Preparation and Characterization of CuwWO, Nanoparticles
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Abstract:

In this research work, CuWO, nanocomposite powder was prepared via co-
precipitation method. The resulting precipitates were annealed at 400°C with heating/cooling
rate of 1°C/min. The obtained nanopowder was characterized by X — ray diffraction (XRD),
Fourier transformation infrared (FTIR), Environmental Scanning Electron Microscope
(ESEM) and High resolution transmission electron microscope (HRTEM). The thermal
stability was investigated via differential thermal analysis (DTA) and thermo-gravimetric
analysis (TGA). Dielectric constant (¢) and ac electrical conductivity (<) for the prepared
sample were measured in a wide temperature range as a function of frequency.

Keywords: Tungsten—Copper, Co-precipitation method, Crystallite size, HRTEM, Electrical
properties.

1. Introduction:

The W-Cu compound combines the properties of both metals, resulting in a material
that is relatively hard, heat-resistant, high-density and self-cooling. It also exhibits superior
physical properties at elevated temperatures with High thermal conductivity, and Low thermal
expansion together with high arc resistance combined with good electrical conductivity, very
high burn-off resistance, high contour sharpness and good machinability. Moreover, W — Cu
is able to absorb y — rays: its ability is larger than that of lead by 30 — 40 %.

Da Costa F. A., et al., (2003) reported on the influence of dispersion technique on the
characteristics of W—Cu powders and on its sintering behavior. As stated in their work, using
high-energy milling to produce particles containing very fine tungsten grains embedded in
copper, called composite particles. A powder consisting of composite particles has an optimal
copper dispersion and a very fine tungsten phase. They also obtained a homogeneous fine
structure. Kim J. C., Moon 1. H., (1998) reported that they have worked on the preparation of
W-Cu nanocomposite powder by hydrogen-reduction of ball-milled W and CuO powder
mixture. Also, the properties of W—Cu homogeneous nanocomposite produced by thermo-
chemical methods were studied [Cheng J., et al., (2006); Ardestani M., et al., (2009)].

In recent years, copper tungstate has attracted increasing interest from the research
community because of its numerous possible applications. With a band gap of approximately
2.0-2.3 ev in thin-film form, CuWO, has been suggested as a photoanode material candidate
for photovoltaic electrochemical (PVEC) cells [Kuzmin K., et al., (2013); Pandey P. K., et
al. (2005); Chang Y., et al., (2011)]. The all-solid-state thin-film lithium batteries, which are
based on the nanosized CuWO, positive electrode proposed by [Kuzmin K., et al., (2013); L.i
C. L., Fu zZ. W., (2008)], show a high-volume rate capacity in the first discharge and lack the
unfavorable electrochemical degradation that is observed in liquid electrolyte systems.

Upon being exposed to daylight, the non-crystalline CuWQO, has been found to have a
significantly higher photocatalytic activity than the reference TiO, (Degussa P25) when
methylene blue undergoes photocatalytic degradation in neutral water [Kuzmin K., et al.,
(2013); Schmitt P., (2011)]. This result was explained by the intense light absorption in the
blue and yellow-red spectral ranges caused by the electronic structure of copper tungstate. A
small indirect band gap (2.25 eV [Chang Y., et al., (2011)], 2.3 ev[Ruiz-Fuertes J., et al.,
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(2008)]) and a high stability against photodegradation in water [Yourey J. E., Bartlett B.
M.,(2011)] make the mesoporous polycrystalline CuWO, thin film a promising candidate for
an efficient water-splitting photocatalyst. A structural phase transition to a monoclinic
wolframite-type structure was found at 10 GPa[Ruiz-Fuertes J., et al., (2010)], which caused
a quenching of the first order Jahn Teller (FOJT) distortion in the CuOgoctahedra.

The aim of this research is to prepare CuWO, nanocomposite by co-precipitation method
and to examine its microstructure to recommend its use in the improvement of cementation
mortar properties. The prepared samples are easier in preparation, non toxic and
environmentally friend.

