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A B S T R A C T   

This study investigates photocatalytic activity performance of CoO/ZnO nanoparticles (NPs). CoO NPs was 
synthesized under the hydrothermal method, followed by calcination, while CoO/ZnO NPs were successfully 
synthesized using the precipitation method with various molar ratios of ZnO. X-ray diffraction and selected area 
electron diffraction showed that CoO and ZnO have a hexagonal structure; another phase appeared as a Co3O4 
spinel cubic structure. The crystallite size was decreased as the ZnO concentration increased. The transmission 
electron microscopy image of CoO/ZnO showed almost spherical, non-uniform, and slightly dispersed under 
agglomerated conditions with the particle size of 17.4 ± 3.5 and 18.1 ± 4.1 nm for molar ratio of 1:2 and 1:3, 
respectively. Besides, the corresponding chemical elements are confirmed by energy-dispersive X-ray spectros-
copy. Fourier-transform infrared spectra showed metallic functional groups, such as C2+

tet -O, C3+
oct -O, and Zn–O at 

586.36, 671.23, and 410–429 cm− 1 also suggests the formation of NPs. A vibrating sample magnetometer 
showed that the CoO/ZnO NPs exhibited antiferromagnetic properties. However, redshift absorption and band 
gap narrowing were observed only with the ZnO addition. The removal efficiency of photodegradation methy-
lene blue was optimal for CoO/ZnO at a concentration of 1:2, reached 67.5% degradation within 3 h for uptake 
every 30 min. The photodegradation was also analyzed using a Langmuir-Hinshelwood kinetic model, resulting a 
rate constant (Kapp) of 6.428 × 10− 3 min− 1 and a half-life time (t1/2) of 107.84 ± 0.01 min at the optimum 
concentration. The NPs could be reused up to three times without significant change of activity. Therefore, CoO/ 
ZnO NPs is promising photocatalyst to be developed in removal of organic pollutants in various environments.   

1. Introduction 

Water contamination due to the extensive use of dyes in the printing 
and dyeing, textile, cosmetics, and leather sectors has progressively led 
to serious environmental issues [1]. Dyes are aromatic molecular 
structure that is difficult to be degraded. They are anticipated to be 
strong and stable against oxidizing agents, thus making them more 
resistant to biodegradation, resulting in high concentrations of dyes in 
the environment. According to earlier studies, people who are exposed 
to contaminated water for an extended period, even at extremely low 
quantities, are at risk for suffering various ailments, such as cyanosis, 
tissue necrosis, Heinz body formation, jaundice, increased heartbeat 
rate, and cancer [2]. The presence of dyes can also produce vivid colour, 
which can affect transparency and water gas solubility, thus adversely 
affecting aquatic biota by reducing sunlight transmission and limiting 
photosynthesis, which causing oxygen deficiency [3]. Therefore, 
developing efficient and effective techniques to remove dye waste is 

crucial for maintaining ecological balance and safeguarding human 
health. Many technologies have been used in dealing with dye waste, 
including adsorption, chemical coagulation, biodegradation, and elec-
trolysis [4,5]. However, increased energy costs and secondary pollutants 
have compelled researchers to look for more effective and sustainable 
water treatment systems. Even though many physical and chemical 
approaches have been developed to remove dyes and other organic 
substances, they may encounter challenges, such as producing second-
ary pollution and extra energy cost [6]. Distantly, photocatalytic tech-
nology has gained recognition as a potential method for wastewater 
treatment due to its advantages of minimal secondary pollution, 
simplicity, repeatability, low cost, and high efficiency compared to other 
technology [7]. 

As an effective removal alternative procedure for water purification, 
photocatalyst, especially heterogeneous ones, has attracted study [8]. 
The electron/hole (e− /h+) pairs, hydroxyl radicals, and superoxide 
radicals are the four primary reactive species in a heterogeneous 
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photocatalyst. When exposed to UV or visible photons with sufficient 
energy equal to or higher than the bandgap energy (Eg) of the semi-
conductor, the e− /h+ pairs could be inducted in the conduction (CB) and 
valence bands (VB) of the suggested semiconductor to generate reactive 
oxygen species (ROS). The photogenerated VB-holes can react with 
water or hydroxyl anions to make the hydroxyl radical (*OH), whereas 
the photo-induced CB-electrons can react with the dissolved oxygen to 
produce superoxide radicals (*O2− ). These reactive species attack the 
examined pollutant molecules in a series that breaks them down into the 
smaller chemical compound. The investigation pollutant and its degra-
dation products are converted to non-toxic products, such as NO3

− , SO4
2, 

CO2, and water, as the final objective and step of the heterogeneous 
photodegradation [9]. 

Many researchers have used transition metals as catalysts to produce 
strong degradation performance towards organic pollutants [10,11]. 
Due to their high degrading efficiency and excellent stability in ROS 
activation, heterogeneous cobalt-based catalysts (e.g., CoO, Co3O4) have 
attracted growing attention in studies of transition metals as catalysts. 
Due to their high catalytic oxidation activity, low operating costs with 
earth abundance, and good environmental compatibility, Co3O4 and 
CoO catalysts are considered appropriate and reactive for treating 
organic pollutants [12,13]. However, the photocatalytic activity of pure 
CoO needs to be improved for practical applications due to the high 
electron-hole recombination rate and low separation efficiency of 
charge carriers-induced thermal oxidation caused by CoO agglomera-
tion [13]. CoO catalyst can be utilised as a p-type semiconductor to 
construct a heterojunction photocatalyst [14]. The construction of het-
erojunction composites generally is a promising and effective method 
for increasing photocatalytic activity by suppressing charge recombi-
nation and broadening the photoexcitation range [15]. Surprisingly, a 
p-n junction with a built-in electric field is considered an efficient 
method for enhancing photocatalytic activity by preventing CoO ag-
gregation, limiting charge recombination, and facilitating the separation 
of photogenerated carriers [16]. Numerous reports of these p-n hetero-
junctions based on CoO for photocatalytic applications, for instance, 

CoO/BiPO4 [17], CoO/Bi2WO6 [13], CoO/ZnO [14], CoO/TiO2 [18], 
CoO/CoS [19]. 

