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a b s t r a c t

Barium titanate (BT) particles were coated with Co via electroless plating approach, using hydrazine
hydrate as a reducing agent. The BT and Co-coated BT particles were characterized by X-ray diffraction
(XRD), transmission electron microscope (TEM), energy dispersive spectroscopy (EDS), vibrating sample
magnetometer (VSM) and vector network analyzer. The results showed that Co coating layer with hcp
vailable online 19 June 2010
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structure was successfully deposited on the surface of the BT. The magnetic properties of the Co-coated
BT were significantly improved. The complex permittivity and permeability of the Co-coated BT were
higher than those of BT. Co-coated BT with much thinner absorber thickness achieved better microwave
absorption properties in comparison with uncoated BT. The microwave enhancement absorption of Co-
coated BT was related to the enhanced dielectric and magnetic losses.
lectromagnetic characteristics
icrowave absorption

. Introduction

With the dramatic development of electronic systems and com-
unication technology, electromagnetic (EM) waves have been

xtensively used in both military and civil field. However, many
dverse effects such as electromagnetic interference (EMI), elec-
romagnetic compatibility (EMC), EM information leakage, and
otential health hazards of EM radiation have emerged along with
he increasing use of EM waves [1–4]. Therefore, the development
f EM wave absorbers is strongly demanded. Much effort currently
as been directed towards exploiting new EM wave absorbers with
roperties such as strong absorption, wide frequency range, light-
eight, thinness, and environmental resistivity [5–8]. It is believed

hat the microwave absorption performances are associated with
he complex permittivity (εr = ε′ − jε′′), the complex permeability
�r = �′ − j�′′), the EM impedance match, and the microstructure
f the absorber [9].

Recently, some researches have been focused on barium titanate
BaTiO3 or BT), which can be used as microwave absorber moti-
ated by its good permittivity properties, ease of preparation, as
ell as low cost [10–14]. Nevertheless, the complex permeability
f BT is low, which limits its microwave absorbing characteristics.
herefore, in order to optimize the microwave absorption per-
ormances, it is necessary to modify the magnetic characteristics
f BT. Electroless plating technique, which has seen consider-
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able use in preparing metallic coatings on fine substrates [15–17],
provides a possible way to realize the modification of BT. The reduc-
ing agent most commonly used in electroless plating is sodium
hypophosphite. However, the electroless coating obtained using
sodium hypophosphite contains nonmagnetic element P which
could weaken the magnetic properties of the product. Typically, the
coating containing P in excess of 8 wt.% is nonmagnetic [18,19]. The
formation of pure metal coating can be realized by using hydrazine
hydrate as a reducing agent. To the best of our knowledge, no
reports concerning electroless plating magnetic metal on BT with
hydrazine hydrate as reducing agent have previously been pub-
lished.

In this paper, Co-coated BT particles were prepared by
an electroless plating technique using hydrazine hydrate as
a reducing agent. The structure, morphology and magnetic
properties of the Co-coated BT particles were studied. The
microwave electromagnetic and absorption properties were also
investigated.

2. Experimental

2.1. Preparation of BaTiO3 powders

BT powders were prepared by sol–gel technique. The synthesis procedure is

described as follows. 4.925 g barium carbonate was first dissolved in the solution of
glacial acetic acid. Then, the mixed solution of tetrabutyl titanate and 20 mL anhy-
drous ethanol was added into the above solution. The molar ratio of Ba and Ti ions
was controlled as 1:1. The final solution was stirred vigorously for 40 min, gelling at
60 ◦C and the xerogels were obtained at 80 ◦C. BT powders were obtained via heat
treatment at 950 ◦C for 3 h.

dx.doi.org/10.1016/j.jallcom.2010.05.184
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:wanggq@dlut.edu.cn
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Table 1
The composition of the electroless cobalt bath.

Ingredient Molecular formula Content

Cobalt sulfate, heptahydrate CoSO ·7H O 0.1 mol/L
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Hydrazine hydrate N2H4·H2O 60 mL/L
Potassium sodium tartrate C4H4KNaO6·4H2O 50 g/L
Thiourea CH4N2S 0.5 mg/L

.2. Pre-treatment of BaTiO3 powders

The as-prepared BT powders were pre-treated to produce catalytic activity
hrough the following procedure. First, the powders were surface coarsed at the
olution of NH4F (2 g/L) with ultrasonic vibration for 30 min. And then, the coarsened
owders were sensitized and activated by the solution of PdCl2 (0.5 g/L), SnCl2·2H2O
25 g/L), HCl (60 mL/L) and NaCl (140 g/L) using ultrasonic vibration for 60 min.
inally, the powders were separated from solution through centrifugation, washed
ith deionized water and dried at 60 ◦C.