2. Materials and Methods:

CuWO, nanocomposite powder was synthesized using co-precipitation method.
(Na;WO,-2H,0, >99.0% purity with molecular weight 329.86, LobaChemie, India) and blue
colored copper nitrate (Cu(NOs)2-3H,0, >98% purity with molecular weight 241.60,
LobaChemie, India) were used as raw materials for synthesis of the composite. The nitrates
were weighed in stoichiometric ratios and dissolved separately in triply distilled water. The
two solutions were good mixed and droplets of ammonia were added to adjust the pH value to
13. The mixed solution was stirred on a heater up to 90°C for 5 h until bluish green precipitates
appear. The precipitate was thoroughly washed and then dried at 150°C. The precipitates were
annealed at 400°C for 3 h in Lenton Furnace (UAF 16/5) with heating/cooling rate 1°C/min.
XRD was carried out for both as prepared and annealed powder using X- ray diffractometer
Phillips model PW / 1710 with Ni filter and CuKD radiation of wavelength 1.542 A. The X —
ray type was operated at 40 kV and 30 mA. FTIR was carried out for this specimen using
FT/IR-6300 A using Csl media over a range from 50 to 650 cm™ and Jasco FT/IR-6 100 A
using KBr media over a range from 400 to 4000 cm™). SEM and EDAX were carried out
using Inspect S SEM instrument, HRTEM was carried out using FEI philipsTecnai G,S —
Twin operated at 200 keV. DTG were carried out using DTG — 60 H Shimadzu. The electrical
properties were carried out using the LCR meter (Hioki model 3532 Japan). The dielectric
constant (¢) and ac conductivity o, Of the samples were calculated as a function of
absolute temperature at different frequencies ranging from 200 kHz to 4 MHz. For electrical
measurements, the powder was pressed using uniaxial pressure of 5x10° N/m? and then coated
using silver paste on the two surfaces. Ohmic contact was also checked for good conductivity.

3. Results and Discussion:

3. 1.X - raydiffraction (XRD):

X — ray diffraction pattern of as prepared sample is shown in Fig. (1a). The diffraction
pattern of it reveals that many phases are present which means that the sample wasn't formed
in single phase. After annealing at (400°C), we compared and indexed the diffraction pattern
in Fig. (1: b, c¢) with ICDD card no. (88 — 0269). The phase identification assures the single
phase formation in triclinic structure with space group PI(2). No extra peaks were observed
and all observed lines are broad which indicates that the sample is in nanoscale.

To calculate the crystallite size of copper tungstate nanopowder, Scherrer's formula
was used and their findings are reported in table (1). The crystallite size (D) of the powder
was calculated by Scherrer's formula, attributing to the entire line broadening to the particle
size.

D=K\/pB COS ()

where, D is crystallite size, B is full width at half maximum of diffraction line in radians, A is
X-ray target wavelength, K is shape factor = 0.94, O is diffraction angle for diffraction line.
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Fig. (1a): XRD patterns of the as prepared sample.
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Fig. (1b, 1c): XRD pattern of the annealed CuWO, sample.
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CuWOQ, belongs to a series of structurally related compounds where the transition
metal ion plays an important role in structure determination as well as the physico — chemical
properties. In these compounds MWO,, (M= Mn, Fe, Ni, Co, Cu, Zn, Cd and Mg), the metal
cation and tungsten ion occupy non — equivalent octahedral states. CuWQO, revealsa triclinic
crystal structure with space group PI(2) unlike the other metal tungstates that adopt
wolframite type structure [Kuzmin K., et al., (2013)]. In the former structure (triclinic, PI(2)),
the metal oxygen Jahn — Teller distorted <CuOg> and <WO¢> of one type are edge shared
octahedra. They form Zig Zag chains along the ¢ — axis. These chains are arranged in
alternating layers that are perpendicular to the a — axis. The crystal structure is represented in

Fig. (2).

Fig. (2): Crystal structure and first Brillouin zone of triclinic CUWOy, (space group PI (2)).

The <MOg>octahedra have different types of distortions. The FOJT distortion results
in the axial elongation of the <CuOg>octahedra, with the four oxygen in plane atoms are
closely located in an approximately square planar configuration and the other two oxygen
atoms forms the axial Cu — O bonds. Simultaneously, the other distortion namely second order
one (SOJT) results in the out — of — center displacement of tungsten atoms towards the
WOgoctahedra faces. Consequently, this leads to 3 short, 2 intermediate and one long W — O
distances [Kuzmin K., et al., (2013)].

