the dielectric loss, tangent tand,, of the ZnO product with Ly = 13.89 shows
the maximum value. However, the maximum average value of magnetic loss, tangent tand,, is obtained when
the ratio of [PAM] to [Zn?T] is 0.0005%, that is to say, the nanostructured chrysanthemum-like ZnO particles
not only have good dielectric loss property but also possess good magnetic loss property, which may enlighten
us on a new concept in synthesising lightweight and high absorbing level ZnO electromagnetic wave absorber
consisting of the same component ZnO with either large tand. or large tand,.
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