Bull. Mater. Sci., Vol. 38, No. 4, August 2015, pp. 995-1001. © Indian Academy of Sciences.

Synthesis, characterization and electrical properties
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Abstract. This paper deals with synthesis of ZnO doped with different concentrations of platinum (Pt) and its
deposition on the surface of multi-walled carbon nanotube (MWCNT). The synthesized nanocomposite material
was characterized by standard analytical techniques like X-ray diffraction (XRD), UV-vis spectroscopy, scanning
electron microscopy, transmission electron microscopy and energy-dispersive spectroscopy. The XRD analysis con-
firms two things; first, synthesized nanocomposite shows no impurity peaks indicating products being crystalline in
nature, second, the phase structure of composite remains unchanged during doping of Pt into ZnO crystal. Results
indicate that the incorporation of dopant into ZnO coated on the surface of MWCNT was found to shift the funda-
mental absorption edge towards the longer wavelength side. The impedance analysis was carried out to distinguish
between the grain and grain boundary contributions to the system. The dielectric property was strongly affected by
increasing the dopant concentration. The dielectric constant (¢) and dielectric loss (tan §) factors decrease with the
increase in frequency only upto a certain limit. The a.c. conductivity also increases with the increase in frequency.
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1. Introduction

Zinc oxide (ZnO) and titanium oxide (TiO,) have received
much more attention in the past due to their photocatalytic
ability like air purification and water disinfection.'~* The dis-
advantage of these materials is that they can use UV light
only for their excitation due to large band gap energy. Hence
they are unable to use the visible-light source. Therefore, sci-
entists around the world are actively engaged in extending
their optical response from UV to visible region by doping of
these materials with metal or nonmetal or co-doped nonmetal
or with other compounds. ZnO is found to be more accept-
able semiconductor due to its distinguish features, naming
few like it is not only an n-type low-cost semiconduc-
tor having band gap energy of 3.37 eV at room tempera-
ture but also have a wurtzite structure.’ It is nontoxic and
chemical stable. This material has got wide applications in
areas like solar cells,® varistors,” ultraviolet light emitters®
and piezoelectric and transducers.” ZnO shows superior
performance in absorption of UV light as compared with
TiO,."°

Researchers have been reported many methods for the
synthesis of metal-doped ZnO nanoparticles.''~!> Among
them, ZnO prepared by the sol-gel process has attracted
considerable attention because of its simplicity and the fine
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crystalline quality. ZnO is doped with various metals or non-
metal in order to shift its absorbance band towards higher
wavelength of visible light.'®~!® Literature survey reveals
that the doping into the ZnO lattice can be easily done by
replacing Zn>* atoms with the higher valency atom such as
Ga, Al, In and La.!9-23

In particular, synthesis of Pt-ZnO/carbon nanotube (CNT)
composite material is reported in literature using different
methodologies.’*=3° But systematic studies about its low-
cost synthesis and quest about other electrical properties
which will be very helpful to understand the study relating
to the improvement of photocatalytic properties under UV
and visible region, are absent. This study will also give a
new perspective in the search of material suitable for high-
frequency micro/nanoelectronics. Therefore we have synthe-
sized Pt-doped ZnO nanocomposite with a uniform morphol-
ogy and good structural stability by the sol-gel method using
CNT as support.

2. Experimental

2.1 Reagents and chemicals

Multi-walled carbon nanotube (MWCNT), 3-chloroperben-
zoic acid (3-CPBA), zinc acetate dihydrate, hexachloropla-
tinic acid were purchased from Sigma-Aldrich. Triton X-100,
benzene, ammonium solution and 2-propanol were obtained
from Merck.
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2.2 Synthesis of Pt-ZnO/CNT composite

MWCNT powder (2.5 g) was added in the solution of
3-CPBA (5 g) in benzene (200 ml) and refluxed at 180°C for
24 h. The solid material so obtained was collected by cen-
trifugation, washed several times with double distilled water
and ethanol before being dried at 80°C for 6 h. The oxi-
dized MWCNT was added into the solution of zinc acetate
dihydrate (3.5 g) and 2 g of surfactant (Triton X-100) in
water (100 ml). To this solution ammonia solution (15 ml)
was added drop wise into the solution under vigorous mag-
netic stirring and kept at 50°C for 10 h. Hydrothermal treat-
ment was carried out at 180°C for about 36 h. After cooling
the solution to room temperature, the precipitate obtained
was filtered out, washed with double distilled water and
ethanol, air dried and then calcined at 400°C for 16 h in
nitrogen atmosphere to obtain the particle of nanosize. For
doping of ZnO particle with Pt a known concentration of hex-
achloroplatinic acid (3-9%, w/v) was added in the surfactant
solution.

