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Precipitation of clustered ZnO nanoparticles was performed from low-cost starting 

materials. Morphological and particle size analyses show the cluster formation 

accumulating with nanoparticles. Chemical composition detection refers the ZnO 

formation. Hexagonal wurtzite structures are confirmed with low crystal size, high 

dislocation density, and spherical growth. Optical band gap shows red shift affecting to 

low required activating energy for photocatalytic activity. Photocatalytic degradation of 

methyl orange and glyphosate presents degradation rate constants of 3.28×10
-3

 min
-1

 and 

2.45×10
-3

 min
-1

, respectively, which is caused by the synergy of small particle size, small 

crystal size, high dislocation density, and low optical band gap. Therefore, clustered ZnO 

nanoparticles were demonstrated as a potential photocatalytic material for the 

decomposition of methyl orange and glyphosate. 
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1. Introduction 
 

Wastewater is a serious problem that needs to be resolved to ensure good aquatic 

ecosystems [1] and a sustainable environment [2]. Most contaminants in wastewater are organic or 

inorganic materials such as metals [3], polymers, residues from chemical fertilizers [1], 

pharmaceuticals [4,5], textiles, pigments, dyes [6], pesticides [7]. Many treatment methods have 

been investigated for treating these contaminants such as precipitation using additive chemicals, 

adsorption using porous materials [3,8], bacterial activity process [5], membrane systems [9], 

oxidation process [4], and photocatalytic process using potential materials [7,10,11]. Among these, 

the photocatalytic process with wide band gap materials is considered a very interesting method 

for wastewater treatment because it can naturally occur under sunlight. Wide band gap materials 

such as TiO2, CeO2, Fe3O4, CdS, and ZnO have been investigated [12-15]. ZnO is one of the 

interesting photocatalytic materials for wastewater treatment due to its unique physicochemical, 

electrical, and optical properties [16]. It is a direct wide band gap semiconductor that has high 

carrier concentration and mobility, and it is suitability for nanostructure preparation [17-20]. The 

conventional band gap of ZnO is around 3.37 eV which can be excited by natural sunlight in the 

ultraviolet (UV) region for photocatalytic activation [16,21]. Brief description of the photocatalytic 

process, ZnO absorbs sunlight energy to generate electron-hole pairs. The pairs continuously 

diffuse to material surfaces and react with surrounding contaminants in wastewater for the 

photocatalytic treatment process. During the pair generation, the high carrier concentration and 

high mobility of ZnO can provide charge carrier diffusion and movement to the surfaces resulting 

in a high reaction rate for contaminant degradation [22]. Moreover, ZnO can be easier achieved in 

surface area by reducing particle size to nanostructures. The large surface area of the 

nanostructures can increase interfacial contact between the photocatalytic materials and 
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surrounding contaminants. The improved high active surface area due to the increased interfacial 

contact can provide better treatment with high efficiency and short treatment time. However, the 

high purity of the ZnO crystal structure with low defects may not be suitable for photocatalytic 

application because carrier activity is not allowed due to the extreme crystal stability. On the other 

hand, lower stability may shorten the usability time under UV light excitation. Thus, ZnO with the 

appropriate balancing of pure and defect structures should be investigated.  

In this research, clustered ZnO nanoparticles were synthesized using simple chemical 

precipitation. Zinc acetate dihydrate and ammonium bicarbonate were selected as low-cost starting 

materials. The synthesized ZnO was characterized using a variety of analytical techniques. Then, it 

was used as a photocatalytic material to treat wastewater carrying methyl orange or commercial 

glyphosate under ultraviolet (UV) activation. Finally, the photocatalytic performance was 

evaluated. 
 

 
2. Experimental 
 

2.1. Synthesis of clustered ZnO nanoparticles 

Zinc acetate dihydrate (Zn(CH3COO)2.2H2O) and ammonium bicarbonate (NH4HCO3) 

were used as starting materials. The starting materials were separately dissolved into distilled 

water under stirring at room temperature to form Zn2+and OH− aqueous solutions, respectively. 

