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Preparation and microwave absorption properties of uniform
TiO,@C core-shell nanocrystals

Gengping Wan®, Lei Yu®, Xiange Peng®, Guizhen Wang™, Xianqin Huang®, Haonan Zhao® and Yong
. #b
Qin

In this work, carbon-coated TiO, (TiO,@C) core-shell nanocrystal has been synthesized by a simple acetylene
decomposition method and is further explored for the microwave absorbing application. Results demonstrate that a well-
graphitized carbon layer with the thickness of about 3.5 nm can be uniformly coated on the surface of TiO,. It is found that
the microwave absorption properties of TiO,@C are remarkably enhanced compared to the bare TiO,. The optimal RL
calculated from the measured complex permittivity and permeability is -58.2 dB at 7.6 GHz for TiO,@C with a loading of
40 wt%. Whereas for TiO,@C with a loading of 60 wt%, the effective bandwidth of less than -10 dB is found to reach 5.0
GHz with the coating thickness of 2.2 mm. The enhanced performance can be attributed to the increased dielectric

properties and the multiple

Introduction

Electromagnetic (EM) interference problems from the wide

application of communication devices have led to the significant
interest in developing the high-performance microwave absorption
material (MAM) with strong absorption and broad bandwidth.™™ Up
to now, some possible candidates including magnetic metals,s’6

11,12

. 7-10 . 13 .
carbonaceous materials, ceramics,” conducting

14-17

ferrites,
polymers and intermetallic compounds18 with advanced EM
properties have been utilized as fillers into matrices to fabricate
MAMs. Despite the good EM performance in some cases, their
drawbacks, such as poor stability, high costs and complex synthesis
methods have severely impeded their practical applications. Thus it
is quite necessary to develop some new MAMs with low cost, easy

preparation and good stability.

Titanium dioxide (TiO,) is one of the most technologically
important types of compounds on our planet and has been widely
including optoelectronics,

used in  many

photovoltaics, catalysis, fuel cells, batteries, smart windows, and

emerging areas
self-cleaning and antifogging surfaces, in addition to traditional

applications in pigments, cosmetics, medical
. 19,20
implants, and sensors.

to employ TiO, as the MAM due to its poor response in the

UV sunscreens,
However, very few reports are available

microwave region. Chen et al showed that hydrogenation of TiO,
nanocrystals could induce the excellent microwave absorption
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relaxation

processes caused by the core-shell composite materials.

performance due to the collective movements of interfacial dipoles
on the nanometer scale, which opens up new concepts for MAM
innovations and inspires further developments of other exciting
MAMs.2422
materials with core—shell

In addition, it has been reported that many composite
structures show better microwave
absorption properties due to the additional interfacial dielectric
relaxation than the pure core or shell materials.>*° For example,
Shao et al.*® synthesized core—shell microspheres composed of Ni
cores and two phases of TiO, (anatase, rutile) shells. In comparison
with bare Ni, the composites show better microwave absorption
properties. fabricated the yolk—shell
structured Fe;0,/TiO, composites with enhanced electromagnetic
wave absorption. The enhanced electromagnetic absorption of

31
Che and co-workers

composites is attributed to the unique yolk—shell structure with a
large surface area and high porosity, as well as synergistic effects
between the functional Fe;0, cores and TiO, shells. Based on these
considerations, coating TiO, with an appropriate EM material using
a simple and scalable fabrication technique is considered to be an
effective method to the microwave

improve absorption

performance of TiO,.

Carbon-based materials have grabbed considerable attention
among the EM absorption application because of their outstanding
physical properties, including high electrical conductivity, low

32,33 .
it has been

density, and good stability. More recently,
confirmed that carbon-coated nanomaterials can also be used as a
major annexing agent of microwave absorbers because of their

. 34,35
special core—shell structures.