ZnO is a promising semiconductor for numerous applications, such 
as photocatalysis in wastewater treatment, due to its chemical stability, 
high photosensitivity, cost-effective photocatalytic activity, and non- 
toxicity. ZnO possesses an n-type semiconductor with a direct bandgap 
energy of approximately 3.3 eV; therefore, it can be applied as a pho-
tocatalyst under ultraviolet irradiation and can be affordably reused 
[20]. Despite these advantages, the application of ZnO in wastewater 
treatment is severely restricted by the rapid recombination of 
photo-induced charge carriers and low water stability, which can be 
related to the Zn(OH)2 formation in aqueous solutions [21]. Fortunately, 
the addition of n-type ZnO on the surface of the P-type semiconductor 
allowed for the formation of p-n type heterojunction, which expedited 
the effective separation of photogenerated carriers and reduced 
recombination. In particular, Warshagha and Muner [22] decorated 
n-type ZnO on the surface of p-type CdO to construct a p-n CdO/ZnO 
heterojunction with excellent photodegradation activity for methylene 
blue (99.2%, 60 min) and Rhodamin B (98.4%, 100 min) and favourable 
reusability. Combining n-type ZnO with p-type CoO to form p-n heter-
ostructures can accomplish various goals: (i) promotes the separation of 
photogenerated carriers, (ii) avoids aggregation via a built-in electric 
field, and (iii) constructs p-n heterojunction, which allows for effective 
charge separation, thus improving photocatalytic activity and 
reusability. 

Herein, we systematically synthesized CoO/ZnO p-n heterojunction 
composite using the precipitation method with various ZnO molar ra-
tios. The microstructure, morphology, optical, and magnetic properties 
were investigated by a series of characterizations. The photocatalytic 
activity of the as-synthesized heterojunctions was investigated by 
degrading methylene blue (MB) as a dye model under UV light irradi-
ation. Photodegradation process was analyzed using the Langmuir- 
Hinshelwood kinetic model. The pseudo-first-order, coefficient of 
degradation rate, and half-life of photocatalytic activity degradation 
were estimated. The correlation coefficient calculation revealed the best 

Fig. 1. Synthesis schematic of (a) CoO NPs under hydrothermal method and (b) CoO/ZnO NPs under precipitation method.  
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linear relation between the theoretical model and the experimental data 
collected. Furthermore, the reusability of the CoO/ZnO p-n hetero-
junction was also discussed in detail. 

2. Materials and methods 

2.1. Materials 

Cobalt (II) chloride hexahydrate (CoCl2⋅6H2O, purity >99%), urea 
(CH4N2O, analytical grade), zinc acetate dihydrate 
((CH3COO)2Zn⋅2H2O, >98%), sodium hydroxide pellets (NaOH, 
>99%), ethanol absolute (CH3CH2OH, >99%), MB (C16H18N3SCI), and 
hydrogen peroxide (H2O2, 30%) were obtained from Merck (Darmstadt, 
Germany) and were used without further purification. Distilled water 
was used in all the experiment processes. 

2.2. Synthesis of CoO NPs 

CoO NPs were synthesized through the hydrothermal method, 
following research by Zang et al. [23]. Simultaneously, 1.76 g 
CoCl2⋅6H2O and 4.4 g CH4N2O were dissolved in 60 mL distilled water 
and stirred for 1 h at room temperature. The above solution was trans-
ferred into two separate 50 mL Teflon-lined autoclaves, which were 
maintained at 120 ◦C for 4 h and then naturally cooled to room tem-
perature. After the hydrothermal reaction, the precursor was ultrason-
ically treated for several minutes. The NPs were then magnetically 
precipitated using an external magnetic field, washed thoroughly with 
ethanol and distilled water several times, and dried at 80 ◦C for 5 h. 
Afterward, the precursor was calcinated in a furnace at 600 ◦C for 240 
minutes at a heating rate of 5 ◦C min− 1, resulting in CoO NPs black 
powder, as illustrated in Fig. 1(a). 

2.3. Synthesis of CoO/ZnO NPs 

Fig. 1(b) shows a schematic of the CoO/ZnO NPs synthesis procedure 
under the precipitation method [24]. CoO and (CH3COO)2Zn⋅2H2O 
powders were separately dissolved in 53 mL ethanol. Both solutions 
were ultrasonicated at room temperature for several minutes. 
(CH3COO)2Zn⋅2H2O was then transferred into CoO to form a new so-
lution and magnetically stirred for several minutes. 

Further, the above solution was added dropwise into the NaOH so-
lution and stirred at 66–67 ◦C for 1 h. The final solution was rinsed 
multiple times with distilled water and precipitated using an external 
magnet. The precipitate was then dried at 70 ◦C for 9 h to obtain CoO/ 
ZnO NPs’ greyish-black powder. The CoO/ZnO NPs with the molar ratio 
of CoO:ZnO equal to 1:1, 1:2, 1:3, 1:4, and 1:5 were synthesized under 
the same condition. Pure CoO was prepared and did not contain ZnO; 
meanwhile, pure ZnO was also prepared as CoO/ZnO with a molar ratio 
of 0:1. 