For the analysis of electrical properties a pellet of 13 mm
in diameter and of thickness 1.8 mm was made by applying
pressure up to 7 t cm~2 on the powder sample.

2.3 Apparatus

The structural characterization of undoped ZnO/CNT and
doped ZnO/CNT nanocomposite were performed by X-ray
diffraction (XRD) (Rigaku Miniflex II) in the 26 range of 20—
80° with CuK, radiations (A = 1.5418 A) operated at a volt-
age of 30 kV and current of 15 mA. The UV-vis spectra of
liquid samples were recorded using Shimadzu UV-vis spec-
trophotometer (Model 1601). The morphology and size were
observed by scanning electron microscopy (SEM) (Inspect
S50) and transmission electron microscopy (TEM) (JEOL
3010). Elemental composition were carried out by energy-
dispersive spectroscopy (EDS) attached to SEM. Electrical
properties were measured using computer-controlled LCR
meter analyzer (Model Agilent E4982A).

3. Results and discussion

3.1 XRD analysis

The XRD analysis of undoped ZnO/CNT and doped
ZnO/CNT composite material calcinated at 400°C for 16 h
was analysed and shown in figure 1. Pt-ZnO/CNT compos-
ite material showed no impurity peaks, indicating products
being in crystalline nature. These results indicate that the
phase structure remains unchanged during doping of Pt.

It is well known that the dopant can enter the ZnO lattice
either interstitially or it can act as substitutional defect. The
properties such as crystal structure, electronegativity, relative
valency and atomic size decides substitution if they match
closer to the ZnO lattice. In the present case the ionic radius
of Pt** (0.076 nm) is lesser than that of Zn™ (0.088 nm).
Therefore, these dopants act as interstitial defect.
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Figure 1. XRD patterns of ZnO/CNT (A), 3% Pt-ZnO/CNT (B),

5% Pt-ZnO/CNT (C), 7% Pt-ZnO/CNT (D) and 9% Pt-ZnO/CNT
(E). Calcination temp: 400°C, calcination time: 16 h.

Table 1. Crystallite size of Pt-ZnO/CNT with different concen-
trations of dopants. Calcination temp: 400°C, calcination time: 16 h.

Dopant Crystallite
S. no. concentration (Pt %) size (nm)
1 0 24 £0.5
2 3.0 18 £0.5
3 5.0 16 £ 0.5
4 7.0 14+0.5
5 9.0 14+£0.5

The average hexagonal wurtzite crystallite size of doped
and undoped ZnO nanoparticles was determined by the
Schetrer equation’!

_k
" Bcos 6’

where D is the crystallite size, k the shape factor, A the wave-
length, 6 the diffraction angle and § the full-width at half-
maximum (FWHM). Table 1 shows the mean size of the crys-
tallites in samples which were estimated by the FWHM of the
XRD peak (101) using the Scherrer equation (1). The aver-
age crystallite sizes were found to be 17.2 nm. Crystal phase,
crystal size and crystallinity of ZnO have a great influence
on its photocatalysis properties. It can be seen from the table
that the crystallite size was found to decrease (from 24 to 6
nm) upto certain limits (7% doping of Pt) and then remain
almost constant (14 nm) with the increase in Pt concentration
as a dopant. This could be explained on the basis of the fact
that the addition of dopant may hinder the growth of ZnO
particle to some degree due to the formation of Pt—-O—Zn on
the surface of the doped samples.?
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Figure 2. Absorption spectra of Pt-ZnO/CNT with different con-
centrations of dopant (Pt). Calcination temp: 400°C, calcination
time: 16 h.

Table 2. Band gap energy of Pt-ZnO/CNT with different concen-
trations of dopants. Calcination temp: 400°C, calcination time: 16 h.