In this study, we report a facile and efficient strategy for the
synthesis of uniform carbon-coated TiO, (TiO,@C) core-shell

nanocrystals and investigate their microwave absorption

J. Name., 2013, 00,1-3 | 1
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properties. Benefiting from the uniform coatings of carbon layers,
the interfacial polarization and dielectric properties of TiO,@C are
greatly enhanced, which leads to remarkably improved microwave
absorption properties compared to the pristine TiO,.

Experimental

Preparation

TiO, used to prepare TiO,@C samples was obtained from Degussa
(P25 TiO,). In a typical synthesis, TiO, (1.0 g) was introduced into
the porcelain boat and transferred to a tube furnace and placed at
the centre of the furnace (a quartz tube, 60 mm in diameter and
1100 mm in and then a stream of acetylene (an
atmosphere pressure) was The
temperature was raised at a heating rate of 10 2C min™, and the
growth of TiO,@C was performed at 500 °C for 30 min at
atmospheric pressure. After the apparatus was cooled to room

length),

introduced after evacuation.

temperature, the as-prepared samples were obtained. The growth
process of the TiO,@C core—shell composites is illustrated in
Scheme 1.

C,H, carbonization

Q 3 o
% o)

polymerization ) graphitization
.cH=CH
%,

\\C&
Scheme 1. The growth process of TiO,@C core-shell composites.

Characterization
The X-ray diffraction (XRD) patterns were collected on a Bruker

D8 Advance X-ray diffractometer with Cu Ka radiation (A = 1.54178
AR) using a 40 kv operation voltage and 40 mA current. The TEM and
HRTEM images were taken on a JEOL JEM-2100 microscope
instrument at an acceleration voltage of 200 kV. Fourier transform
infrared spectroscopy (FTIR) spectra were collected on a Bruker
TENSOR27 spectrometer, and the sample was prepressed with KBr
into pellets before measurement. Thermogravimetric (TG) results
were obtained by a thermal analysis system (Q600, TA, America)
using ca. 5.0 mg of samples and a heating rate of 10 2C min™in air.
Raman spectroscopy was performed on a Renishaw inVia Reflex
Raman microscope using 532 nm green laser excitation. UV-vis
diffuse reflectance spectra (DRS) were measured using PE Lambda
750s UV-Vis spectrophotometer. The specimens for measuring the
EM properties were prepared by uniformly mixing desired amount
of TiO, or TiO,@C with paraffin and pressing the mixture into a
cylindrical shape. Then the cylinder was cut into a toroid of 7.00
mm outer diameter and 3.04 mm inner diameter for measurement.
The relative permeability and permittivity values of the mixture
were determined and obtained by measuring the S;; and S,;
parameters between 2 and 18 GHz with an AV3629D network
analyser by using the transmission/reflection coaxial line method.

2| J. Name., 2012, 00, 1-3

Results and discussion

We performed XRD analysis to investigate the crystal phases of the
as-prepared products. Fig. 1 shows the XRD patterns of TiO, and
TiO,@C products. It is known that the normal phase transition from
anatase to rutile TiO, nanocrystals requires annealing at around 600
oc.® Moreover, the presence of carbon on the surface of the titania
also inhibits its phase transformation, leading to a higher thermal
stability.37 Therefore, it can be found that TiO,@C is composed of a
mixture of anatase and a small number of rutile TiO,, which are
similar to the crystal composition as P25 TiO,. No clear diffraction
peaks of carbon were found for TiO,@C, which is due to the low
content (20.5 wt%) of carbon in the composites confirmed by
thermal gravimetric analysis (TGA) experiments (Fig. S1). The FTIR
spectra (Fig. S2) reveal that the OH content of TiO,@C is slightly
higher than the bare TiO, nanocrystals.
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Fig. 1 XRD patterns of TiO, and TiO,@C products.
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Fig. 2 Raman spectra of TiO, and TiO,@C products: (a) 100-800 cm”
! (b) 1150-1700 cm™.

