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Abstract: Present work attempts to share the properties of the semiconducting cadmium oxide nanoparticles
synthesized by the co-precipitation method, so as to cope with waste water treatment through photocatalysis.
As-prepared Cd(OH), sample was calcined and the temperatures were prefixed based on the results of
thermogravimetry (TG) and differential thermal analysis (DTA). The crystal structure and the crystallite size
were estimated from the X-ray diffraction patterns and were confirmed through transmission electron
microscope. The hexagonal and spherical morphology, whose sizes in the range 22 to 72 nm exhibited the
presence of more active sites suitable for the photocatalytic process. The optical band gaps calculated in the
range 2.2 to 2.5 eV informed the viability of the materials to initiate photocatalytic reaction in the visible light
region. Particle size dependent photocatalytic activities were assessed by studying the photo degradation of
methylene blue dye. The percentage of color abatement in the aqueous solution for 5 hours was good for the
sample calcined at 400 °C (71%).The degradation rate of methylene blue followed the pseudo-first order
kinetics and the rate constant obtained was in the range 0.2975 to 0.3474 hr.
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I.  Introduction

Discharging toxic contaminants from industries such as textiles, food, paper, cosmetics and so on into
the environment requires refining and therefore various techniques such as coagulation, flocculation, membrane
filtration, photocatalytic degradation etc. have been used to eliminate coloured contaminants. Discharged waste
water from textile industry is contaminated mainly with dyes that consume oxygen and thus affect the aquatic
life [1]. Methylene blue (MB) is one such cationic dye, extensively used for dying cloth would cause severe
carcinogenic and mutagenic effects to human beings and wildlife. Therefore, the removal of MB is essentially a
challenging task to protect the environment. One of the most effective and applicable methods for the
elimination of environmental pollutants is the photocatalytic degradation process in which nanoparticles has
been used in view of solar energy utilization that results two different electron transfer quenching path-ways, i.e.
reductive or oxidative quenching [2].

Thanks to the growth of nanoscience and nanotechnology for providing ample techniques for the
production of nanoparticles. Scientists have investigated many semiconductors that consume visible light to
degrade a large number of recalcitrant materials in aqueous system and as a matter of fact nano-sized metal
oxide semiconductor materials gained a wide-reaching recognition as the preferable compounds for
purification of water [3]. Different type of metal oxide semiconductors such as, ZnO [4], SnO, [5], TiO; [6],
few metal particles Ag [7], Au [8], Pd [9], Pt [10] and few doped metal oxides [11] have been used widely to
degrade organic pollutants. Studies have been already initiated to degrade methylene blue using palladium and
gold dendrimer [12], La doped ZnO nanoflowers [13], ZnO/Ag/CdO nanocomposite [14] and polyaniline/CdO
nanocomposite [15]. However, in best of our knowledge, the synthesis of CdO nanoparticles and its particle size
related photocatalytic in photo degradation of methylene blue has not been reported yet. Hence the present study
was meant to study the particle size oriented photocatalytic degradation of methylene blue using the cadmium
oxide photocatalyst synthesized by the chemical co-precipitation method. After identifying the crystal structure
and phase formation, particle size was estimated to study its effect on photo degradation of methylene blue from
the optical absorption studies.
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Il. Experimental Details

In the co-precipitation method, cadmium acetate dihydrate [(CH;COO),Cd-2H,0] was used as the
metal salt precursor. In order to hydrolyze the metal salt precursors, ammonium hydroxide [NH,OH] was added
drop-wise to 0.5 M cadmium acetate dihydrate under constant stirring until the pH value of the solution attains
8. To remove the impurities, the resulted precipitate was filtered and washed repeatedly using double distilled
water after 18 to 20 hours. The as-prepared cadmium hydroxide was then calcined at different temperatures 400,
600 and 800 °C for 2h to produce nanocrystalline powders of different size and morphology. Possible reaction may be,