.3. Electroless deposition cobalt process

The pre-treatment BT powders were dipped in an electroless plating bath with
omposition given in Table 1. The chemical equation of the reduction is described
elow:

Co2+ + N2H4 + 4OH− → 2Co + N2↑ + 4H2O (1)

he bath solution with pH adjusted by sodium hydroxide to 11.0 was maintained at
constant temperature of 85 ◦C. The electroless plating was carried out for 60 min
nder stirring. After plating, the powders were separated from solution by magnetic
eparation and rinsed with deionized water several times, followed by drying in a
acuum oven at 60 ◦C.

.4. Characterization

X-ray diffraction (XRD; XRD-6000, SHIMADZU) was used to identify phase struc-
ure at a scan rate of 4◦/min with Cu K˛ radiation (� = 0.15406 nm, 40.0 kV, 30.0 mA)
n the 2� range from 20◦ to 85◦ . The morphology was observed via transmission
lectron microscope (TEM; JEM-100CXII, FEI). Energy dispersive spectroscopy (EDS)
nalysis was performed to determine the chemical composition of the plated pow-
ers. The static magnetic properties were examined at room temperature by means
f a vibrating sample magnetometer (VSM; JDM-13). The EM parameters (complex
ermeability and permittivity) were measured using a vector network analyzer (HP
720ES) in the frequency range of 2–18 GHz. The samples used for EM parame-
ers measurement were prepared by dispersing powders into paraffin wax with

ass fraction of 70%, and then pressing the mixtures into toroidal-shaped compact.
ccording to the transmission line theory, the reflection loss (RL) curves were calcu-

ated using measured EM parameters at a given frequency and absorber thickness.

. Results and discussion

.1. Structure and morphology analysis

Typical XRD patterns of uncoated BT and Co-coated BT are pre-
ented in Fig. 1(a) and (b), respectively. From Fig. 1(a), all the peaks
an be indexed as perovskite BaTiO3 (JCPDS # 05-0626) and no
mpurity phases are detected. The diffraction pattern of the Co-
oated BT in Fig. 1(b) exhibits clear cobalt peaks in addition to
trong BaTiO3 peaks. The peaks appearing at around 41.5◦, 44.4◦,
7.5◦ and 75.8◦ correspond to (1 0 0), (0 0 2), (1 0 1), (1 1 0) crystal
lanes of the hcp Co (JCPDS # 05-0727). It is worth noting that the
elative intensity of the peaks corresponding to the (0 0 2)/(1 0 1),

0 0 2)/(1 1 0) planes are higher than the standard values in JCPDS
ard, indicating that the deposited Co may have preferential crys-
al growth [20]. The cobalt phase possesses a crystalline rather than
n amorphous structure which was found in Co–P electroless plat-
ng coating [21]. This indicates that a single element is more likely

able 2
he lattice constants, crystal cell volume and density of BT before and after plating.

Sample a (Å) c (Å)

Uncoated BT 3.9933 4.0164
Coated BT 3.9992 4.0369
Fig. 1. XRD patterns of (a) BT and (b) Co-coated BT.

to form a crystalline structure than a multiple element system.
Additionally, no discernible third phases can be detected from the
pattern, which indicates that no reaction has taken place between
Co and BaTiO3 in the Co-coated BT. The upper right inset shows
the (1 1 1) peaks of the uncoated BT and Co-coated BT, respectively.
Clearly noted is that the (1 1 1) peak is shifted to a lower angle, when
the particles are coated with Co. The shift of the peak position to
a low angle indicates that the tensile stress is caused by the cobalt
coating layer [22].

The average particle size of BT is estimated from the line broad-
ening of corresponding X-ray diffraction peaks using the Scherrer
formula [23]:

D = 0.9�

ˇ cos �
(2)

where D is the particle size (nm), � the wavelength of the X-ray radi-
ation, ˇ the line width at half maximum height, and � the diffracting
angle. The average particle size of the prepared BT is calculated to
be 79 nm.

The lattice constants, crystal cell volume and density of BT before
and after plating are listed in Table 2, where the lattice constants
are analyzed by Jade5 software and the density can be obtained
according to the following Eq. (3):

� = nM

NAV
(3)

� is the density, n the number of molecules contained in one
crystal cell, M the molecular weight, NA Avogadro constant
(NA = 6.02 × 1023), and V the crystal cell volume.