The Zn(CH3COO)2.2H2O concentration was fixed at 0.4 M, and the NH4HCO3 concentration was 

varied (0.3, 0.4, and 0.5 M). After 1 h of stirring, the zinc acetate solution was heated at 70 C for 

15 min before the mixing process. Then, the ammonia solution was added drop by drop into the 

zinc acetate solution. The mixtures were continuously heated for 1 h under violent stirring. After 

cooling to room temperature, the obtained white product was collected and washed with distilled 

water several times. The product was then filtered through filter paper for 12 h, heated at 70 C for 

1 h, and ground. Finally, it was calcined at 550 C for 1 h to obtain ZnO. The ZnO has grounded 

again before being kept in a brown bottle in the dark. 

 

2.2. Characterization of ZnO 

The synthesized ZnO was characterized using various analytical methods. Morphology 

was observed using scanning electron microscopy (SEM). The particle size distribution of the 

synthesized product was measured using a dynamic light scattering (DLS) technique by dispersing 

the synthesized ZnO into distilled water. The chemical composition was examined using 

wavelength dispersive spectroscopy (WDS). Chemical structures were examined using 

Fourier-transform infrared spectroscopy (FTIR). Molecular vibration was investigated using 

Raman spectroscopy. The crystal structure was characterized using X-ray diffraction (XRD). The 

optical band gap (Eg) was evaluated from transmittance which was measured using 

ultraviolet-visible (UV-Vis) spectroscopy. 

 

2.3. Test of photocatalytic activity 

The photocatalytic performance of the synthesized ZnO was evaluated from the 

degradation performance of representative wastewater carrying methyl orange or commercial 

glyphosate. The wastewater was prepared by dissolving methyl orange (1 mg) or commercial 

glyphosate (1 mL) into 100 mL distilled water, stirring for 30 min in the dark at room temperature. 

The photocatalytic test was performed by adding 0.1 g ZnO into the methyl orange solution or 

adding 0.2 g ZnO into the glyphosate solution. The ZnO was dispersed under sonication for 10 

min in the dark. After the dispersion, the solutions were continuously kept in the dark for 30 min to 

maintain adsorption-desorption equilibrium. Then, the photocatalytic mechanism was activated 

under UV illumination (365 nm, 1.6 mW/cm
2
) for 150 min. Photocatalytic degradation was 

examined by measuring absorbances of the solutions after the UV illumination. Approximately 1.5 

mL of the solutions were taken for absorbance measurement every 30 min. The photocatalytic 

performance was evaluated in terms of degradation efficiency and degradation rate constant using 

the pseudo-first-order kinetics. 
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3. Results and discussion 
 

The morphology of the synthesized ZnO is shown in Fig. 1. Clustered ZnO nanoparticles 

are observed for all conditions and particle sizes likely increase as increasing OH− concentration. 

The 0.3 M condition reveals that small nanoparticles accumulate to form smaller clusters, while 

0.4 M and 0.5 M conditions show larger clusters. The results may occur due to the complete 

reaction because Zn2+ ions have higher concentration than OH− ions in the case of 0.3 M 

condition. Thus, all OH− ions are completely reacted with Zn2+ to form ZnO in a short duration 

according to Eq. (1)-(4) [23].  

 

 Zn(CH3COO)2 ∙ 2H2O →  Zn2+ + 2CH3COO− + 2H2O     (1) 

 

 NH4HCO3  →  NH4
+ + OH− + CO2       (2) 

 

 Zn2+ + 2OH−  → Zn(OH)2        (3) 

 

 Zn(OH)2  → ZnO + H2O        (4) 
 

This effect leads to low accumulation on ZnO surfaces due to the low remaining OH− 

ions. This effect can perform the small nanoparticle formation with small cluster accordingly [24]. 

On the other hand, remaining OH− ions may react with the formed ZnO surfaces again in the case 

of high OH− concentration causing accumulation to form large clusters can see in Fig. 1.  

 

     

 

Fig. 1. Morphology of ZnO synthesized with different 𝑂𝐻− concentrations. 