(CH;C0O0),Cd-2H,0+2NH,OH—Cd(OH), + 2H,0 + 2CH;COONH,

Cd(OH), — 2250 _°7C 40 + H,0

Favorable calcination temperature for the formation of crystalline CdO was confirmed by heating (10
°C/minute) the precursor and the samples in Netzsch Thermal Analyzer. X-ray diffraction pattern was recorded
in PANalytical X’pert-pro instrumentation using continuous scanning (step size = 0.05 °) with small time
constant (step time = 10.138 s). Morphological and microscopic studies have been performed with a PHILIPS
CM 200 Model transmission electron microscope. Optical absorbance of the nanopowder was recorded in the
ultraviolet, visible and near infra red region using Varian Cary-5000 spectrophotometer. Photocatalytic property
of CdO was investigated by mixing 300 mg of the CdO nanoparticles in 50 ml methylene blue aqueous solution
with an initial concentration of 0.5 x 10> mol/L. The photodegradation of the dye was monitored in a Varian
Cary-5000 UV spectrophotometer.

I11. Results And Discussion

3.1 Thermal analysis

In order to explore the decomposition pattern of the precursor and to determine the temperature range
at which it decomposes to CdO, thermal gravimetric (TG) and differential thermal analysis (DTA) were
conducted on the starting precursor (Fig. 1). Decomposition of the starting precursor begins at about 70 °C. The
initial weight loss ~14.0 % was observed in TGA curve between 70-150 °C, which corresponds to the removal
of two molecules of water in the cadmium acetate dihydrate precursor. Dehydration of Cd(CH;COQO),.2H,0 is a
two-stage process with Cd(CH3;C0O0),.H,0 as intermediate [16], which can be evidenced from the observed two
endothermic peaks in the DTA curve. The second mass loss stage is observed in the temperature range 235-328
°C which may be attributed to the decay of the organic components in the precursor structure. The way of
Cd(CH5COO0), decomposition strongly depends on the surrounding gas atmosphere and the rate of heating.
CdO, acetone and CO, are the primary products of decomposition in air [17]. The two sharp endothermic peaks
observed at 251 °C and 294 °C in the DTA spectrum corresponding to the second step of the TGA, confirms that
sample absorbs heat at these temperatures for the formation of cadmium carbonate (CdCOs3) by the release of
acetone (C3HgO). It was found that the weight loss, as a result of thermal decomposition, ends at about 500 °C,
by the release of CO,. Therefore, this temperature was determined as the calcination temperature to reach the
metal oxide phase by using the precursor alone. The solid residue formed at around 500 °C is suggested to be
CdO. TGA spectrum of the as synthesized powder dried at 100 °C illustrates one step of the mass decay. From
160 - 225 °C, there is about 11 % weight loss in the initial weight, which is equivalent to the loss of one water
molecule from each of the Cd(OH), molecules. The sharp endothermic peak at 215 °C in the DTA spectrum is
thus due to the transition of Cd(OH), into CdO, that happens because of absorption of heat by the sample. There
after no other phase transition of CdO was shown by TG-DTA. The studies thus confirmed that the calcination
temperature required for the formation of CdO from cadmium acetate is more (>500 °C) compared to the
transition from Cd(OH), (=200 °C). Avery minute loss of weight of ~7.0 % in the temperature range 140 °C —
200 °C was observed in TGA spectrum with an endothermic peak in this range in the DTA spectrum of CdO
calcined at 400 °C. The endothermic peak at 180 °C shows that the sample absorbs heat at this temperature and
liberates the adsorbed water molecule in the sample. Study further suggested the need of calcination at higher
temperatures. Hence the as-prepared samples were calcined at 600 and 800 °C also.
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Fig. 1 TG-DTA curve of cadmium acetate precursor, as-prepared cadmium hydroxide and cadmium oxide
calcined at 400 °C
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Thus in the present work, in order to explore the properties of CdO nanoparticles for is propriety as a
photocatalyst, the thermal analysis encouraged us to chose the starting precursors as cadmium acetate and
ammonium hydroxide to form the as prepared cadmium hydroxide for which the calcination temperature
required is low as well as the calcination temperatures were chosen as 400, 600 and 800 °C, for the formation of
CdO nanoparticles.

