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ABSTRACT Current work confers mechanochemical and hydrothermal syntheses of ZnO, its characterization
and photocatalytic applications. Mechanochemical and hydrothermal assisted syntheses of ZnO involve two
stages viz. formation of precursors followed by its calcination. The suitable calcination temperature for precur-
sor materials to get ZnO was obtained by TG-DTA and FT-IR Spectroscopic study; XRD data of these samples
specified hexagonal wurtzite crystallite structures of ZnO. FESEM photographs of mechanochemically and
hydrothermally synthesize ZnO confirmed nanocrystalline hexagonal granular and stacked block-like particle
morphologies respectively. EDX spectra of these samples support their elemental purity. The UV-DRS study
was used to measure the optical band gap of ZnO samples. Optical properties of ZnO samples were also
studied with room temperature PL spectra. Photocatalytic applications of aforementioned ZnO samples were
investigated with Xylenol Orange as a model organic dye. The PCD efficiency of ZnO was estimated in terms
of percent degradation reference to various operating factors.
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1. Introduction

Wide range of applications of nano-sized semiconducting materials is available due to their mechanical, electrical,
chemical and optical properties which can be tuned by altering their particle dimensions [1]. Metal oxides are established
as promising candidates for their applications in the fields such as catalysis [2], sensing [3], energy storage and conver-
sion [4, 5], optoelectronic devices [6], memory arrays [7], biomedical application [8] and acoustic wave devices [9]. ZnO
is a key material of researcher interest because of its exceptional physico-chemical properties among semiconductor metal
oxide. ZnO possess direct wide band gap (3.37 eV) with high exciton binding energy (60 meV) [1,10]. ZnO shows strong
piezoelectric, pyroelectric and optoelectronic properties [10,11]. Eco-friendly and biocompatible nature and good thermal
stability make ZnO most hopeful contestant for electronic and optoelectronic applications [11]. Nanosized ZnO materials
can be gained by using various synthetic routes for instance mechanochemical [12], chemical precipitation [13], solution
combustion [14], sol-gel method [15], hydrothermal synthesis [1, 10, 16], etc. Within these methods of ZnO synthesis
mechanochemical and hydrothermal methods are quite suitable to control the particle size. Some advantages associated
with mechanochemical method are its simplicity, low cost, eco-friendly nature and suitability for large-scale production of
ZnO [17]. In addition to this, it is suitable for controlling the growth and nucleation of nanoparticles [17]. Hydrothermal
method is also linked with quite a lot of advantages like low cost, large area uniform NPs production, eco-friendliness,
catalyst-free growth of NPs, use of simple equipment, less hazardous [1], etc. The morphology and size of NPs can be
controlled by adjusting concentration of precursors, reaction time, calcination temperature, etc. Hence, both these process
are recognized to obtain the nanomaterials with diverse morphologies and particle sizes. Advanced Oxidation Processes
(AOPs) are the efficient tool for the environmental technology. Within AOPs heterogeneous photocatalysis is one of the
well-recognized and best substitutes for the conventional methods of water treatment [18]. Heterogeneous photocatalysis
is the most efficient and economical method for the complete mineralization of organic contaminants to less and / or
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non-toxic end products [19]. Midst various metal oxide photocatalysts, ZnO is extensively investigated material for its
photocatalytic applications due to low cost, nontoxic nature and high photochemical reactivity [20].

In the current work, we have conferred mechanochemical and hydrothermal assisted synthesis of ZnO NPs and their
thorough characterization by several techniques. The photocatalytic activities of these ZnO NPs photocatalysts were
verified by means of degradation of xylenol orange dye (Fig. 1). The rate of photocatalytic degradation of xylenol orange
was studied with reference to the operating factors like pH of dye solution, photocatalyst quantity, dye concentration,
irradiation time, etc. The aim of the present research work is to study the effective methods of precursor preparation in the
earlier stage prior to calcination during synthesis of ZnO NPs and its effect on the photocatalytic degradation of Xylenol
Orange (Sulphonephthalein) dye as a model dye. Since sulphonephthalein dyes constitutes one of the large class of dyes
used in various applications.

FIG. 1. Chemical structure of the Xylenol Orange dye molecule

2. Experimental

2.1. Materials

Zn(CH3COO)2 · 2H2O (assay 99.5 %), H2C2O4 · 2H2O (assay 99.0 %), Xylenol Orange (assay 99.0 %), liquor NH3

(25 % w/w), TiO2 (Degussa P25) (assay 99.5 %) and additional necessary chemicals used as-received during current work
were AR grade reagents acquired from S.D. Fine Chemicals Limited, India. Distilled water used to prepare all the allied
experimental solutions. Wherever needed, pH of the related solutions was agreed to desired values with NaOH (0.05 M)
and HCl (0.05 M).