 

 

Dynamic light scattering (DLS) was performed to analyze particle sizes as shown in Fig. 2. 

It is found that all synthesized ZnO nanoparticles are composed of many sizes as can see in a wide 

range of the particle size distribution curve. The 0.3 M condition shows two dominant distribution 

peaks in ranges of around 0.4 – 10 nm and 100 – 1100 nm. The 0.4 M condition not only reveals 
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distribution peaks as same as to the 0.3 M condition but also displays a peak around 1200 – 1600 

nm. For the 0.5 M condition, only one range of particle size (110 – 1600 nm) is observed. It could 

interpret that small particle sizes can form for lower OH− concentration (0.3 M and 0.4 M 

conditions). On the other hand, large particle sizes could be forming due to the remaining OH− 

ions during the precipitation reaction. Therefore, it can conclude that small nanoparticles with 

small cluster can appropriately synthesis using a low OH− concentration to avoid accumulation 

effect due to remaining OH− ions. 

 

 

Fig. 2. Particle size distribution of ZnO synthesized with different 𝑂𝐻− concentrations. 

 

 

Fig. 3 shows wavelength dispersive spectroscopy (WDS) of the clustered ZnO 

nanoparticles for chemical composition investigation. The Zn and O peaks are detected for all 

conditions indicating the fair ZnO purity [25]. Besides, the number of oxygens slightly increases in 

the correlation with the increasing OH− concentration. This could have resulted from the rich 

OH− ions implying defect formation.  

 

  

 

Fig. 3. WDS of ZnO synthesized with different 𝑂𝐻− concentrations. 
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To investigate chemical structure of the clustered ZnO nanoparticles, FTIR measurement 

was performed as shown in Fig. 4. It is seen that the strong peak at wavenumber around 503-510 

cm
-1

 is explored indicating ZnO stretching vibration [26]. Due to the dominant single peak 

observation, it confirms the ZnO formation for all conditions. Note to the dominant peak, it 

slightly shifts to lower wavenumber for higher concentration conditions involving lower 

vibrational frequency between Zn and O. This behavior could be occurred due to richer oxygen 

sources. In addition, small peaks around 1559 cm
-1

 (CO) and 3779 cm
-1

 (OH) are appeared 

suggesting the chemical structure defects agree with the WDS result [27]. However, the very low 

peak intensity can be assumed to the extremely low defects for all condition. 
 

 

Fig. 4. FTIR spectra of clustered ZnO nanoparticles synthesized with different 𝑂𝐻− concentrations. 

 

 

To investigate the defects which cannot be detected using WDS or FTIR, the molecular 

vibration of the clustered ZnO nanoparticles was examined using the Raman spectroscopy as 

shown in Fig. 5. The hexagonal wurtzite structure of ZnO is confirmed from three major vibration 

modes in the Raman spectrum located at 331 cm
-1

, 382 cm
-1

, and 437 cm
-1

. The weak peak at 331 

cm
-1

 and 382 cm
-1

 assigned to the multi-phonon vibration of E2(high)-E2(low) mode, and A1(TO) 

mode, respectively. Note that, the weak peak of E2(high)-E2(low) mode indicates a low E2(low) 

signaled to wurtzite ZnO which may be caused by the single crystal formation [28]. The strong 

peak at 437 cm
-1

 ascribed to the non-optical phonon E2(high) mode which attributes the wurtzite 

structure of the clustered ZnO nanoparticles [29]. The observed peak located around 584 cm
-1

 was 

identified as the E1(LO) mode. The peak shifts from the bulk structure formation (591 cm
-1

) which 

refers to defects such as oxygen vacancy, zinc interstitials, or structural defects [30]. The defect 

ratio can be evaluated from the peak intensity at 584 cm
-1

 divided by the sum of peak intensity at 

584 cm
-1

 and 437 cm
-1

 peaks (I584/(I584+I437)) [28]. It is found that the defect ratios are 0.167, 0.156, 

and 0.166 for the OH− concentration of 0.3 M, 0.4 M, and 0.5 M, respectively, which are not 

many differences. 