2.4. Characterization 

The X-ray diffraction (XRD) of the powders was determined by Shi-
madzu XD-3H, Cu Kα radiation (λ = 1.5418 Å) to analyze crystal 
structure and phase formation. The morphology and particle size dis-
tribution were evaluated via transmission electron microscopy (TEM, 
JEOL JEM 1400). The surface morphology was observed using a scan-
ning electron microscope (SEM, JSM-6510LA), which was attached with 
an Energy Dispersive X-Ray (EDX) to determine the chemical composi-
tion distribution of CoO:ZnO NPs in the SEM images. Fourier-transform 
infrared (FTIR) spectroscopy in the spectra range 400–4000 cm− 1 was 
recorded on IR Spectrometer Shimadzu Prestige-21 to analyze the 
functional groups. The optical properties of NPs were investigated using 
ultraviolet–visible (UV–vis) spectroscopy (Shimadzu Spectrophotometer 
UV-1900). The magnetic properties of the NPs were determined using a 
vibrating sample magnetometer (VSM, Riken Denshi Co. Ltd.). 

2.5. Photocatalytic activity evaluation 

The photocatalytic activities of the CoO/ZnO NPs were examined in 
aqueous MB. A very little amount of H2O2 (0.25 mL) was dropped in MB 
solution (7 ppm). Photodegradation of MB was accomplished by stirring 
a mixture containing 0.1 g of catalyst per 100 mL of MB solution while 
exposed to three UV lights (234 nm, 30 W). Before irradiation, the re-
action mixture was stirred in the dark for 30 min to reach adsorption- 
desorption equilibrium on the surface of CoO/ZnO NPs. There were no 
significant changes in the MB or redox absorption spectra after stirring 
in dark conditions. Then, the mixture was magnetically stirred under UV 
light irradiation for 180 min. MB samples (10 mL) were taken every 30 
min, and all samples were left overnight in dark conditions to separate 
the suspended catalyst from the solution. The degradation kinetics was 
investigated under UV light. The absorbance of degraded MB was then 
measured with a UV–vis spectrophotometer. The NPs were washed to 
remove the MB residual attached to the surface and then dried in a 
furnace at 80 ◦C for 2 h. The photocatalytic reusability of CoO/ZnO NPs 
was investigated under the same treatment. The reused NPs were labeled 
as R1, R2, and R3, referring to the first, second, and third reuses, 
respectively. 

3. Result and discussion 

3.1. Characteristics of nanocomposites 

3.1.1. Crystalline structure, morphology, and compositions 
XRD patterns of CoO, ZnO, and CoO/ZnO NPs with various ZnO 

molar ratios were revealed in Fig. 2. MAUD software has done the 
Rietveld refinement of XRD data, resulting in distinctive peaks without 
noise [25]. The XRD pattern of the pure CoO NPs showed another phase 
formed beside the CoO phase, namely the Co3O4 phase. The CoO and 
Co3O4 phases are hexagonal and cubic spinel crystal structures, 
respectively, matching with the standard spectra of CoO (ICDD Card No. 
01-089-2803) and Co3O4 (ICDD Card No. 00-043-1003) [26,27]. The 
CoO was oxidized at high temperatures during the calcination process, 
leading to the Co3O4 formation. The presence of Co3O4 in the CoO 
sample is supported by Żyła et al. [28], that there are only two stable 
cobalt oxides at high temperatures, which are CoO and Co3O4. The CoO 
phase showed several diffraction peaks observed at 2θ angles: 42.0◦, 
which corresponded to the (002) plane [29], while the Co3O4 phase 
showed diffraction peaks at 2θ angles: 31.3◦, 36.9◦, 38.6◦, and 44.8◦, 
which were assigned to the lattice planes (220), (311), (222), and (400) 

Fig. 2. X-ray diffraction pattern of (a) CoO, (b) ZnO, (c) CoO/ZnO 1:1, (d) 
CoO/ZnO 1:3, (e) CoO/ZnO 1:5 NPs. 

N.P. Rini et al.                                                                                                                                                                                                                                  



Case Studies in Chemical and Environmental Engineering 7 (2023) 100301

4

[30]. The characteristic peaks of the ZnO wurtzite hexagonal crystal 
structure (ICDD Card No. 01-079-0208) were identified in the XRD 
spectra in Fig. 2(b–d) at 2θ angles: 31.7◦, 34.5◦, 36.2◦ 47.7◦, repre-
senting the lattice planes (100), (002), (101), and (102) [31]. The for-
mation of the CoO, Co3O4, and ZnO phases at the XRD spectrum 
confirmed that CoO NPs and CoO/ZnO NPs had been successfully 
synthesized. 

The best number of phase compositions and lattice parameters ob-
tained from the data on crystal diffraction is required to accomplish the 
considerable adaptability and excellent performance in Rietveld 
refinement of the materials [32]. The Gaussian approximation for 
numerous peaks was used to determine the NPs’ crystal size, which was 

then determined using the Debye-Scherrer equation [33]: 

D=
kλ

β cos θ
(1) 

D, k, and λ are the average crystallite size, Scherrer’s constant 
(crystallite shape factor), and the X-ray beam wavelength, respectively. 
The terms β and θ denote the full peak width at half maximum (FWHM) 
and Bragg’s diffraction angle, respectively. The refined phase compo-
sition, lattice parameters, and crystallite size of pure CoO and CoO/ZnO 
NPs are presented in Table 1. 