2.2. Synthesis of photocatalyst

2.2.1. Mechanochemical synthesis of ZnO. Zinc oxide (ZnO) was gained by two step method. Initially ZnC2O4 · 2H2O
precursor was obtained by mechanical hand grinding of a mixture of 10.975 gm of Zn(CH3COO)2 · 2H2O with 6.93 gm
of H2C2O4 · 2H2O in agate mortar for about 30 minutes at room temperature. Secondly ZnC2O4 · 2H2O precursor was
calcined at 450 ◦C for 4 hours in air atmosphere to give formation of ZnO powder [21–23].

2.2.2. Hydrothermal assisted synthesis of ZnO. Zinc Oxide (ZnO) was produced as mentioned. 10 ml liquor NH3 was
added very slowly in a dropwise mode under vigorous magnetic stirring for the period of about 1 hour to the 100 ml
solution of 0.5 M Zn(CH3COO)2 · 2H2O. The pH of the reaction mixture was assured to be nearly 9 to 9.5. To ensure
homogeneous phase, the resultant white suspension was furthermore stirred for another 1 hour, it was then transferred to
the teflon-lined container in a hydrothermal reactor. Reactor was correctly sealed and kept at 100 ◦C for 4 hours under
autogenous pressure. It was then naturally allow attaining room temperature. Then the resultant white residue of hydrated
zinc oxide was filtered and washed with water followed by ethanol and finally dried at 100 ◦C and the same is calcined at
450 ◦C for 4 hours in air atmosphere to ensure formation of ZnO.

2.3. Equipments

The correct calcination temperature for the formation of ZnO from precursors in case of mechanochemical and
hydrothermal assisted synthesis was gained by thermogravimetric analysis machine (Shimadzu, TG-DTG-60H) and FT-
IR (PerkinElmer UATR Spectra Two) spectrometer. The XRD patterns of above mentioned ZnO samples was produced
with X-ray Diffractometer (Rikagu Miniflex-600 with Cu Kα radiation λα = 1.5418 Å) and the mean crystallite size (D)

was estimated from the Debye–Scherrer equation: D =
0.90 · λ
β · cos θ

, where λ is the wavelength (λα = 1.5418 Å), β

is the FWHM of the most intense peak (101) in the XRD pattern of samples and θ is the diffraction angle [24]. The
morphological depiction of ZnO samples was obtained with FE-SEM (JEOL JSM-6360A). The elemental purity of ZnO
samples was studied with EDX spectra. The optical band gap of ZnO samples was gained from UV-Visible spectra and
Tauc plots obtained by UV-Visible Spectrophotometer (PerkinElmer Lambda 365). The optical properties was furthermore
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deliberate with room temperature PL spectra gotten with spectrofluorometer (Shimadzu, RF-5301PC) over 300 – 700 nm
range with excitation source giving 320 nm wavelength. All the PCD reactions were carried out at room temperature
in solar light (natural sunlight) in batch reactor during the period of November to May. Absorbance measurement with
digital colorimeter (EQUIP-TRONICS EQ-353) is used to decide the percent degradation. The maiden pH of suspension
was set with the help of pH meter (LABTRONICS LT-11). Lux meter (HTC LX-100) is used for determining the light
intensity.

2.4. Photocatalytic degradation experiments

The PCD efficiency of the synthesized ZnO samples was explained by means of xylenol orange dye degradation.
Entire dye solutions were prepared in distilled water with diverse primary concentrations. All experiments are executed
in a batch photoreactor with glass cool trap and magnetic stirrer. Xylenol Orange (100 ml) dye solution having known
original concentration at appropriate pH and at room temperature was taken with known photocatalyst quantity in a
cylindrical photoreactor having 7 cm height and 5 cm diameter. The even suspension of the reaction mixture was produced
with ultrasonic agitation for 5 minutes. Thereafter container was kept on magnetic stirrer under solar light irradiation. At
specified time intervals supernatant solution was collected and centrifuged to settle down photocatalyst particles. Then
absorbance of centrifuged supernant solution was recorded at predetermined λmax value of Xylenol Orange dye solution

which is used to find the percent Degradation: Deg =
100 · [A0 −At]

[A0]
, where Deg is the Percent Degradation, A0 –

Initial absorbance, At – Absorbance at time t.