The crystal structure is considered from the XRD measurement as shown in Fig. 6. 

Diffraction peaks at crystal plans of (100), (002), (101), (102), (110), (103), (200), (112) and (201) 

are explored at diffraction angle 2 around 31.78, 34.44, 36.28, 47.58, 56.64, 62.92, 66.44, 

68.00 and 69.02, respectively. These peaks correspond to the hexagonal wurtzite structure 

(JCPDS card no. 36-1451) [31]. To evaluate crystal size (D) and dislocation density (), the three 

major plans of (100), (002) and (101) were calculated using the Eq. (5)-(6), respectively [7,27,32]. 

 

 D =  
kλ

β cos θ
          (5) 

 δ =  
1

D2           (6) 

 

k is the constant of XRD measurement system (0.89),  is the wavelength of X-ray source (1.5406 

Å),  is full-width at the half-maximum (FWHM) intensity, and  is the diffraction angle.  
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Fig. 5. Raman shift of ZnO synthesized with different 𝑂𝐻− concentrations. 

 

 

 

Fig. 6. XRD patterns of ZnO synthesized with different 𝑂𝐻− concentrations. 

 

 

It is found that the average crystal size slightly increases as increasing OH− concentration 

as listed in Table 1, suggesting the nanocrystal formation for all conditions. The dislocation density 

is decreased which agrees to the large crystal size and better crystallization. For crystal analysis, 

lattice constants ‘a’ and ‘c’ were calculated using Eq. (7)-(8) from the plans of (100) and (002), 

respectively. Interplanar-spacing (dhkl) was calculated using Eq. (7)-(9) [7,27,32,33]. 

 

 a =  
λ

√3 sin θ
          (7) 

 c =  
λ

sin θ
           (8) 

 

 2dhkl sin θ =  nλ         (9) 

 

h,k,l are miller indices, and n is 1 for the first-order diffraction. From the calculation in Table 1, it 

is found that there are very few different values of lattice constants for all conditions. Likewise, 

interplanar-spacing also shows similar values. These values are close to the standard JCPDS values 

(a = 3.250 Å, c = 5.207 Å, d100 = 2.814 Å, d101 = 2.603 Å) implying high crystallinity of clustered 

ZnO nanoparticles with very low crystal defects such as oxygen vacancy. In addition to growth 

direction analysis, the texture coefficient (Tc) of plans (100) and (002) was calculated according to 

Eq. (10) [7,27]. 
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 Tc(hkl) =  

I(hkl)

I0(hkl)

1

N
∑

I(hkl)

I0(hkl)

         (10) 

  

I0(hkl) is the standard intensity of the preferred orientation plane from JCPDS, and N is the number 

of considered plans. It is found that the 0.3 M condition shows little different values between Tc(100) 

and Tc(002). This result refers that growth rates in a-axis and c-axis are symmetry, indicating 

spherical growth. For other conditions, Tc(002) exhibits larger than Tc(100) indicating c-axis direction 

growth of rod-like structure. However, the synthesizing process of precipitation reaction without 

direction control could not appropriate for complete rod growth. So, accumulation has appeared in 

this case. 

 
Table 1. Crystal characteristics of clustered ZnO nanoparticles. 

 

𝑂𝐻− 

concentration 

D (nm)  (nm
-2

) a (Å) c (Å) d100 d002 Tc(100) Tc(002) 

0.3 M 45.254 5.04×10
-4

 3.247 5.206 2.812 2.603 1.230 1.280 

0.4 M 46.793 4.68×10
-4

 3.250 5.204 2.814 2.602 1.150 1.364 

0.5 M 55.694 4.30×10
-4

 3.248 5.210 2.813 2.605 1.215 1.367 

 

   

Optical band gap (Eg) was estimated from optical transmittance using the Tauc’s plot 

according to the relation [6,34,35]. 

 

 αhν = A(hν − Eg)
n
        (11) 

 

α and A are constants, h is the Plank’s constant,  is frequency, and n is ½ for direct band gap 

semiconductors as for the case of ZnO. The (αh)
2
 versus h graph is plotted as shown in Fig. 7. 