The CoO and ZnO’s phase composition increased with the ZnO ratios, 
while the remaining percentage belonged to Co3O4. This led to the 
distinctive peak intensity of CoO (peak at 42.0◦) and ZnO gradually 
strengthening and narrowing. The XRD peaks representing Co3O4 
exhibited decreasing intensity along with the increasing ZnO ratios, 
followed by the peak widening and shifting of Co3O4 towards a smaller 
2θ angle. Unit cell parameters a (Å) and c (Å) of the CoO/ZnO NPs are 
the combination of the cubic structure (a = b = c) of Co3O4 and the 
hexagonal structure (a = b∕=c) of CoO and ZnO. The unit cell of the CoO 
and Co3O4 increase with the increasing ZnO. This change in lattice pa-
rameters is caused by the interfacial substitution of Zn2+ ions in the 
diffusion layer, filling the space at the CoO and Co3O4 sites. It causes 
peak shifting, increases lattice parameters, and decreases crystallite size 
in CoO/ZnO NPs. The evaluated unit cell parameter has demonstrated a 
decent match with Goktas et al. [34]. The shift of peak diffraction also 
indicates the increased micro-strain on the NPs, allowing the formation 
of dislocations or lattice defects, such as oxygen vacancy donated from 
Co2+; therefore, the degree of long-range order and crystallinity will be 
decreased [34]. After the CoO–ZnO NPs heterostructure formed, the 

Table 1 
The phase composition, lattice parameter, and average crystallite size of CoO 
NPs and various molar ratios of CoO/ZnO NPs.  

Sample Phase 
Composition 
(%) 

Lattice Parameter (Å) Crystallite Size 
(nm) 

CoO ZnO CoO ZnO 

a =
b 

c a =
b 

c 

CoO 86.0 – 2.5 4.39 - - 21.9 ± 0.3 
CoO/ZnO 

(1:1) 
0.01 4.97 2.92 5.05 – – 21.4 ± 0.1 

CoO/ZnO 
(1:3) 

2.60 29.74 2.90 5.02 2.15 3.72 16.8 ± 0.2 

CoO/ZnO 
(1:5) 

3.99 36.77 2.91 5.04 2.31 4.01 15.8 ± 0.2  

Fig. 3. (a) TEM image; (b) SAED image; and (c) particle size distribution of CoO/ZnO NPs with CoO:ZnO of 1:3.  
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characteristic peaks of ZnO gradually increased with the increasing 
molar ratio, indicating that ZnO was successfully decorated on the sur-
face of CoO [35]. 

Further investigations about the structure and morphology of CoO/ 
ZnO composites were carried out by TEM. Fig. 3(a) and (b) show TEM 
images of the CoO/ZnO NPs with a molar ratio of 1:3. CoO/ZnO 1:3 
composites possess small particles on a nano-scale, approximately 17.4 
± 3.5 nm with non-homogeneous particle size distribution. CoO/ZnO 
1:3 NPs have imperfectly spherical and non-uniform particle shapes. 
Moreover, a small bit of darkness was also dissipated on the rough grey 
edge, indicating some spheres have somewhat agglomerated [13]. It has 
been suggested that decorating ZnO on a large specific surface area 
could prevent serious agglomeration of CoO nanoparticles, consequently 
exhibiting grain growth. A small particle size denotes a large surface 
area and optimum bandgap energy, which are advantageous and 
favourable for photocatalytic application [36]. Fig. 3(c) shows the 
selected area electron diffraction (SAED) patterns of the CoO/ZnO NPs. 
The noticed lattice spacing can be ascribed to the lattice plane of (220) 
and (311) Co3O4 spinel cubic, (110) CoO hexagonal, (112), (103), and 
(102) ZnO wurtzite hexagonal crystalline structures. The SAED pattern 

of the CoO/ZnO NPs is attributed to the short-range ordering among the 
unit cells [37]. Hence, the SAED investigation also validated the XRD 
analyses. The diffraction ring pattern of the CoO/ZnO NPs revealed a 
polycrystalline combination of different phases: a polycrystal of spinel 
cubic Co3O4 and hexagonal CoO and ZnO phases. The estimation results 
of the SAED images confirmed appropriate hkl lattice spacing in the XRD 
results. According to the above result, an integrated heterostructure was 
constructed between CoO and ZnO [14]. 

Morphology of CoO/ZnO NPs with a molar ratio of 1:2 was shown in 
Fig. 4. CoO/ZnO 1:2 also have imperfectly spherical and heterogenous 
particle shape. The particle size was also calculated to be in nano scale, 
approximately 18.1 ± 4.1 nm, which is bigger than CoO/ZnO 1:3. Less 
ZnO concentration makes the agglomerated particle looks to be cleaner 
and broader in CoO/ZnO NPs. This further demonstrates that agglom-
eration may be prevented by adding ZnO to the CoO/ZnO composite and 
that agglomeration is unaffected by particle size reduction driven on by 
an increase in ZnO concentration. ZnO may attach to the surface of CoO, 
which changes the morphological environment and causes clearer 
boundaries than pure CoO as reported by Wang et al. [17]. The reduce 
size of nanocomposites is appropriate with the crystallite size from XRD 

Fig. 4. (a) TEM image and (b) particle size distribution of CoO/ZnO NPs with CoO:ZnO of 1:2.  