Raman shift/cm’'

We also employed Raman spectroscopy to further characterize
the surface functionalities of TiO, and TiO,@C samples qualitatively.
In terms of the symmetry group analysis, the characteristic peaks at
143 cm'l, 447 cm'l, 612 cm'l, and 826 cm™ can be ascribed to the
Big, Eg Azg and B,; Raman active modes of rutile, respectively.38
Meanwhile, the modes A, (519 cm'l), By, (399 and 519 cm'l), and
E, (144, 197, and 639 cm'l) are the Raman-active modes of
Fig. 2a spectra of TiO,@C
nanoparticles by comparison to that of pure P25 TiO,. The strong
characteristic peaks observed in the Raman spectrum of the bare

39
anatase. shows the Raman

TiO, are similar to those of bulk anatase but with a slight shift. For
TiO,@C, only a very weak peak at 145.8 cm™ (E4) is observed,
indicating that a thin layer of carbon possibly exists on the surface
of the TiO, nanocrystals, as Raman is more sensitive to the sample

This journal is © The Royal Society of Chemistry 20xx
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surface. The carbon present in the TiO,@C samples was also
investigated by Raman spectroscopy. As shown in Fig. 2b, in the
range between 1150 and 1700 cm'l, two strong peaks at 1324.5
and 1604.7 cm™ correspond to the presence of sp3 defects of
carbon (D-band) and the characteristic for graphitic sheets (G-
band), respectively. It can be found that the G band peaks of the

P . T

035 nm
(ELIEE)

N

To further confirm the formation of a carbon layer on the surface
of TiO, nanocrystals, we performed TEM characterization on TiO,
and TiO,@C (Fig. 3). Fig. 3a displays that the bare TiO, nanocrystals
have an average size in the range of 15-30 nm in diameter. The
HRTEM image shows the clear lattice fringes of 0.35 nm
corresponding to (101) plane of anatase TiO,, suggesting the highly
crystalline nature of the nanocrystals (Fig. 3b). After a heating
process in C,H,, the low resolution TEM images show that the TiO,
particles are surrounded by uniform carbon shells (Fig. 3(c, d)). The
formed TiO,@C core-shell structures are clearly visible due to their
different contrasts. Fig 3e displays a HRTEM image of an individual
particle. It can be clearly seen that the crystalline TiO, particle is
coated with a disorderly graphitized carbon layer of about 3.5 nm in
thickness. The well-defined crystalline lattice spacing of 0.35 and
0.24 nm from core can be indexed as (101) and (004) crystal planes
of anatase TiO,, respectively. The lattice fringes of the graphitic
layers are 0.34 nm, which is in agreement with the previous reports.
As can be seen from the HRTEM image (Fig. 3f), there are still some
defects within the graphite layers, which is in good agreement with
the Raman results. Actually, we also investigated the influence of
growth temperature and time on the structures of products (Fig. S3,
Fig. S4). But the present method is difficult to efficiently adjust the
thickness of carbon shells.

This journal is © The Royal Society of Chemistry 20xx

Fig. 3 (a) TEM and (b) HRTEM images of TiO,. (c—e) TEM images of TiO,@C. (f) HRTEM image of TiO,@C.

ARTICLE

present TiO,@C shifted to higher wavelength numbers in

comparison with that of well crystalline graphite materials (1575

cm'l), which suggests that the carbon shell is of highly disorderly.37'
40,41

0.24 nm
(004)

5 nm
I

Microwave absorption properties were investigated by mixing 40
wt% and 60 wt% of the samples with paraffin. The reflection loss
(RL) curves of TiO,—paraffin and TiO,@C—paraffin were derived
from the relative complex permittivity and permeability at a given
frequency and layer thickness according to the transmit line theory,
which can be expressed by the following equations (eqgn (1) and
(2)):44

Z, = Z,(u./e,)" tanh[ jQufd/c)(p,e,)"] @
RL = 20log [(Z, — Z,(Z, + Z,)| 2)

where Z;, is the input impedance of the absorber, Z, the impedance
of free space, y, the relative complex permeability, &, the complex
permittivity, f the frequency of microwaves, d the thickness of the
absorber, and c¢ the velocity of light. A RL value of -10 dB is
comparable to 90% microwave absorption. In general, materials
with RL values of less than -10 dB absorption are considered as
suitable EM wave absorbers.