The graph was analyzed by linear fitting and Eg was estimated from the interception point on the 

h-axis as shown in Table 2. The lowest Eg is presented for the 0.3 M condition, and Eg is obtained 

in a very small range (3.06 – 3.16 eV) similar with elsewhere reports [6,36,37]. The different Eg 

values may have been due to diverse factors such as carrier concentration, particle size, and defects 

[14]. It is found that the calculated Eg values show a red shift in comparison to common ZnO (3.37 

eV) [38,39], correlating to the defect ratios from the Raman results. The red shift effect could be 

considered as a better characteristic for extending absorption wavelength covering both the UV 

and visible light regions [38]. 

 

 

Fig. 7. The (h)
2
 versus h graph of clustered ZnO nanoparticles synthesized with different 𝑂𝐻− 

concentrations. 
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Table 2. Optical band gap of clustered ZnO nanoparticles. 

 

𝑂𝐻− concentration Eg (eV) R
2
 

0.3 M 3.06 0.9892 

0.4 M 3.16 0.9893 

0.5 M 3.15 0.9895 

 

   
To investigate photocatalytic degradation, clustered ZnO nanoparticles were dispersed into 

methyl orange or glyphosate solutions. The photocatalytic mechanism was then activated under 
UV illumination. For irradiation interval time, solutions were tracked out for absorbance 
measurement as shown in Fig. 8 and Fig. 9. It is found that absorbance spectra decrease as 
increasing irradiation time for all conditions referring to the degradation of contaminant molecules 
(methyl orange or glyphosate). This phenomenon occurs because contaminant molecules had 
degraded during the photocatalytic process according to the relation [10,11,37,40]. 
 

 ZnO + hυ →  ZnO + e−(CB) + h+(VB)      (12) 

 
 H2O →  OH− + H+          (13) 

 
 OH− + h+(VB) → OH∙           (14) 

 
 O2 + e−(CB) → O2

∙−           (15) 

 
 Contaminants + OH∙ →  other products      (16) 

 
 Contaminants + O2

∙− →  other products      (17) 
 

 

 

Fig. 8. Absorbance of methyl orange solution after photocatalytic degradation for interval time with 

clustered ZnO nanoparticles synthesized at different 𝑂𝐻− concentrations. 
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Fig. 9. Absorbance of glyphosate solution after photocatalytic degradation for interval time  

with clustered ZnO nanoparticles synthesized at different 𝑂𝐻− concentrations. 

 

 

The mechanism of photocatalytic degradation can accordingly describe. After 

electron-hole pair generation, the reaction between the pairs and surrounding intermediates causes 

OH∙ and O2
∙− radicals. Then, the radicals continuously react with contaminant molecules for the 

degradation process. The contaminant molecules are decomposed and transformed into other 

products such as water, minerals, and carbon dioxide [23,24,41]. To evaluate degradation 

performance, the degradation efficiency (DE) of methyl orange and glyphosate was calculated 

using the relation [7,23]. 

 

 DE(%) = (
C0−C

C0
) × 100% = (

A0−A

A0
) × 100%      (18) 

 

C0 and C are concentrations at the initial time (t = 0 min) and interval irradiation time, respectively. 

Likewise, A0 and A are absorbances at the initial time, and interval irradiation time, respectively. In 

this case, degradation efficiency was evaluated from the absorbance peak because it is well-known 

that concentration and absorbance are in the directing correlation. The absorbance values were 

tracked from the maximum absorbance peak at the wavelength of 465 nm and 435 nm for methyl 

orange and glyphosate, respectively [7,42]. The degradation efficiency shows different values for 

each clustered ZnO nanoparticle samples (Fig. 10). The dominant degradation efficiency of methyl 

orange is found for the 0.3 M condition and this had higher performance than other conditions. For 

glyphosate, it is difficult to determine the best degradation efficiency because degradation 

efficiency graphs are not significant differences. Thus, the graph of ln (A/A0) versus irradiation 

time was plotted (Fig. 11) for quantitative analysis in terms of kinetic parameters. The kinetic 

parameters of photocatalytic degradation were evaluated using pseudo-first-order kinetics in Eq. 