Fig. 5. (a) EDX Spectrum and (b) mapping analysis of the element of CoO/ZnO NPs with CoO:ZnO molar ratio of and 1:2. (c) EDX Spectrum and (d) mapping analysis 
of the element of CoO/ZnO NPs with CoO:ZnO molar ratio of 1:3. 
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analyses. 
The composition of chemical elements in the CoO/ZnO NPs were 

identified using the EDX spectra. Fig. 5 (a) and (c) confirm the elemental 
composition of the CoO/ZnO sample with a molar ratio of 1:2 and 1:3, 
respectively. The NPs compositions of 1:2 has a weight percentage of O 
19.28%, Co 36.99%, and Zn 43.73%; meanwhile 1:3 has a weight per-
centage of O 14.44%, Co 29.10%, and Zn 49.93%. The remaining weight 
percentages belonged to the C atom, emerging due to the experimental 
treatment. The calculation of both molar ratios was almost equivalent to 
the stoichiometric of CoO and ZnO. The existence of these elements is 
consistent with the findings of earlier investigation [38]. The existence 
of elements O, Co, and Zn in both verified the CoO/ZnO NPs formation. 
Thereafter, the elemental composition of the CoO/ZnO NPs hetero-
junction was revealed by EDX elemental mapping in Fig. 5 (b) and (d). 
The images of the cobalt and zinc distribution by EDX measurements 
indicate the complete solubility of ZnO in CoO with an increased zinc 
content. The results proved that Co, Zn, and O were equally distributed 
and were the primary elements, demonstrating the intimate contact and 
fine construction of the CoO/ZnO heterojunction [39]. 

3.1.2. Functional group analyses 
The FTIR spectra in the range 400–4000 cm− 1 for the prepared CoO, 

ZnO, and CoO/ZnO NPs with a 1:1 M ratio are depicted in Fig. 6. The 
broad bands at 3441–3487 cm− 1 and 1626–1635 cm− 1 were attributed 

to the peak of the H–O–H stretching and H–O–H bending vibration 
(hydroxyl group), respectively. The H–O–H peak confirms that water 
molecules were still adsorbed on the surfaces of CoO, ZnO, and CoO/ 
ZnO NPs, due to insufficient drying [40]. 2841-2931 cm− 1 and 
1334-1342 cm− 1 peaks are due to asymmetric and symmetric C–H 
stretching and C–H bending (aliphatic), respectively. The bands at 2368, 
2337, 1568, 1573, and 1400 cm− 1 belong to -N–H stretching (amine 
group), asymmetric and symmetric C = O stretching, C= C bending in 
alkene, C–Cl stretching, respectively, from various dangling bonds 
formed on the surface of NPs [41]. The absorption bands at 671 cm− 1 

and 586 cm− 1 correspond to the stretching vibration of the C2+
tet -O bonds 

at tetrahedral sites and C3+
oct -O bonds at octahedral sites. This only hap-

pens if the tetrahedral cation-oxygen bonds are stronger or at least of the 
same magnitude as the octahedral cations-oxygen bonds. The valency of 
tetrahedral cations must be greater than that of octahedral cations [42]. 
The presence of the Co3+ cation in XRD data supports the existence of 
the Co3O4 phase because Co3O4 has the empirical formula CoCo2O4 with 
the forming ions Co2+ and Co3+ [43,44]. The ZnO and CoO/ZnO NPs 
also show vibrational bands at 462 and 455 cm− 1, respectively, corre-
sponding to Zn–O bonds [45,46]. The shift in wavenumber implies that 
ZnO influences the connection between metal ions, causing it to weaken. 
When CoO NPs are combined with ZnO, the vibrational energy between 
the bonds reduces, resulting in a vibrational shift. The shift in wave-
number, peak shape, and intensity suggest morphological changes in 
CoO/ZnO NPs [47]. The distinctive vibration peaks of the CoO and ZnO 
in the CoO/ZnO sample indicate that the CoO/ZnO NPs were success-
fully synthesized. 

3.1.3. Optical properties 
The optical properties of as-synthesized CoO, ZnO, and CoO/ZnO 

NPs were conducted by UV–vis absorption. Fig. 7 (a) displays the UV–vis 
absorbance spectra of the CoO, ZnO, and CoO/ZnO NPs. The NPs had 
light absorption ability at 190–350 nm wavelength in the UV–Visible 
region. The pure CoO and ZnO NPs had the maximum absorption peak at 
193.9 and 194.3 nm, respectively, which possed strong light absorption 
in ultraviolet regions. However, the absorption edge of CoO/ZnO NPs 
with the increasing ZnO content was gradually shifted to a longer 
wavelength (redshift) while still exhibiting substantial UV light ab-
sorption. The maximum absorption of CoO/ZnO with various ZnO molar 
ratios of 1:1, 1:2, 1:3, 1:4, and 1:5 were 195.1, 194.3, 194.0, 194.0, and 
194.0 nm, respectively. The increasing wavelength gradually narrowed 
the absorption edge, which matched the previous report [14]. However, 
when the molarity ratio of CoO/ZnO increased to 1:2, 1:3, 1:4, and 1:5, 
the absorption peaks resembled the ZnO absorption edge. The phe-
nomena happened as a result of the CoO’s capacity to extend the energy 
range of the ZnO CB at the two-phase interface, which resulted in energy 
level quantisation and a shift in the UV absorption band [48]. 

The absorption spectra were then converted using the Tauc plot 

Fig. 6. FTIR spectra of (a) CoO, (b) CoO/ZnO with molar ratio 1:1, (c) 
ZnO NPs. 

Fig. 7. UV–Vis Absorption of CoO and CoO/ZnO and (b) Tauc plot of the Kubelka—Munk function (direct) for CoO/ZnO NPs with CoO:ZnO molar ratios of 1:1.  
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equation to estimate the bandgap energy (Eg) of the CoO, ZnO and CoO/ 
ZnO NPs [49], 

(αhv)n
=A

(
hv − Eg

)
(2)  

α, hv, A, n are the absorption coefficient, discrete photon energy, a 
constant relative to material, and an exponent value relative to the 
transition type (n = 2 for indirect transition, 3/2 for a direct forbidden 
gap, and 1/2 for direct transition), respectively. A plot of (αhv)2 against 
hv affords a curve and extrapolated linear region, resulting hv value at α 
= 0 and providing absorption edge energies corresponding to the Eg as 
shown in Fig. 7 (b). The estimated Eg values of CoO, ZnO, and CoO/ZnO 
NPs with various molar ratios are present in Table 2. 