3.2  X-ray diffraction studies

Fig. 2 shows the XRD spectrum of as-prepared Cd(OH), nanoparticles. The peak positions were
compared with the JCPDS standards (JCPDS card no.: 73-0969) for its hexagonal structure and the correct
Miller indices to each peak was assigned by indexing the diffraction pattern [18]. The lattice parameters ‘a’ and
‘¢’ are estimated and are listed in Table 1. The observed “d” spacings and the relevant prominent peaks for the
calcined CdO nanoparticles correspond to reflections of (111), (200), (220), (311) and (222) planes and are in
good concord with the standard data (JCPDS card no.: 75-0593). Nonappearance of additional peaks indicates
the purity of the prepared samples. Since the Miller indices of the reflections are all odd or all even i.e.,
unmixed [18], XRD spectra reveal the polycrystalline character of the calcined nanoparticles with cubic (fcc)
structure. It is obvious that the lattice structure of as-prepared Cd(OH), particles are hexagonal, which on
calcination transform the structure to cubic (fcc). Similar phase transition was reported by Tandra Ghoshal et al.
[19] where they prepared the samples using solvothermal process. Moreover, it is seen that the lattice parameter
of CdO particles gradually decreases on increasing the calcination temperature (Table 1). It indirectly shows the
occurrence of compressive strain in the lattice. The unit cell volume of the CdO particles are almost more than
double the value of Cd(OH),. So the CdO lattice can be used for doping with other metal ions that can be
accommodated in the interstitial positions to tune all the properties of the material.
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Fig. 2 XRD spectra of as-prepared Cd(OH), and CdO nanoparticles calcined at 400, 600 and 800 °C
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Table 1: Structural parameters of as-prepared Cd(OH), and CdO nanoparticles

Lattice Parameter Unit Cell Volume Density
Sample Details g glem®
Obs. Std. Obs. Std. Obs. Std.
a=3.4896 a=3.496
Cd(OH), c=4.7053 c=4.702 49.6214 49.77 4.8984 4.885
CdO 400 a=4.6937 a=4.69582 103.4034 103.55 8.2458 8.237
CdO 600 a=4.6925 a=4.69582 103.3281 103.55 8.2518 8.237
CdO 800 a=4.6852 a=4.69582 102.8442 103.55 8.2906 8.237

The crystallite size of CdO was found by the X-ray line broadening technique using the Scherrer equation [20]:
0.94 A
D . —1"
B cos 0 (1)

where k is the shape factor used to correlate the size of crystallites to the broadening of a peak in a diffraction
pattern, X is the x-ray wavelength, Bp is the line broadening at half the maximum intensity (FWHM) in radians,
and 0 is the Bragg angle, D is the mean size of the ordered (crystalline) domains, which may be smaller or equal
to the grain size. In the Williamson-Hall technique, crystallite size D and micro strain ¢ are related and the slope
of the plot between 4sin and Bpcosd gives the microstrain and the crystallite size value [21]. The crystallite size
determined from the Scherrer and the Williamson-Hall analysis are presented in Table 2 which shows a greater
disparity because of the variation in averaging the crystallite size distribution. The crystallite size increases as
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the calcination temperature increases but strain value decreases and it is found that the strain arising, as
calculated from Williamson-Hall method are very minute and have an insignificant effect on peak broadening.
Small-sized nanoparticles with great surface area are proficient substrates for absorption of light [22] which is
essential for the enhancement of photocatalytic activity. Moreover, a restrictive factor that reins the competence
of photocatalysis is the rapid recombination of photogenerated holes and electrons in the semiconductor
particles [23]. Defects in the lattice structure are detrimental to the photocatalytic activity as they act as trap sites
for the photogenerated charge carriers, increasing their probability of recombination [24]. In view of these
aspects, the prepared nanoparticles for different calcination temperatures with crystallite size in the range 22 nm
to 72 nm can act as efficient photocatalysts for the elimination or abatement of environmental pollutants.

Table 2: Crystallite Size (D) and Microstrain (g) Data

Sample Scherrer Williamson-Hall plot
Details formula D €
D (nm) (nm)
CdO 400 39.3161 21.6144 -0.00182
CdO 600 60.0885 55.6986 -9.6x 10°
CdO 800 107.254 72.0480 -3.5x 10

By indexing the X-ray diffraction pattern to the crystal planes of cubic CdO and by calculating the texture
coefficient (TC) for each particular crystal plane from the relative intensity using Eq. (3) [25], the crystal
orientation transition is quantified in Table 3.