3. Result and discussion

3.1. Characterization of ZnO samples

3.1.1. Thermal gravimetric analysis. Fig. 2 shows the TG-DTA plots for zinc oxalate dihydrate (a) produced in the
mechanochemical synthesis of ZnO and zinc hydroxide / hydrated zinc oxide (b) synthesized during hydrothermal assisted
synthesis of ZnO. From TG-DTA curves corresponding ZnC2O4 · 2H2O, two sharp endotherms (corresponding to weight
losses 18.56 and 38.52 %) are presented in the temperature range from 30 to 400 ◦C. The first endotherm represents loss
of 2H2O and second endotherm represents loss of oxalate moiety. From TG-DTA curves corresponding to Zn(OH)2,
two endotherms (corresponding to weight losses 13.38 and 9.18 % ) are presented in the temperature range from 110 to
215 ◦C during the conversion of Zn(OH)2 to ZnO which collectively associated with loss of water from Zn(OH)2. In
addition to this apparent weight loss in the temperature range 340 – 410 ◦C in TGA, thermogram is partly contributed to
the crystallization of amorphous ZnO. From these TG-DTA curves, the suitable calcination temperature for the formation
of ZnO is 450 ◦C for 4 hours in air atmosphere in both cases.

(a) (b)

FIG. 2. TG-DTA curves of ZnC2O4 · 2H2O (a) and Zn(OH)2 (b)

3.1.2. FT-IR spectroscopic study. Fig. 3 is for FT-IR spectra recorded over region 4000 – 400 cm−1 corresponding to
the mechanochemical method (a) and hydrothermal assisted method (b) of synthesis of ZnO. In case of mechanochemical
and hydrothermal routes of ZnO synthesis respectively when ZnC2O4 · 2H2O and Zn(OH)2 precursors were subjected to
the calcination at 450 ◦C, all other bands (except those near to 450 cm−1) were disappeared which were related to various
symmetric and asymmetric stretching and bending vibrations in the corresponding oxalate and hydroxide precursors. This
is in confirmation with the formation of pure ZnO samples [22, 25] and the same also proposed by XRD and EDS study.
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(a) (b)

FIG. 3. FT-IR spectra of mechanochemical method (a) hydrothermal method (b)

3.1.3. X-Ray diffraction (XRD) study. The XRD data for mechanochemically and hydrothermally assisted synthesized
ZnO samples was collected over a 2θ range of 20◦ – 80◦ with Cu Kα radiation (λ = 1.5418 Å) display series of
diffraction peaks corresponds to (100), (002), (101), (102), (110), (103), (200), (112), (201), (004) and (202) crystal planes
respectively (Fig. 4) and it is in accordance with JCPDS card 36-1451 for the standard wurtzite structure of ZnO [26]. The
mean crystallite size gained for mechanochemically and hydrothermally synthesized ZnO samples are 19 ± 1.0 nm and
32±1.0 nm. The lattice strains deliberated by using tangent formula [27] were found to be 0.33±0.005 and 0.20±0.008,
respectively and the specific surface areas determined by using Sauter Formula [28] were found to be 59± 0.40 m2/g and
35± 0.20 m2/g for mechanochemically and hydrothermally synthesized ZnO samples.

FIG. 4. XRD pattern of ZnO gained by mechanochemical (lower) and hydrothermal assisted (upper) method

3.1.4. FE-SEM study. Fig. 5 indicates the FESEM photographs of ZnO gained by mechanochemical (a) and hydrother-
mal assisted (b) method. The FESEM image of mechanochemically obtained ZnO shows formation of nearly homo-
geneous phase having non-agglomerated, dense particles of hexagonal morphology whereas the FE-SEM image of hy-
drothermal assisted obtained ZnO indicates the formation of particles having stacked hexagonal blocks like morphology.
The mean particle sizes are found around 38 and 33 nm, respectively, for mechanochemically and hydrothermally obtained
ZnO.