(19) and listed in Table 3. 

 

 ln (
A

A0
) = −krt         (19) 
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kr and t are the degradation rate constant and irradiation time, respectively. The kr can be estimated 

from the slope of the graph. The half-life value () was also estimated in correspondence to the 

decomposition of contaminant concentration to one-half of the initial concentration. Generally, 

high kr and low  are expected for fast degradation and short irradiation time, respectively. It is 

found that the 0.3 M condition presents the maximum kr for both methyl orange and glyphosate 

indicating the highest photocatalytic activity to decompose contaminant molecules from the 

wastewater. Furthermore, the minimum  suggests a shorter irradiation time to 50% decomposition 

of the dissolved contaminant molecules. Thus, the best photocatalytic performance of methyl 

orange or glyphosate is concluded for the clustered ZnO nanoparticles synthesized with low OH− 

concentration. This behavior may cause by the high active surface area due to small particle size 

formation [23,43]. According to the size distribution, the 0.3 M condition shows higher particle 

size distribution in the range of 0.4 – 10 nm compared with 0.4 M and 0.5 M conditions. Moreover, 

high dislocation density due to low crystal size could act as interaction centers for accelerating 

photocatalytic activity at the same time. Note to the red shift in optical band gap, it might reduce 

the required exciting energy for electron-hole pair generation which also easily activates 

photocatalytic activity. Therefore, it is believed that the best photocatalytic performance is caused 

by the synergy of small particle sizes, small crystal sizes, high dislocation density, and low optical 

band gap. 

 

    

 

Fig. 10. Degradation efficiency of methyl orange and glyphosate. 

 

 

    

 

Fig. 11. Plots of ln(A/A0) versus irradiation time of methyl orange and glyphosate. 
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Table 3. Kinetic parameters of photocatalytic degradation. 

 

𝑂𝐻− 

concentration 

Methyl orange Glyphosate 

kr (min
-1

)  (min) R
2
 kr (min

-1
)  (min) R

2
 

0.3 M 3.2810
-3

 211 0.9387 2.4510
-3

 283 0.9708 

0.4 M 2.1110
-3

 329 0.9929 2.3710
-3

 292 0.9960 

0.5 M 1.6010
-3

 433 0.9888 2.3210
-3

 299 0.9818 

 

 

4. Conclusions 
 

Synthesis of clustered ZnO nanoparticles was performed using simple chemical 

precipitation with low-cost starting materials (zinc acetate dihydrate and ammonium bicarbonate). 

The morphological and particle size analyses show the cluster formation of nanoparticles. Small 

particles are observed at the low OH− concentration due to very little remaining OH− ions 

during precipitation reaction. The ZnO formation is detected according to the Zn and O peaks. The 

hexagonal wurtzite structure is confirmed by Raman shift, FTIR, and XRD diffraction. High 

crystallinity of hexagonal wurtzite structure is observed according to the similar crystal 

characteristics including lattice constants and interplanar-spacing. Moreover, these crystal 

parameters are close to the standard JCPDS. However, the clustered ZnO nanoparticles 

synthesized from low OH− concentration exhibits the lowest crystal size and highest dislocation 

density. Moreover, the crystal growth direction is preferred to (100) and (002) plans indicating the 

spherical growth. Optical band gap is in a small range with red shift in comparison with common 

ZnO.  

For photocatalytic degradation of methyl orange or commercial glyphosate, the best 

photocatalytic performance is found with the maximum degradation rate constant of 3.28×10
-3

 

min
-1

 and 2.45×10
-3

 min
-1

 for methyl orange and glyphosate, respectively. The best photocatalytic 

performance is caused by synergy of small particle sizes, small crystal sizes, high dislocation 

density, and low optical band gap. Therefore, clustered ZnO nanoparticles synthesized by 

precipitation with low-cost starting materials demonstrate a potential photocatalytic material to 

decompose methyl orange and glyphosate. Furthermore, it might be also considered for 

agricultural area application. 
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