Table (1): Values of the d-spacing values; relative intensities and crystallite size as obtained
from XRD data of annealed CuWO nanopowder.

Pos. [206°] | Height[cts] | FWHM [26°] | d-spacing | Rel. Int.[%] | Cos(8) in radian | Crys. size (nm)
11.6944 8.19 1.8893 7.56739 15.96 0.994802391 | 4.416948613
12.5429 9.04 1.5744 7.28889 17.96 0.994021572 | 5.304557985
22.2094 27.4 1.8993 4.00274 53.4 0.981295787 | 4.454167952
27.5741 8.01 2.2042 3.94869 33.81 0.971217233 | 3.877865249
28.6893 15.54 2.2542 3.91966 31.84 0.968854391 3.80109859
29.0231 28.36 1.2595 3.07667 55.27 0.968129313 | 6.808141127
35.2594 51.31 0.8723 2.54549 100 0.953081034 | 9.985375283
45.3678 5.2 1.2595 2.23437 10.65 0.922723876 | 7.143156437
48.2289 3.11 0.7446 1.92455 6.17 0.91281832 12.21385366
51.5243 11.66 1.9893 1.74231 23.89 0.900705142 | 4.633158601
52.5973 9.37 2.152 1.73863 18.26 0.89659994 4.302482566
67.4608 6.56 1.132 1.40564 13.43 0.831825303 | 8.816202111
The Average Crystallite side is = 6nm 6.0855278

The average crystallite size as calculated from XRD was found to be 6nm which is
considered very small and is reported for the first time at very low annealing temperature.




3. 2. Thermal study (DTA, TGA):
Figure (3) illustrates the differential thermogravimetry (DTA/TGA) thermograph for

the CuwWQ, annealed nanopowder. From the TGA plot it is evident that there is no significant
weightloss from room temperature up to about (894°C). The first and second steps in the
weightloss are observed at (894°C) and at (946°C). The observed weightloss could be
regarded as minimum and didn't exceed 2.0% at such high temperatures; these results assure
the high thermal stability of the nanopowder under investigation. Moreover, this result
recommended the use of such compounds in nanoform in high temperature applications.

In DTA thermograph, a large plateau was found at (200°C < T < 800°C). After that,
two endothermic peaks appeared the first at (810°C) and the second at (844°C). The later
could be related to a structural phase transformation. These phase transformations might be
attributed to first and second order Jahn — Teller distortion of <CuOg> and <WOg>0ctahedra.
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Fig. (3): illustrates the plots of DTA and TGA of the CuWwQ, sample after annealing at 400°C.

3. 3. The environmental scanning electron microscope (ESEM):

Figure (4) illustrates the environmental scanning electron micrography of the annealed
sample CuWOQ, at two different magnifications. The micrograph (a) reveals homogeneous
distribution of the grains. At higher magnification (b) the grains appear to have Cauliflower
shape of small size and homogeneous distribution. The grains are arranged in a network of
concentric like spheres. The ultrafine size of the particulates is the main reason of the
appeared agglomeration in some regions. Energy dispersive X-ray(EDAX) data is represented
in Fig.(5) and table (2) and the nominal ratio of Cu/W was found to be W-30wt% Cu.

mode
vacuum | 10.7 mm

Flg (4): SEMof heannealed CuWO4 sample (@)The Flg with magnification 200 (b) The
Fig. with magnification 500.
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Table (2): The EDAX values of the annealed CuWwO, sample.

Fig. (5): The EDAX of the annealed CuWOQO, sample.

Element Wt% At% |K-Ratio
CuK 29.92 55.27 0.3308
W L 70.08 44.73 0.6553
Total 100.0 100.0 1.0

3. 4.High resolution transmission electron microscope (HRTEM ):

Figure (6) illustrates the high resolution transmission electron micrograph for CuWO,
nanoparticles. The micrograph reveals rod like shape particles with relatively large aspect
ratio, the average rod length is 60 nm and its diameter didn't exceed 10 nm. These particles are
arranged in an elongated manner attached to each other in a preferred orientation.
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Fig. (6): HRTEM of the annealed CuWO, sample.