The CoO and ZnO NPs showed bandgap energy of 4.28 ± 0.01 and 
3.30 ± 0.01 eV, respectively. The obtained ZnO bandgap energy is in 
agreement with the previous research. Sansenya et al. [50] reported that 
ZnO NPs have an optical bandgap of 3.3 eV. Meanwhile, the optical 
bandgap of CoO NPs didn’t match the previous research, in which the 
bandgap energy should be 2.28 eV [51]. The optical properties of CoO 
NPs distinguish significantly due to the appearance of Co3O4 cubic 
spinel structure with Eg 3.95 eV, inducing the change Eg to higher en-
ergy [52]. Moreover, the change of Eg of CoO NPs was also affordably 
affected by the calcination of the CoO at high temperatures. Siva, Ranga, 
and Nageswara [53] revealed that high-temperature calcination results 
in a wider band gap and larger bandgap energy. The band gap values for 
the various molar ratio of CoO/ZnO were 3.44 ± 0.01, 3.30 ± 0.02, 3.20 
± 0.01, 3.16 ± 0.01, and 3.14 ± 0.02 eV, which correspond to molar 
ratios of 1:1; 1:2; 1:3; 1:4; and 1:5, respectively. The bandgap energy of 
CoO/ZnO NPs was reduced with increasing ZnO content, which was 
attributed to the new bandgap formation. The Zn2+ ions incorporation 
into Co3+ or Co2+ at the interface had been proved to cause redshift, 
forming Co–O–Zn bonds on the surface. The bond formation causes 

electron deficiency in the ZnO structure, leading to a new bandgap 
located below and adjacent to the CoO conduction band [54]. The above 
results verify that the semiconductors p-type CoO and n-type ZnO satisfy 
the required requirements for constructing a p-n heterojunction; thus, 
photocatalytic activity can be exceedingly reactive when CoO/ZnO is 
exposed under UV light. 

3.1.4. Magnetic properties 
The magnetic properties of CoO and CoO/ZnO NPs with varied molar 

ratios of 1:1 and 1:3 were investigated using a VSM in an external 
magnetic field (between − 15 kOe and +15 kOe), as shown in Fig. 8. The 
narrow hysteresis loop shows that the NPs tend to have soft-magnetic 
properties. The magnetisation of CoO, CoO/ZnO (1:1), and CoO/ZnO 
(1:3) continue to rise even at H = 15 kOe; hence NPs did not undergo 
saturation magnetisation. Barman et al. [55] reported that CoO had 
stable antiferromagnetic properties at room temperature. Ferromagnetic 
behaviour in CoO nanocrystals is commonly identified with a crystallite 
size of less than 10 nm [56]. However, since the crystal size of CoO and 
CoO/ZnO NPs investigated were around 16–22 nm, that may produce a 
magnetic disorder or uncompensated spins; therefore, their magnetic 
properties tend to be antiferromagnetic [57]. Antiferromagnetic on CoO 
and CoO/ZnO NPs reveal that the exchange coupling of magnetic mo-
ments in CoO/ZnO was inadequate due to lattice defects. The defects in 
the crystal structure cause a change in the ion’s location and bond 
lengths between cations and anions in the crystal lattice, which affect 
the magnetic interactions [43]. 

The inserted graph in Fig. 8 demonstrates the intersection of the 
magnetic field axes, revealing the coercivity (HC) of the samples that are 
presented in Table 3. The HC of CoO/ZnO NPs increased with the 
increasing ZnO, leading to anisotropic energy, though the HC of CoO/ 
ZnO was still lower than that of pure CoO [58]. This magnetic behaviour 
agrees with the XRD spectrum, which exhibits the shifting diffraction 
peaks, the increasing lattice parameter, and the decreasing crystallite 
size, suggesting substantial surface-disorder effects. Therefore, these 
results allow us to figure out that the NPs present a high spins degree and 
crystal surface disorder. 

3.2. Photocatalytic activity and mechanism 

The photocatalytic activities of the CoO and CoO/ZnO NPs were 
estimated against the photodegradation on MB aqueous under UV light 
irradiation. MB was used as the dye model to investigate the photo-
degradation activity of the CoO/ZnO NPs composite. Fig. 9 shows that 
the dark absorption equilibrium is established after 30 min. Photo-
degradation of MB was investigated using CoO/ZnO NPs with a molar 
ratio of 1:2, as it resulted in maximum photodegradation activity 
compared to pure CoO and other variations of ZnO molar ratios. The NPs 
showed excellent adsorption properties, as shown in Fig. 9. The highest 
absorbance of MB, which corresponds to the distinctive absorption peak 
of MB at 664 nm, steadily declined with increasing UV irradiation 
period. The samples were subsequently exposed to UV radiation for 180 
minutes. 

The CoO/ZnO NPs (1:2) showed significant degradation in the MB 
solution (Fig. 9 (a)). Therefore, the photocatalytic activity of the nano-
composite may be significantly increased with a proper loading amount 
of ZnO. This can be attributable to the following factors: (1) when the 
loading quantity of ZnO was less than CoO/ZnO 1:2, the synergistic 

Table 2 
Bandgap energy of CoO, ZnO, and CoO/ZnO NPs with various molar ratios.  

Sample Maximum absorption (nm) Bandgap Energy (eV) 

CoO 193.9 4.28 ± 0.01 
ZnO 194.3 3.30 ± 0.01 
CoO/ZnO 1:1 195.1 3.44 ± 0.01 
CoO/ZnO 1:2 194.3 3.30 ± 0.02 
CoO/ZnO 1:3 194.0 3.20 ± 0.01 
CoO/ZnO 1:4 194.0 3.16 ± 0.01 
CoO/ZnO 1:5 194.0 3.14 ± 0.02  

Fig. 8. Hysteresis loop of CoO NPs and CoO/ZnO NPs with various 
molar ratios. 