As shown in Table 2, it is clear that the tetragonality (c/a) of
BT is enhanced after electroless cobalt plating. The reasons can be
concluded as follows. The coating layer exerts a tensile stress on the
BT particles. On the other hand, the conductive coating can reduce

depolarization energy of BT particles and, thereby, promotes the
polar tetragonal phase [22]. The lattice constants and crystal cell
volume of the BT particles are increased after coating due to the
effect of tensile stress on the BT particles, and the density of BT is
decreased by cobalt coating layer.

c/a V (Å3) � (g cm−3)

1.0058 64.05 6.0469
1.0094 64.56 5.9985
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Fig. 2. TEM images of (a) uncoated BT, (b) Co-coated BT and (c)

A TEM micrograph of uncoated BT is displayed in Fig. 2(a). It is
bserved that the BT particles are irregular in shape with dimen-
ions in the range 60–150 nm. Fig. 2(b) shows a representative TEM
icrograph of Co-coated BT, from which it can be seen that the

article has a core/shell structure with a clearly distinguishable
nterface, containing BT nanoparticle as core and Co as shell. The
uter cobalt shell is mainly uniform around 20 nm in thickness
nd BT nanoparticle is encapsulated completely. The HRTEM image,
ig. 2(c), shows that the deposited cobalt layer is composed of crys-
al nanoparticles (as indicated by arrows). The enlarged observation
inset in Fig. 2(c)) on the core region A shows the lattice fringes
ith a d-spacing of 0.285 nm, corresponding to the (1 0 1) plane of
T. The lattice spacing of the selected area in shell region is about
.227 nm, which can be indexed to the (1 0 0) plane of hcp Co.

EDX analysis of Co-coated BT is presented in Fig. 3. As shown in

ig. 3, Co, Ba, Ti and O elements are all found, which further confirms
he presence of cobalt in the Co-coated BT particles. Therefore, it is
elieved that the Co layer was deposited successfully on the surface
f the BT particles.

Fig. 3. EDX analysis of Co-coated BT.
M image of Co-coated BT showing the crystal nanograins of Co.

3.2. Magnetic properties

Fig. 4 shows the magnetization curves for uncoated BT and
Co-coated BT measured at room temperature. It can be seen that
the uncoated powders show a paramagnetic behavior, while the
plated powders present a ferromagnetic behavior with a satura-
tion magnetization (Ms) of 40.98 emu/g, a remnant magnetization
(Mr) of 6.22 emu/g, and a coercivity (Hc) of 373 Oe. The Ms of
the Co coating is much higher than that of amorphous Co–B
electroless coating [24]. It is well known that magnetic character-
istics of crystalline materials are significantly larger than those of
amorphous materials. Clearly, the Co-coated BT powders exhibit
much enhanced magnetic properties compared with the uncoated
BT. It is supposed that the improved magnetic performances of
the Co-coated BT could increase the magnetic loss in microwave
absorption.

3.3. Microwave electromagnetic properties

The complex permittivities of BT and Co-coated BT in the fre-

quency range of 2–18 GHz are shown in Fig. 5. As seen from Fig. 5,
the curves of complex permittivity for the BT and Co-coated BT
exhibit the same trend, i.e., the values of ε′ remain almost con-
stant at lower frequency and then display slight fluctuation in the
higher frequency range, while the values of ε′′ increase slightly with

Fig. 4. Magnetization curves of BT and Co-coated BT measured at room temperature.
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value of −11.4 dB at 17.8 GHz. The optimal RL of BT reaches −20.7 dB
at 14.4 GHz (fm) with a matching thickness (dm) of 5.2 mm and the
RL values less than −10 dB are achieved in the 13.1–15.1 GHz range.
In comparison, an optimal RL value of −26.12 dB for Co-coated BT
Fig. 5. The complex permittivity for BT and Co-coated BT.

requency. Moreover, ε′′ curves present a resonance peak. This is
hought to be due to the dielectric relaxation behavior in BT. The
esonance peak of the Co-coated BT moves slightly toward lower
requency as compared to the BT, which may be attributed to the
ffect of tensile stress on BT particles [25]. Apparently, both ε′ and
′′ values of the Co-coated BT are higher than those of the BT in the
hole frequency range. The higher value of ε′ for the Co-coated BT

s ascribed to interfacial polarization between adjacent conductive
articles separated by insulating paraffin matrix [26]. According
o the relation ε′′ = �/2�fε0 [27], where � is the electrical con-
uctivity, the ε′′ value of the Co-coated BT should be higher than
hat of the BT. This estimation is in good agreement with the mea-
ured result. The increased ε′′ indicates higher dielectric loss in the
o-coated BT.