Dopant Band
S. no. concentration (Pt %) gap (eV)
1 0 334+0.1
2 3.0 32+£0.1
3 5.0 2.8+ 0.1
4 7.0 2.5+0.1
5 9.0 2.6 £0.1

3.2 UV-vis absorption spectra

In order to calculate the band gap energy, UV-vis spectro-
scopic techniques are being used. Figure 2 shows the UV—
vis absorption spectra of liquid samples of Pt-ZnO/CNT.
Absorption edge, which is decided by the intercept on the
wavelength axis for a tangent drawn on the absorption spec-
tra of all the samples are found to be 375 nm (0% doping of
Pt), 400 nm (3% doping of Pt), 460 nm (5% doping of Pt),
490 nm (7% doping of Pt) and 480 nm (9% doping of Pt).
Thus, the incorporation of dopant into ZnO coated on CNT
has been found to shift the fundamental absorption edge from
UV region (A < 387 nm) to the visible region (390-750 nm)
and towards longer wavelength (red shift) side.

With the obtained wavelength (1) from UV-vis absorp-
tion spectra, the band gap energies (E,) of undoped and Pt-
ZnO/CNT composite material were calculated using equa-
tion (2) and the results are depicted in table 2

hc
A‘ 9
where 4 is Planck’s constant (6.634 x 10734 J s) and ¢ the
speed of light (3 x 108 ms™").

E, = @)
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Figure 3. SEM images of ZnO, calcination temp: 400°C, calci-
nation time: 16 h.

The corresponding E, values with due consideration of
errors were found to be 3.3, 3.2, 2.8, 2.5 and 2.6 eV.
Thus, the E, values of the Pt-ZnO/CNT composite material
were found to be smaller than that of pure ZnO (3.37 eV).
This indicates that photocatalyst Pt-ZnO/CNT material
would exhibit strong photocatalytic activity under solar light
irradiation. Description of equation (2) is consistent with the
reported result of Kashif ef al.?

In addition, we also find that the incorporation of dopant
into ZnO coated on CNT has been found to decrease the E,
value upto 7% loading of Pt.>*3* The E, value increases at
higher concentration of dopant (Pt 9%). This may be due to
the deposition of the metal on the photocatalyst which cov-
ered the surface of ZnO.% With the increase in the amount of
doping, the density of states of these dopants increases and
forms a continuum of states just like the bands and effectively
increases the band gap.

3.3 SEM analysis

Figure 3 shows the SEM image of the hexagonal crystal
structure of ZnO calcined at 400°C for 16 h. The average
particle size of ZnO was found to be 20.7 nm that seems
to be consistent with the value estimated using the Scherrer
equation.

3.4 TEM analysis

Figure 4a shows the image of TEM measurement. This
figure presents the morphology of one of the sample doped
with 9% concentration of Pt onto ZnO/CNT composite mate-
rial. The presence of CNT in the composite material can
be seen in this image. We can also find black-grey circu-
lar dots in contrast, confirming the presence of Pt-doped ZnO
material.

Additionally, the Debye rings can also be shown in
figure 4b that suggests a series of the diffraction rings,
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Figure 4. TEM images of Pt-ZnO/CNT composite material (a),
calcination temp: 400°C, calcination time: 16 h. Diffraction plane
of composite (b).

revealing the hexagonal wurtzite crystal structure of ZnO.
The corresponding crystal planes of ZnO are found to be
(100), (002), (101), (102), (103), (110) and (112), which are
in good agreement with the result obtained from XRD.

3.5 EDS analysis

To confirm the Pt doping into ZnO EDS spectra was recorded
in the binding energy region of 0-19 keV which is shown in
figure 5. The signals from the spectrum revealed the presence
of Zn, O and Pt at 0.5, 1.0 and 1.75 keV, respectively. The
atomic percentage of Zn, O and Pt were found to be 31.36%,
59.32% and 9%, while that for other elements were found to
be 0.32%. Other peak signifies the water-soluble elements of
Mg, Ca and Na.
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Figure 5. EDS spectra of Pt-ZnO/CNT composite material, cal-
cination temp: 400°C, calcination time: 16 h.