J. Name., 2013, 00, 1-3 | 3
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Fig. 4 (a) RL curves of the product/paraffin composites with a
thickness of 2.0 mm in the frequency range of 2-18 GHz. Three
dimensional representations of RL for TiO,@C composite absorbers
with the loading of (b) 40 wt% and (c) 60 wt%.

Fig. 4a shows a comparison of calculated RL curves in the
frequency range of 2-18 GHz for the product/paraffin composites
with a thickness of 2 mm. It can be seen that the values of minimum
RL of TiO, with the loading of 40 wt% and 60 wt% are -1.45 dB and
-2.50 dB, while the TiO,@C with the same appending proportion
shows the minimum RL values of -2.98 dB and -16.2 dB,
respectively. The microwave absorption value of less than —10 dB
for 60 wt% TiO,@C is in the range of 14.0-18.0 GHz corresponding
to a bandwidth of 4.0 GHz. To reveal in detail the influence of
thickness on the absorption properties, three-dimensional RL values
of TiO,@C with the loading of 40 wt% and 60 wt% are shown in
Fig.4 (b, c). The RL of TiO, with the loading of both 40 wt% and 60
wt% almost cannot reach -10 dB which means 90% microwave

4| J. Name., 2012, 00, 1-3
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absorption in the range of 1.5-8.0 mm (not shown). This indicates
that the absorption ability of bare TiO, is relatively weak. For
TiO,@C with a loading of 40 wt%, a minimum RL value of -58.2 dB
at 7.6 GHz and effective bandwidth of 4.26 GHz is obtained with a
thickness of 5.5 mm. Whereas for TiO,@C with a loading of 60 wt%,
the effective bandwidth 5.0 GHz is observed with the coating
thickness of 2.2 mm, almost covering the whole Ku-band (12-18
GHz). Compared with the core-shell structured absorption materials
reported recently,27‘29‘44'46 the present TiO,@C also has a broader
bandwidth with a smaller coating thickness. Moreover, the
absorption band for RL values below -10 dB almost covers the
whole frequency range with a thickness of 1.5-8 mm, which
demonstrates that the EM wave absorption frequency band can be
tuned by properly selecting the coating thickness. The above results
reveal that TiO, coated by carbon film is a very efficient way for the
improvement of the EM absorption properties.

In order to uncover how the TiO,@C core-shell nanostructures
affect the absorption properties of composites, the relative
complex permittivity (g, = €’ + ie”) and permeability (4, = u’ + iu”)
were evaluated at 2—-18 GHz. It is well known that the real parts of
complex permittivity (£’) and permeability (u’) represent the storage
ability of electric and magnetic energy, and the imaginary parts (¢”
and pu”) are related to the dissipation (or loss) capability. Owing to
the absence of magnetic constituents in the composites, the real
(1’) and imaginary (u”) parts of the complex permeability are about
1.0 and 0.0, respectively (Fig. S5). The measured complex
permittivity spectra of the TiO,-paraffin and TiO,@C-paraffin
composites are shown in Fig. 5. It can be seen that TiO,-paraffin
composites with the loading of 40 wt% have a relatively stable &’
value of 2.9-3.4 in the frequency range of 2-18 GHz, while the
TiO,@C-paraffin composites with the loading of 40 wt% display a
much higher €’ value (Fig. 5a). The &’ value decreases gradually from
5.3 at 2.0 GHz to 3.6 at 9.3 GHz, then increases to 3.7 at 10.9 GHz,
and decreases to 3.2 at 18.0 GHz. It can be seen in Fig. 5b that
TiO,@C has much higher €” value than that of pure TiO, in the
frequency range of 2-18 GHz. The €” value is in the range of 0.4—
2.6, which is about 7 times higher than that of the bare TiO,.
Furthermore, as shown in Fig. 5(c, d), TiO,-paraffin composites
show a slightly improved €’ value of 3.8-4.4 and a relatively small ”
value (less than 0.15) when the loading of composites is increased
to 60 wt%. Correspondingly, TiO,@C-paraffin composites display
significantly increased €’ and €” values from 7.9 to 4.5 and from 1.8
to 5.3, respectively. The higher € and €"” values indicate that
TiO,@C has much higher efficiency in storing and dissipating the
electrical energy.