3.1.5. EDX analysis. Fig. 6 shows EDX spectra of ZnO samples gained by mechanochemical (a) and hydrothermal
assisted (b) methods which consist of peaks corresponding to only Zn and O elements as a reflection of elemental purity
of the ZnO sample. The supplementary peaks equivalent to Au, Al and C is due to their use for the preparation of
conducting media to record the EDX spectra.
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(a) (b)

FIG. 5. FESEM photographs of ZnO gained by mechanochemical (a) and hydrothermal assisted (b) method

(a) (b)

FIG. 6. EDX spectrum of ZnO gained by mechanochemical (a) and hydrothermal assisted (b) method

3.1.6. UV-Visible spectra. Fig. 7(a) indicates UV-visible spectrum and Fig. 7(b) indicates Tauc plot of ZnO samples.
UV-Visible spectra clearly positioned optical extinction bands in the range of 375 to 420 nm. The energy band gaps
obtained using UV-visible Spectra and Tauc plots for ZnO synthesized by mechanochemical and hydrothermal assisted
routes were found to be 3.16 and 3.07 eV, respectively.

3.1.7. Photoluminescence (PL) spectra. Fig. 8 shows room temperature PL spectrum of ZnO synthesized by mechano-
chemical method (upper red) and hydrothermal assisted method (lower green) recorded with excitation wavelength 320 nm
to investigate defect in ZnO and their optical properties as well. Both ZnO samples indicate relatively weak UV (Near
Band Edge) emission peaks centered near 383 nm due to free excitonic recombination matching to the band edge emission
of ZnO sample [29]. Both ZnO samples also have intense green emission bands fixed near 490 nm in PL spectrum due
to radiative recombination of photogenerated holes with electrons occupying oxygen vacancies [29]. Because of faster

(a) (b)

FIG. 7. UV-visible spectrum (a) and Tauc plot (b) of ZnO
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recombination of photogenerated hole – electron pairs, the intensity of green emission band in case of mechanochemically
synthesized ZnO is more than that of hydrothermally synthesized ZnO. Also more intensity of green emission band in
case of mechanochemically synthesized ZnO is in accordance with larger number of oxygen vacancies and / or defects
due to the small particle size of ZnO [30].

FIG. 8. Room Temperature PL spectra of ZnO samples

3.2. Photocatalytic activity of ZnO samples

Photocatalytic activity of mechanochemical and hydrothermal assistance synthesized ZnO nanomaterials and stan-
dard TiO2 (Degussa P25) was studied with special reference to the operating parameters such as pH of dye solution,
photocatalyst loading capacity, dye initial concentration, irradiation time, etc.

3.2.1. Effect of the initial pH of Xylenol Orange dye solution. The PCD of 100 ppm of Xylenol Orange dye over each of
mechanochemically and hydrothermally synthesized ZnO and standard TiO2 (Degussa P25) was deliberate at various pH
from 5 to 11 with photocatalyst loading of 125 mg / 100 ml of dye solution under 6 hours of solar light irradiation (Fig. 9).
The pH of the suspensions was set only prior to irradiation and set free during the course of reaction. As per fine
recognized fact, slight (< 1 %) dissolution of the ZnO in acidic medium (pH 5, 6) reduces its PCD efficiency [31]. The
degree of Xylenol Orange dye PCD was gradually increased with the initial pH of suspensions. Additional hydroxyl
anions in alkaline medium promote photo-generation of the hydroxyl radicals (main oxidizing species) responsible for
PCD [32]. Hence, PCD efficiency of ZnO samples was observed to be more at alkaline pH (9 – 11) and at pH 11 the PCD
efficiency was found highest. The photocatalytic activity of hydrothermally synthesized ZnO was found quite larger than
that of mechanochemically synthesized ZnO (Fig. 9).

ZnO photocatalysts obtained by both the mentioned routes show larger PCD efficiency than that of standard TiO2

(Degussa P25) photocatalyst.

FIG. 9. Effect of the initial pH of Xylenol Orange dye solution
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3.2.2. Effect of the loading of ZnO photocatalyst. The PCD of 100 ppm of Xylenol Orange over each of mechanochem-
ically and hydrothermally synthesized ZnO samples and standard TiO2 (Degussa P25) was deliberate at various loading
amounts of photocatalyst from 50 mg / 100 ml to 175 mg / 100 ml of dye solution at pH=11 under 6 hours of solar light
irradiation (Fig. 10). It was observed that, the PCD efficiency was slowly increased with ZnO loading up to particular
level and acquire steadiness thereafter. The number of active sites available on the photocatalyst surface increased with its
amount, hence the number of hydroxyl, and superoxide radicals also increased [22]. As a result PCD efficiency increases
with ZnO loading upto 150 mg (mechanochemical) and 125 mg (hydrothermal) / 100 ml of dye solution. Beyond this
limit, the PCD efficiency attains steadiness due to the availability of greater number of active species for the degradation
of the same quantity of dye. Hence, 150 mg (mechanochemical) and 125 mg (hydrothermal) ZnO / 100 ml of dye solution
are ample for the total degradation of Xylenol Orange within 6 hours of irradiation.