3.6 Electrical properties

3.6a Impedance analysis: The impedance spectroscopy
(IS) is the new approach to analyse electrical properties of
materials and their interfaces. The dynamics of bound or
mobile charge at the interfacial regions of any material can be
studied using this technique. The impedance analysis of Pt-
ZnO/CNT nanoparticles has been studied over a wide range
of frequencies at room temperature using IS technique. Elec-
trical conductivity of a system is strongly influenced by many
parameters like crystallographic structure, mechanical prop-
erties, compositional chemistry, charging and polarization.
When such system is kept under applied potential difference,
each and every interface gets polarized in its unique way. A
polarized region changes with time when the applied voltage
is reversed. This is the unique characterization of the type of
interface.

IS technique is widely used to separate the resistive and
capacitive components of electrical parameters and hence
provides a clear picture of the features of the material.
When the impedance data of materials having capacitive
and resistive components are plotted in a complex plane
plot, they appear in the form of a sequence of semicir-
cles representing electrical phenomenon due to bulk grain
material, grain boundary and interfacial phenomenon if
any. Generally, the grains are effective in high frequency
region while the grain boundaries are effective in low fre-
quency region. Thus the semicircle appearing in the high
frequency region corresponds to grain contribution while
in low frequency region corresponds to the grain boundary
contribution.

In order to find out the maximum possible information
about the material, the impedance analysis techniques have
been used.*® For impedance analysis, each semicircular arc
can be fitted by an equivalent circuit having a resistor (R) and
a capacitor (C) which is connected in parallel. The equivalent
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Figure 6. Variation in real impedence Z’ as a function of fre-
quency and Pt compositions.

circuit consisting of series of connected parallel resistance
R and capacitance C elucidate the impedance spectra. The
complex impedance is the sum of real and imaginary parts,
represented as

Z* — Z/ +jZN, (3)
where Z' and Z" are given by the following relations:

Rg Rgb

= + 2 M2 p2y’ (4)
14 (wngngé) 1+ (wgngbRgb)
Z” _ RéwgCg Rébwgbcgb (5)
- 202 R2 2 2 p2y’
L+ @2C2RY) 1+ (w3 CLR%)

where R, Rop, C, and Cyy, are the resistance and capacitance
of the grain and grain boundary, respectively, while @, and
@y, are the frequencies at the peaks of the semicircles for
grain and grain boundary, respectively.

The frequency at the semicircle maxima

Omax = 27 fax = (RC) ™' =177, ©)

where T = RC is the time constant of the RC element.

Figures 6 and 7 show the real part (Z’) and imaginary
part (Z") of impedances with frequency at different concen-
trations of Pt in ZnO/CNT composite material. The result
showed that Z" and Z” decrease with the increase in fre-
quency due to the space-charge contribution.?” With increase
of doping concentration, Z’ decreases because of the increase
of flow of electrons across the photo-anode. Z” shows oppo-
site trend, i.e., with the increase of doping concentration Z”
increases because conduction of electrons is rare.’® At low
frequency the complex impedance values are higher which
indicate the larger polarization, which on further increase in
frequency shows independent behaviour.

Al-Hardan et al*® in the year 2011 showed that IS analysis
is very useful to study the undoped and Cr-doped gas sen-
sor under different oxygen concentrations. They found that
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Figure 7. Variation in imaginary impedence Z” with frequency
and Pt compositions.
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Figure 8. Variation in dielectric loss with frequency at different
compositions of Pt.

resistance (nearly 2 M at different concentrations of oxy-
gen) and capacitance (nearly 90 pF at different concentra-
tions of oxygen) due to grain boundaries play a significant
contribution in the characteristics of the gas sensor. Simi-
larly Hong and Kim*® in the year 2004 found that IS anal-
ysis is an effective tool for explanation of the effect of
Mn; 04 doping on the bulk and grain boundary characteristics
of ZnO-Bi,03-Sb,0; system. They found that activation
energy of 0.33 eV for bulk trap level of Mn-doped sample
and that for 0.40 eV for interface trap level. Chiu and Wu*!
in 2012 also found that electrical resistance plays a signifi-
cant contribution for the existence of Li ions in the grain of
ZnO.