Table 3 
Coercivity (Hc) of CoO NPs and CoO/ZnO NPs 
with various ratio molar.  

Sample Hc (Oe) 

CoO 133 
CoO/ZnO 1:1 47 
CoO/ZnO 1:3 131  
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impact between the ZnO and CoO was insufficient, which reduced 
charge carrier migration. (2) When the loading amount of ZnO exceeded 
the CoO/ZnO 1:2 ratio, the active sites of CoO were extensively shielded 
by excess ZnO, becoming charge carrier recombination centers. All of 
these findings coincided with the charge carrier dynamics analyses of 
the nanocomposites [59]. The CoO/ZnO NPs have excellent perfor-
mance in the MB degradation under UV irradiation due to certain con-
taining ZnO on the CoO surface. This phenomenon proves that ZnO plays 
an essential role in the adsorption process. The removal efficiency (D) or 
de-colouration rate was calculated using the following equation [7]: 

D (%)=
C0 − Ct

C0
× 100 (3)  

C0 and Ct represent the initial MB absorbance and the absorbance with 
specific time radiation. Fig. 9 (b) shows the calculated removal effi-
ciency of the MB after photocatalytic reaction using CoO/ZnO NPs. The 
deterioration rate increased with increasing UV irradiation period. 
Under dark circumstances, the adsorption rates of NPs were 4.0%, 
27.7%, 19.1%, 29.9%, 22.5%, and 12.8% for CoO/ZnO molar ratios of 
1:0, 3:1, 1:1, 1:3, 1:5, and 1:7. After 3h of UV light irradiation, the 
degradation rate at a molar ratio of 1:0, or without ZnO addition, 
reached 13.9% or approximately three that of the adsorption process, 
meanwhile for the CoO/ZnO NPs with a molar ratio of 1:2, the MB 
removal efficiency reached 67.5% (optimal photodegradation). 

As shown in Fig. 10 (a), the photocatalytic MB degradation experi-
ments with NPs of various CoO/ZnO NPs molar ratios were analyzed 

using kinetic models to investigate the mechanisms that control the 
degradation process. The rate constant can be determined using the 
pseudo-first-order reaction rate model (according to the Lang-
muir–Hinshelwood model), which can be calculated in the following 
equation [60]: 

ln
Ct

C0
= − Kappt (4)  

Kapp and t are the fitted pseudo-first-order model rate constant (min− 1) 
and t the radiation time, respectively. As shown in Fig. 10 (b), the 
calculated rate constant (Kapp) is present in Table 4. The CoO/ZnO NPs 
1:2 catalyst exhibited the highest rate constant (6.43 ± 0.01 min− 1), 
which corresponded to the optimum removal efficiency of CoO/ZnO 
NPs. The CoO/ZnO with a concentration of 1:2 exhibited the highest 
degradation rate. The kinetic fitting of experimental data confirmed that 

Fig. 9. (a) UV–Vis absorption spectrum for MB degradation using CoO/ZnO NPs 1:2 and (b) removal efficiency of MB using CoO NPs and various molar ratios of 
CoO/ZnO NPs. 

Fig. 10. (a) Pseudo-first-order kinetic model and (b) rate constant of MB photodegradation for CoO and CoO/ZnO NPs with various molar ratios.  

Table 4 
Parameters of the pseudo-first-order adjusted for the photocatalytic degradation 
rate of MB using CoO/ZnO photocatalyst with various molar ratios.  

Photocatalyst CoO/ZnO Kapp ( × 10− 3, min− 1) t1/2 (min) 

1:0 0.85 ± 0.01 813.77 ± 0.01 
1:1 4.45 ± 0.02 155.63 ± 0.02 
1:2 6.43 ± 0.01 107.84 ± 0.01 
1:3 4.73 ± 0.12 146.64 ± 0.12 
1:4 4.99 ± 0.01 138.96 ± 0.01 
1:5 3.40 ± 0.01 203.82 ± 0.01  
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the photocatalysis matched a pseudo-first-order kinetic model with 
sufficient linearity. Kinetic studies can also be performed to determine 
the half-life times (t1/2) of the MB degradation using the following 
equation [61]: 

t1
2
=

ln 2
Kapp

(5)  

Kapp is inversely proportional to t1/2. The smallest Kapp takes the most 
prolonged half-life in degrading MB solution. The Kapp and t1/2 of pho-
tocatalytic activity performance using CoO and CoO/ZnO NPs with 
various molar ratios are present in Table 4. 

Regarding overall photodegradation results, CoO/ZnO NPs out-
performed pure CoO NPs in degrading 7 ppm MB. It is also possible that 
CoO/ZnO has slightly better degradation than pure ZnO. According to 
research by Mohammadzadeh et al., ZnO with the addition of 0.2 mL 
H2O2 was able to degrade 91% of 1.2 ppm MB for 150 minutes [62]. In 
addition to the duration of light irradiation and light intensity, pH 
conditions can influence the photodegradation rate. MB is a cationic 
dye; therefore, the photocatalytic process is more active at specific pH 
levels [63]. The possible photocatalytic mechanism of CoO/ZnO in 
degrading aqueous MB is depicted in Fig. 11. The photocatalytic activity 
of CoO/ZnO nanoparticles with the structure of the p-n junction band 
due to coupling between the CoO band and the ZnO band with the 
depletion area of the layer where electron transfer is located is illus-
trated as shown in Fig. 11 [64]. When CoO/ZnO nanoparticles are dis-
solved into MB solution and given UV light radiation as an energy 
source, electron-hole pair photogeneration occurs due to the electron 
excitation process. The electrons (e− ) in the valence band (VB) of each 
CoO and ZnO are excited to the conduction band (CB) of each CoO and 
ZnO, respectively and leave a positive charge hole (h+) in the CB of ZnO. 
The e− in the CB of CoO and ZnO then interacts with water molecules, 
thus undergoing a reduction process with oxygen and generating su-
peroxide radicals (•O2− ). Meanwhile, h+ in VB of CoO and ZnO interact 
with water molecules and then undergo oxidation with OH− ions from 
H2O and H2O2 to form hydroxyl radicals (•OH). 