3. 5. Electrical properties:

Figure (7a) correlates the dielectric constant (§) with absolute temperature at different
frequencies. The data reveals initial little decrease of (¢) at 300 °K. Then it remains constant
and a stable trend starts to predominate up to about 540 °K. After that, (£) increased with a
larger rate up to a large hump centered at about 600 °K. At T > 650 °K data reveals very rapid
increasing.Fig. (7b) shows that the ac conductivity (oac) reveals nearly the same trend of (&)
because polarization and conductivity are of the same origin.
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Figure (7 a): Correlates the variation of the real part of the dielectric constant (§) with absolute
temperature for the annealed CuWO, sample at different frequencies.
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Figure (7b): Shows the variation of the ac conductivity with absolute temperature for the
annealed CuwO, sample at different frequencies.

3. 6. Fourier transformation infrared (FTIR):

The FTIR spectra of the prepared CuWOjnanopowder are illustrated in Fig. (8). Figs.
(8a, 8c) reveal the appearance of different transmittance bands. Fig. (8b) reveals the
appearance of different absorbance bands. The band position and their assignments are
reported in table (3).



Table (3): FTIR of the annealed CuWO, sample.

vem’™ Bond assignment References
Deformation bridging [Naik S. J., Salker A. V.,(2010);
469 W-0-w mode Zhang H., Xijun H.,(2004)]
550 Cu-0 Stretching vibration [Olivante L. V., (2008)]
600 O-Cu-0 Anti-symmetric vibration Olivante L. V., (2008)]
A A [Pfeifer J., et al., (1995); Diaz-
703 W-O-W T(W-0-W) Reyes J., et al., (2008)]
790 Cu-0 stretching [Naik S. J., Salker A. V.,(2010)]
[Damian M. A, etal., (2003);
910 | Cu™-0%-w™ vibration Clark G. M., Doyle W. P., (1966);
Arora S. K., et al., (1988)]
3400 O-H Stretching vibration [Olivante L. V., (2008)]
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Figure (8a, 8b): FTIR of the annealed CuWO, sample in the range (400 — 4000 cm™).
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Figure (8c): FTIR of the annealed CuWO, sample in the range (50 — 650 cm™).
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4. Conclusion:
The results of this study were summarized as:

The phase identification assures the single phase formation in triclinic structure with
space group PI (2).

The average crystallite size as calculated from XRD was found to be 6nm which is
considered very small and is reported for the first time at very low annealing
temperature.

DTA/TGA thermograph for the CuWO, annealed nanopowder show no significant
weightloss from room temperature up to about (810°C).

The first and second steps in the weightloss are observed at (810°C) and at (894°C).

The weightloss could be regarded as minimum and didn't exceed 2% at such high
temperatures

These results assure the high thermal stability of the nanopowder under investigation,
which recommended the use of such compounds in nanoform in high temperature
applications.

The DTA thermograph clears a large plateau at (200°C < T < 800°C). Two endothermic
peaks appear the first at (844°C) and the second at (946°C). The later could be related to
a structural phase transformation. These phase transformations might be attributed to
first and second order Jahn —Teller distortion of <CuOg> and <WOQOg>0ctahedra.

The grains of the nanopowder appear to have Cauliflower shape of small size and
homogeneous distribution. The grains are arranged in a network of concentric like
spheres.

The ultrafine size of particulates is the main reason of the appeared agglomeration in
some regions. The nominal ratio of Cu/W was found to be W—-30% Cu.

The high resolution transmission electron micrograph for CuWO, nanoparticles reveals
rod like shape particles with relatively large aspect ratio, The average rod length is 60
nm and its diameter didn't exceed 10 nm. These particles are arranged in an elongated
manner attached to each other in a preferred orientation.

The dielectric constant (¢’) with absolute temperature at different frequencies reveals
initial little decrease of (¢’) at 300 °K. Then it remains constant and a stable trend starts
to predominate up to about 540 °K. After that, (¢’) increased with a larger rate up to a
large hump centered at about 600 °K existed. At T > 650 °K data reveals very rapid
increasing.

The ac conductivity reveals nearly the same trend of & because polarization and
conductivity are of the same origin.

The FTIR spectrum of the prepared CuWO,nanopowder reveals the appearance of
different transmittance bands.
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