3.6b Dielectric studies: To find out the material suit-
able for high frequency microelectronic device application
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Figure 9. Variation in dielectric constant with frequency for dif-
ferent compositions of Pt.

dielectric studies have been carried out. The variation of
dielectric constant (¢) and tangent loss (tan &) with frequency
for various concentrations of Pt in Pt-ZnO/CNT are as shown
in figures 8 and 9, respectively, at room temperature. The
behaviours of these figures are found in the same pattern as
described by Song et al*? in the study of dielectric properties
of MWCNTSs/ZnO wax—matrix composites for EMI shield-
ing. The dielectric properties of a material depend upon dif-
ferent types of polarization, viz., dipolar, electronic, atomic
and space-charge polarization.

The result of figures 8§ and 9 shows that the values
of ¢ and tan § decreases with an increase in frequency.
At low frequency, the dielectric constant is high due to
the accumulation of charge at the grain boundary, and at
the interface of electrode sample and electrode which is
also called space-charge polarization.*> As the frequency
increases, the dielectric constant decreases due to the grad-
ual diminishing of the space-charge polarization, indicat-
ing the electronic and atomic contribution domination.
The dielectric constant is independent at higher frequency
which indicates the domination of electronic and atomic
contribution.*

Another reason can be attributed on the basis of
the Maxwell-Wagner interfacial model. According to this
model,¥ a dielectric medium consist of double layers having
well conducting grains that are separated by poorly con-
ducting grain boundaries. When the external electric field
is applied, the charge carriers can easily migrate the grains
but they were accumulated at the grain boundaries resulting
in large polarization and high dielectric constant value. The
higher value of dielectric constant is also due to inhomoge-
neous dielectric structure which may be due to porosity and
grain structure. The dielectric property decreases with the
increase in frequency and then shows independent behaviour
due to the fact that beyond a certain frequency of external
field the hopping between metal ions cannot follow the
alternating field.

Figure 10. Variation of a.c. conductivity with frequency for dif-
ferent compositions of Pt.

3.6c a.c. Conductivity: Figure 10 shows the variation of
a.c. conductivity with frequency for different concentrations
of Pt in Pt-ZnO/CNT samples at room temperature.

The overall conductivity is the summation of a.c. conduc-
tivity and d.c. conductivity which is given by

o0 =0, (T) + weye; tand, (7)

where w is the angular frequency, &, the permittivity of free
space, 0,(T) the d.c. conductivity and independent of fre-
quency and we,é; tan § the a.c. conductivity, which depends
on frequency.

From the figure it is clear that the conductivity increases
with the increase in frequency of the applied a.c. field. This
is due to the fact that on increasing the frequency, the elec-
tron hopping frequency enhances. It also shows that the a.c.
conductivity decreases with the increase in dopant concen-
tration due to the decrease in the particle size and increase
in the ratio of the surface volume. It happens due to the cor-
responding occurrence of scattering.*® Another reason can
be attributed to the fact that the dopants can introduce the
defect ions in ZnO lattice. These defects may lead to seg-
regate at the grain boundaries due to the diffusion process
resulting from sintering and cooling processes. Therefore,
on increasing the dopant concentration, the concentration of
defect ions also increases hence facilitates the formation of
grain boundary defect barrier which may lead to the block-
age of flow of charge carriers resulting into the decreases in
the conductivity of the system.*’

4. Conclusion

This study reveals that the doping of Pt into ZnO loaded on
CNT shifts the position of its fundamental absorption edge
towards the longer wavelength, i.e., red shift and reduces
its band gap energy in order to absorb the energy from
major portion of visible light. The XRD analysis shows no
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change in crystal structure of ZnO after doping with differ-
ent concentrations of Pt, indicating single-phase polycrys-
talline material. The SEM analysis reveals the hexagonal
crystal of ZnO while TEM measurement presents the mor-
phology of Pt-ZnO/CNT composite material. EDS analysis
is carried out to check the deposition of Pt nanoparticle. In
the low frequency region the dielectric constant decreases
with the increase in frequency, whereas in the high frequency
region, it shows the frequency-independent behaviour and at
high frequency dielectric loss is constant so it can be used
for high frequency devices. Pt-ZnO/CNT also shows that
a high dielectric constant and low dielectric loss with fre-
quency implying that the material is suitable for microelec-
tronic device applications. As the frequency increases the
magnitude of complex impedance decreases resulting in the
increase in a.c. conductivity.
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