BT is a dielectric material, the dominant dipolar polarization,
pontaneous polarization and the associated relaxation phenom-
na constitute the loss mechanisms. The tetragonality of BT particle
s closely related to the intensity of spontaneous polarization. The
arger the tetragonality, the stronger the spontaneous polariza-
ion. Therefore, stronger spontaneous polarization occurs in the
o-coated BT particles. The relaxation associated with the interfa-
ial polarization will also lead to a loss mechanism and the dielectric
elaxation behavior becomes more complicated, for the Co-coated
T particles. In addition, the conductive composite particles may

orm certain conductive network, leading to the attenuation of
ncident electromagnetic waves.

Fig. 6 shows the complex permeabilities of BT and Co-coated
T in the frequency range from 2 to 18 GHz. For the BT, the real
art �′ and imaginary part �′′ are observed to keep nearly invari-
ble with increasing frequency. And the complex permeability is
ow. For the Co-coated BT, the �′ exhibits a decline trend over the
ange of 2–18 GHz with values from 1.29 to 0.96. This is favorable for
icrowave surface impedance match [28]. The �′′ presents a broad

esonance peak around 11.4 GHz. The dimensions of Co nanoparti-
les are smaller than the skin depth, so the effect of eddy current
n the permeability can be neglected. The resonance peak may be
elated to the exchange resonance modes. For nanoparticles, the
xchange contributions become important and will give rise to
xchange resonance modes [29]. The broad resonance peak could
e attributed to the larger damping parameter [30]. Consistent
ith expectation, Co coating layer increases complex permeability.

oreover, it can be clearly observed that �′′ value of the Co-coated

T is much higher than that of the BT, which is ascribed to the high
agnetization of Co coating layer. The enhanced �′′ indicates that

he magnetic loss of the Co-coated BT is increased.
Fig. 6. The complex permeability for BT and Co-coated BT.

3.4. Microwave absorption properties

In order to further reveal the microwave absorption perfor-
mances, the RL of electromagnetic radiation was calculated at a
given frequency and absorber thickness according to the following
formulas:

RL(dB) = 20 log
∣∣∣Zin − Z0

Zin + Z0

∣∣∣ (4)

Zin =
√

�0�

ε0ε
tanh(j2�fd

√
��0εε0) (5)

where Zin is the input impedance of absorber, Z0 is the impedance
of free space (376.7 	), �0 and ε0 are the permeability and per-
mittivity of free space, � and ε are the complex permeability and
permittivity, respectively, f is the frequency of the EM wave, and d
is the thickness of absorber.

Fig. 7 shows the frequency dependence of the calculated reflec-
tion loss for BT and Co-coated BT. Obviously, when the thickness
layer is 1.5 mm, the RL for BT is relatively poor, with a minimum RL
Fig. 7. Reflection loss as a function of frequency for the BT and Co-coated BT.
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s obtained at 12.8 GHz (fm) with a matching thickness of 1.5 mm
nd the RL values is below −10 dB at 11.5–14.3 GHz. It is worth not-
ng that Co-coated BT has the broader bandwidth (RL < −10 dB) and
he thinner absorber matching thickness (1.5 mm). The microwave
bsorption performances of the Co-coated BT are better than that
f the BT. For pure BT, the dielectric loss mainly contributes to
he energy loss of EM wave, while for pure Co particles, the mag-
etic loss becomes dominant over the dielectric loss. However,
o-coated BT effectively combines dielectric and magnetic losses by
he special core/shell microstructure, exhibiting good microwave
bsorption properties.

. Conclusions

The BT powders were prepared by sol–gel technique and suc-
essfully coated with Co layer via electroless plating method by
sing hydrazine hydrate as a reducing agent. It is found that the
eposited layer composed of nanoparticles is pure Co with hcp
tructure. After coating with a layer of Co, the tetragonality, lat-
ice constants and crystal cell volume of the BT are increased
nd the density is reduced. Moreover, the complex permittivity
nd permeability increase, and the dielectric and magnetic losses
re enhanced, especially the increase of the magnetic loss is evi-
ent. Compared with BT, Co-coated BT attains better microwave
bsorption performances with much thinner thickness. The opti-
al reflection loss reaches −26.12 dB at 12.8 GHz with a matching

hickness of 1.5 mm and the bandwidth with a reflection loss less
han −10 dB is 2.8 GHz. The improved microwave absorption of Co-
oated BT is thought to be related to the enhanced dielectric and
agnetic losses.
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