FIG. 10. Effect of the loading of ZnO photocatalyst

ZnO photocatalysts obtained by both the mentioned routes shows larger PCD efficiency than that of standard TiO2

(Degussa P25) photocatalyst.

3.2.3. Effect of the initial concentration of Xylenol Orange dye solution. The degradation efficiency of Xylenol Orange
over each of mechanochemically and hydrothermally synthesized ZnO and standard TiO2 (Degussa P25) at different
initial concentrations in the range 50 – 200 ppm was checked as a function of solar light irradiation time for 6 hours at the
pH 11 of the suspension. The PCD efficiency is measured in terms of increase in percent degradation of Xylenol Orange
and the results are shown in Fig. 11. The each of 50 and 75 ppm of Xylenol Orange was totally mineralized over 125 mg
ZnO samples / 100 ml of the dye solution. For higher concentration of dye beyond 100 ppm the rate of PCD is higher in
the case of hydrothermally synthesized ZnO than that of mechanochemically synthesized ZnO. As per the guess, increase
in concentration of dye solutions decreases the extent of PCD over both ZnO samples. This is due to the formation of deep
colored and turbid solution which generates obstacle in the path of light photons and hence reduces their absorption by
the photocatalyst surface which results in the reduction of active radical species production responsible for the PCD. ZnO
photocatalysts obtained by both the mentioned routes show higher PCD efficiency than that of standard TiO2 (Degussa
P25) photocatalyst

3.2.4. Effect of irradiation time. The PCD efficiency of mechanochemically and hydrothermally synthesized ZnO and
standard TiO2 (Degussa P25) under solar light gradually increases with increase in irradiation time (Fig. 12). 100 ml of
100 ppm Xylenol Orange dye solution was completely mineralized over 125 mg hydrothermally synthesized ZnO at the
pH 11 upon 6 hours of sunlight irradiation and the rate of PCD in this case was found to be larger as compaired to that of
mechanochemically synthesized ZnO.

Irradiation time directly affects the PCD efficiency. Also the ZnO photocatalysts synthesized by mechanochemical
and hydrothermal assisted synthesis show higher PCD efficiency as compaired to that of standard TiO2 (Degussa P25)
photocatalyst under identical experimental conditions.

4. Conclusions

In the current research, we have described the mechanochemically and hydrothermal assisted synthesis of ZnO pho-
tocatalysts. The formation of ZnO samples from the precursor materials was confirmed by FT-IR Spectroscopy, TG-DTA,
EDX and XRD technique. XRD pattern of ZnO samples matches with hexagonal wurtzite structure. Calculations based
on XRD data of these samples support for larger crystallite size and smaller specific surface area and lattice strain for
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FIG. 11. Effect of the initial concentration of Xylenol Orange dye solution

FIG. 12. Effect of irradiation time

hydrothermally synthesized ZnO sample. FE-SEM photographs indicate the formation of particles having hexagonal
granular and stacked hexagonal blocks-like morphologies in case of mechanochemically and hydrothermal synthesis of
ZnO samples, respectively. EDX spectra of aforementioned ZnO samples explain their elemental purity. UV-Visible
and PL spectroscopies successfully explain the optical properties of ZnO nanoparticles. UV-Visible spectra gave lower
bandgap energy for hydrothermally synthesize ZnO than that of mechanochemically obtained ZnO. Lower bandgap and
slower recombination of photogenerated electrons and holes in case of hydrothermal ZnO may be responsible for its
greater photocatalytic activity than mechanochemical ZnO. Room temperature PL spectrum of mechanochemical ZnO
supports presence of more oxygen vacancies and defects which is in accordance with smaller crystallite size of the sam-
ple; but smaller photocatalytic activity of this sample may be observed due to faster recombination of photogenerated
electrons and holes and large bandgap energy of this ZnO sample. The 100 ml each of 50, 75 and 100 ppm of Xylenol
Orange dye solutions at pH 11 were completely mineralized over 125 mg hydrothermally obtained ZnO within 4, 5 and
6 hours of solar light irradiation, respectively. The effect of various operating factors on PCD of Xylenol Orange dye was
successfully inspected.
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