This journal is © The Royal Society of Chemistry 20xx
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We calculated the dielectric loss tangent (tan & = £€”/€’) of TiO,-
paraffin and TiO,@C-paraffin composites with different loadings
(Fig. 6). The dielectric losses of TiO,-paraffin with the loading of
both 40 wt% and 60 wt% are no higher than 0.15 in the whole
frequency range from 2 to 18 GHz. For the TiO,@C-paraffin
composites, the maximum values of tan 6 are 0.49 and 0.70
corresponding to the loading of 40 wt% and 60 wt%, respectively.
The relatively high values of tan &, imply that the TiO,@C exhibits
more intense dielectric loss. Moreover, the increasing loading of
TiO,@C leads to an improvement of the dielectric loss. Generally,
the high dielectric loss is useful for improving the attenuation
constant a which determines the attenuation properties of
materials. In Fig. S6, it can be seen that the TiO,@C-paraffin
composites have larger a value at 2—-18 GHz. Therefore, the TiO,@C
core-shell nanocrystals exhibit better EM-absorption properties
than the bare TiO, over the whole frequency range.
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Fig. 6 The frequency dependence of dielectric loss tangents of the

TiO,—paraffin composite and TiO,@C—paraffin composite.

This journal is © The Royal Society of Chemistry 20xx

Cole-Cole semicircle, implying that there is a weak dielectric
relaxation process. Three Cole-Cole semicircles are found for the
TiO,@C composites, which may indicate that there are multiple
dielectric relaxation processes. It also demonstrates that the carbon
shell on the surface of TiO, is helpful for increasing the intensity of
the Debye dipolar relaxation process.

Interfacial polarization occurs whenever there is a build-up of a
charge at a boundary between two regions or materials.”* In our
case, benefiting from the excellent conductivity of carbon shell, the
charge transfer between TiO, and carbon also occurs with little
hindrance. Therefore, the existence of interfaces between TiO,—
TiO,, carbon—carbon and TiO,—carbon may give rise to the
interfacial polarization and the associated relaxation, which should
contribute to the enhanced dielectric loss and microwave
absorption performance. To further give a visual demonstration of
the microwave absorption mechanism of TiO,@C composites as
discussed above, a schematic is given in Scheme 2.

Electromagnetic wave

~
~

~

Interfacial polarization

Carbon shell

Interfacial polarization

Scheme 2. Schematic representation of the interfacial-polarization-
improved microwave absorption mechanism for the TiO,@C.

The optical properties of the TiO,@C samples were probed with
UV-vis diffuse reflectance spectroscopy (Fig. S7). Compared with
the pure TiO, nanoparticles, the carbon-coated samples show
enhanced visible-light absorption. In addition, based on the fact
that the improved electronic conductivity can be obtained by

J. Name., 2013, 00,1-3 | 5
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uniformly coated carbon shell, it can be believed that the present
TiO,@C with the perfect core-shell structure can not only be used
to absorb EM wave, but also be extended to other application
areas, such as photocatalysis and lithium ion batteries.

Conclusions

TiO,@C nanocrystals are successfully fabricated through an
acetylene decomposition method. The products exhibit excellent

microwave absorption performance, which results from the

increased complex permittivity and the multiple relaxation

processes. The present TiO,@C core-shell nanocrystals can be used
as a new type of broadband microwave absorbent, and probably
have important application in photocatalysis and lithium ion battery
fields.
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