-1
I(hk1) 1 N 1hkl)
TChkl) = —| — ¥y ———
Iy (kD) ni=11 (hki)

)

where, | is the relative intensity of reflection from a measured plane (hkl), I, is the standard intensity of
reflection of the same plane taken from the JCPDS file no. 75-0593 and n is the total number of measured
reflection peaks used and is equal to 5 for the samples listed in Table 3. Thus, a TC of 5 describes a perfect
orientation whereas a perfectly random orientation in all the reflecting planes would have a TC of 1. For a
preferential orientation, the texture coefficient TC (hkl) should be greater than one [26]. Of all the samples, the
preferred orientation along the (111) diffraction plane is more noticeable. This indicates no phase change in the
prepared CdO nanoparticles during different calcinations.

Table 3: Calculated texture coefficient values

Planes 111 200 220 311 222
Cdo400 1.850892 1.495521 0.945436 0.495114 0.213038
CdO600 1.952667 1.269624 0.860736 0.602203 0.31477

Cd0800 1.736352 1.069246 0.90134 0.85498 0.438082

3.4 TEM Analysis

The TEM image for CdO nanoparticles calcined at 400 and 800 °C are shown in Fig. 3 which indicates
that the morphology of CdO powder consists of hexagonal and spherical cyrstals. The well-defined CdO
nanoparticles calcined at 400 °C, as seen from the TEM micrograph have an average diameter of about 47.54
nm. The transmission electron micrograph of CdO nanoparticles calcined at 800 °C shows a network of large
particles of moderate sizes formed by agglomeration of well dispersed nanoparticles with the average size of 72
nm. The sizes of these nanoparticles are in good accord with the values obtained from XRD experiment.
Furthermore the special morphology with round edges and corners has more active sites in the photocatalytic
process and hence shows high photocatalytic activity during the process of degradation of organic pollutant in
aqueous solution [27]. Therefore the particular hexagonal and spherical morphology of CdO nanoparticles
obtained in the present study, with number of round edges and corners, have more active sites that promote the
photocatalytic activity of CdO. The polycrystalline nature of the obtained samples was confirmed by selected
area electron diffraction (SAED). The radii r of the diffraction circles is related to the d-spacing by the relation
[28]:

a- == ©)

r
The observed “d” spacings for the particular “r”” values match to (111), (200), (220), (311) and (222) planes and
are in good concord with the standard data (JCPDS card no.: 75-0593), for the polycrystalline character of the
calcined CdO nanoparticles with cubic (fcc) structure.
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Fig. 3 TEM images and SAED pattern of CdO nanoparticles calcined at 400 and 800 °C

3.5 Optical study

The optical band gap (Eg) of a semiconductor is connected to the optical absorption coefficient (o) and
the incident photon energy (hv) by equation (5) [29]:

(0hv) = (Eq - hv)" 4)
where n is an index which assumes the values of 1/2, 3/2, 2 and 3 depending on the nature of the electronic
transition accountable for the absorption. Specifically, when the transition is directly and indirectly allowed, n is
1/2 and 2 respectively. According to theoretical and experimental results, CdO show direct interband transitions
[30]. Thus n can be chosen as 1/2. For the optical band gap of CdO nanoparticles calculation, (chv)? vs. hv
curve was plotted and linear portion of the curve was then extrapolated to (ahv)® = 0. Fig. 4 illustrates the plots
between (ahv)? vs. hv for CdO nanoparticles, thus indicates the optical band gap variation of CdO nanoparticles
with various calcination temperatures. The optical band gap of the CdO nanoparticles calcined at 400, 600 and
800 °C seems to be 2.49 eV, 2.27 eV and 2.17 eV respectively. It has also seen that E; of CdO nanoparticles
decreases with increasing calcination temperature, which could arise from improvements in morphological and
crystallinity of the samples, as supported by XRD studies. Furthermore change in the optical band gap of the
nano-structured materials can be elucidated based on quantum size effect; smaller the size of the crystal, the
higher the band gap. Thus the shifting of optical absorption edge towards smaller energy with increase in
calcination temperature from 400 to 800 °C, is ascribed to an increase in size of grain at higher calcination
temperatures [31]. Calcination at higher temperatures is known to decrease the number of oxygen vacancies [32]
and thus the band gap of CdO nanoparticles decreases with higher calcination temperatures. Titania is known to
be the best photocatalyst with a wide band gap ~3 eV [33]. Despite several advantages like easy availability,
high surface areas, high chemical stability, environmental friendliness etc, it's worth is condensed such that it
displays photoactivity only under UV light (wavelength <400 nm) and it will not utilize light of energies < 3 eV.
As visible light accounts for 43% of solar energy, the dispute lies in design and progress of efficient
photocatalysts of band gaps <3 eV with efficiencies analogous to TiO,. One of the basic requirements of an
ideal photocatalyst is an optical band gap around 2.0 eV for absorption of the maximum portion of visible light
[34]. The obtained band gap that ranges from 2.2 eV to 2.5 eV are thus accountable for the higher
photocatalytic activity of the prepared nanopowders.
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Fig. 4 Plot of (ahv)?vs hv with UV-Vis absorption spectra in the inset
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3.6 Photocatalytic study
Encouraged by the competence of the visible light absorption, we further inspected the viability of
these prepared CdO nanopowders as a visible light driven photocatalyst in the degradation of organic pollutants.
Methylene blue (MB), as a widespread dye in textile industry, was chosen as the organic contaminant. Fig. 5
shows the MB absorption spectra in the range 500-750 nm, obtained before and after 1, 2, 3 and 4 h of light
irradiation in presence of the prepared CdO samples and was examined that the intensity of the absorption bands
diminishes as the irradiation time increases. Starting from these absorption spectra, the [MB] normalized as a
function of time (h) (Fig. 6) has nearly an exponential decay, feature of a first order reaction: [MB]=[MB]se ™,
where K is the rate constant, [MB], is the initial MB concentration, and [MB] is the MB concentration after time
t. The kinetics of disappearance of MB with time obeys pseudo-first-order kinetics [35], the slope of which gives
the rate constant k. k value was found to be 0.3 hr™ for all the prepared samples, which proves the best
photocatalytic activity of CdO nanoparticles that make it a workable substitute for the elimination of color from
textile waste water. The kinetic results also show that a decline in the MB concentration results in an increase in
the obvious photocatalytic activity of the CdO nanoparticles. The entire photocatalytic process depends on the
properties of the catalyst, and the effective light intensity in the system. Small-sized nanoparticles with great
surface area are proficient substrates for absorption of light [36] which is essential for the enhancement of
photocatalytic activity. It was obvious from the that the sample calcined at 400°C shows the best
photocatalytic activity with k value of 0.3474 h™'. This should be ascribed to the enhancement of the
semiconducting property of CdO with lesser particle size that led to the stronger interaction between dye
molecules and nanoparticles. Due to this the CdO nanoparticles calcined at 400 °C had the strongest degradation
capability compared with others and the capability can be determined using the formula:
- A
%Degradati on = ———————————— x 100 (5)
Amax ~ Amin

Where

A is the value of the absorption at a particular time t

Anmax 1S the maximum value of the absorption

Anin is the minimum value of absorption [33]
In fact, the percentage of degradation of MB in presence of CdO photocatalysts calcined at 400, 600 and 800 °C
are found to be 71, 62 and 57% respectively, in 5 hours of the reaction according to the above relation.
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IV. Conclusion

Nano-sized cadmium oxide powders for different calcination temperatures were successfully
synthesized using chemical co-precipitation method which is a simple, cost-effective and quick method for the
synthesis of CdO nanospheres. Thermal analysis shows that the final decomposition temperature of the acetate
precursor starts around 350 °C for the formation of CdO. The low temperature endothermic decomposition of
the carbonaceous material present in the precursor reduces the processing temperature for the preparation of fine
particles of this oxide system. The as-prepared Cd(OH), powder samples crystallizes to its hexagonal structure
whereas on calcination at 400, 600 and 800 °C transform it to cubic CdO. It was observed that the calcination
temperature has major influence on structural parameters evaluated from the recorded XRD spectra. The line
broadening in XRD peaks because of tiny crystallite size and lattice strain were studied by Scherrer formula and
Williamson-Hall plots. The size of these nanoparticles as seen from TEM images matched well with the values
obtained from XRD. Optical absorption in the UV-Vis spectra of the cadmium nano oxides indicated decrease in
direct band gap with calcination temperature and the decreased values remained wide. Investigations further
hoisted the photocatalytic activity of CdO towards color degradation and advocated the suitability of CdO as a
viable alternative for the removal of color from textile waste water.
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