However, the Z-scheme nanocomposite could be formed, as reported 
by previous studies [40,59]. Therefore, the e− in CB of ZnO might 

recombine with the h+ in the VB of CoO. This charge carrier migration 
surmounted the electron-hole pair recombination and granted substan-
tial redox ability in the isolated systems. The stronger reduction ability 
of e− in the CB of ZnO can photodegrade the MB, and a certain e− in the 
conduction band can interact with O2 and H+ to generate H2O2. More-
over, it is distinctly noticed that the conduction band of the CoO sample 
is more positive than that of ZnO. Yet, the valence band of CoO is more 
negative than that of ZnO [60], suggesting that the generation of •O2−

was thermodynamically prohibited. Meanwhile, the accumulated h+ in 
VB of ZnO oxidized OH− and H2O to form •OH, which is efficient in MB 
photodegradation [59,65]. The radical species (•O2- and •OH) resulting 
from the oxidation-reduction process then interact with the MB mole-
cule and remove the MB molecular chain up to a simple single-ring 
molecular chain that is environmentally friendly, such as H2O, Cl− , 
CO2, SO4

2− , and NO3− . Under photocatalytic conditions, when low H2O2 
concentration was added, a high rate of ROS was generated, resulting 
from the surface binding between CoO and ZnO that matches well with 
the previous report [66]. The scheme of the photocatalytic reaction of 
CoO/ZnO NPs is outlined as follows: 

CoO
/

ZnO+ hv (UV) → CoO
(
e−CB + h+

VB

) /
ZnO

(
e−CB + h+

VB

)

h+
VB +H2O → H+ + OH−

h+
VB +OH− → • OH (oxidation)

e−CB +H2O+H+ → H2O2 + O2  

e−CB +O2 → •O−
2 (reduction)

O−
2 +H+ → • OOH  

2 • OOH → O2 + H2 O2  

H2O2 +•O−
2 → • OH+OH− + O2  

•O−
2 + • OH+MB → H2O+O2 +Cl− + NO−

3 +CO2 + SO2−
4 

Reusability may demonstrate the stability of photocatalysts for 
environmental remediation systems. The CoO/ZnO NPs with a molar 
ratio of 1:2 confirm high stability and reusability until the third is 
reusable, as shown in Fig. 12. The mass of the photocatalyst decreased 
by 40% (0.04 g) in the first cycle of repeated use and by 10% (0.01 g) in 
each subsequent cycle due to washing and drying. The photocatalytic 

Fig. 11. Simplified Z-scheme depicting electron-hole and band alignment 
arrangement at the junction of CoO/ZnO NPs with low H2O2 concentration 
addition for MB degradation. 

Fig. 12. Experimental results for reusable CoO/ZnO NPs with CoO:ZnO molar 
ratios of 1:2 used as photocatalysts for MB solution (0.1 g/100 mL) after 3 h of 
UV irradiation. 
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ability was increased in R1 by 14.6% (53.5–68.1%), R2 by 1.4% 
(69.5–68.1%), and then reduced in R3 by 3.0% (69.5–66.5%). This 
suggests that the catalyst was recyclable. The reduction in photo-
catalytic activity of NPs can be attributed to numerous variables, 
including: (1) The amount of mass reduces throughout washing and 
drying, resulting in smaller dosages in the following cycle [40]. (2) 
Catalyst surface activity steadily declines after each cycle due to cate-
chols and intermediates blocking pores and active sites [59]. The effect 
of mass reduction on the increase in removal MB efficiency is caused by 
reduced agglomeration particles covering the active side on the surface 
of CoO/ZnO nanoparticles so that their degradation activity becomes 
more excellent [13]. A decrease in degradation activity after a third 
repeated use may result from photocatalyst inactivation due to dye 
molecules attached to the photocatalyst surface [40]. These findings 
suggest that CoO/ZnO photocatalysts have the potential to be used 
repeatedly in the process of degradation of dye pollutants. Table 5 shows 
previous studies of CoO–ZnO with different synthesis methods and 
photocatalytic treatment. The combination of CoO and ZnO encourages 
excellent photocatalytic activity by constructing the P–N junction. 

4. Conclusion 

CoO/ZnO NPs composites were successfully synthesized by 
combining CoO and ZnO to construct p-n heterojunction using the hy-
drothermal method, followed by the calcination, synthesis was then 

continued under the precipitation method. The particle size was 
confirmed under nano-scale. The crystallite size and band gap energy 
were reduced with increasing ZnO concentration. CoO/ZnO NPs had 
antiferromagnetic properties. The photocatalytic activities of CoO/ZnO 
were confirmed by MB photodegradation with a maximum removal ef-
ficiency of 67.5%. The CoO/ZnO NPs may absorb light in the UV–Vis 
region between 190 and 350 nm due to their wide absorption edge. 
Therefore, the CoO/ZnO NPs composite is a highly promising photo-
catalyst to be developed for environmental applications. 
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