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Highlights: 

 Co-doped TiO2 and ZnO materials were synthetized by solvent and hydrothermal method. 

 Effect of Co-doping amount was investigated on photocatalytic efficiency. 

 Doped materials were tested on ketoprofen degradation in real wastewater. 

 

Abstract: The effect of cobalt doping on semiconductors materials synthesized via solution and hydrothermal 

methods was investigated by testing its photocatalytic efficiency on pollutants abatement. X Ray Diffraction 

technique was used to evaluate samples crystallographic phases allowing to identify different species due to 

the introduction of the dopants. Diffuse Reflectance UV-Vis Spectroscopy was employed to determine the 

bandgap as well as the absorption corresponding to d-d transitions for cobalt doped systems. Finally, Electron 

Paramagnetic Resonance Spectroscopy was adopted to perform a pre-screening of the photoactivity of the 

prepared samples. 

The Co-doped TiO2 and ZnO materials photoactivity was assessed on phenol degradation, selected as 

pollutant probe, under UVA irradiation. Doping TiO2 with cobalt in low amounts (0.25% and 0.5%) prepared 

by hydrothermal method leads to an enhancement on phenol degradation. Also, the presence of Co-doped 

ZnO obtained by hydrothermal process if prepared with defined cobalt amount (0.5 or 1%) promote an 

increasing on phenol abatement. Ketoprofen was used to evaluate the doping effect, being the Co-doped ZnO 

material more efficient on ketoprofen mineralization comparing with bare material. The ketoprofen and its 

transformation products were easily abated and, in wastewater, they were completely eliminated within 1h, 

endorsing that inserting cobalt can improve the ZnO photocatalysis efficiency for water remediation. 

Keywords: Oxide materials; Semiconductors; Cobalt doping; Heterogenous photocatalysis; Water treatment. 

 

1. Introduction 

Water pollution has emerged as a global critical concern. The occurrence of pollutants has been 

increasingly detected at low concentrations levels in surface water, groundwater and drinking water [1,2]. 

Particular attention should be paid to contaminants of emerging concern (CECs) such as pharmaceuticals, 

personal care products, artificial sweeteners and pesticides that, due to their toxicity, even at low levels, may 

have a negative impact on ecosystems including human beings [3,4]. Considerable efforts have been recently 

dedicated to developing new solutions to improve the wastewater treatment systems efficiency removing 

those pollutants [5–8]. 
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Heterogeneous photocatalytic has become one of the most promising solutions for environmental 

remediation due to its ability to generate highly reactive oxidizing species able to remove a wide range of 

contaminates [9]. Among the semiconductors, titanium dioxide [10,11] and zinc oxide [12,13], thanks to their 

chemical and physical high stability, broad adsorption range, high electronic coupling coefficient and photo-

stability, has been widely reported as the leading candidates.  

The introduction of doping agents is described as a successful approach to improve the semiconductor 

photocatalytic efficiency. The addition of supplementary energy levels on the oxide bandgap, can potentially 

act as a charger trap, reducing the recombination of the photogenerated electrons/holes allowing carries to 

successful diffuse to the surface resulting in better photocatalytic activity [14–16]. Conversely, the 

introduction of doping agents can also form a charger recombination center into the system lattice [17,18]. 

Among dopants, d block metals can configure some stability reducing the photo-corrosion limitations of 

semiconductors oxides [17,19]. Additionally, transition metals can modify the semiconductor lattice, inducing 

reticular distortions increasing the fraction defects that can lead to higher efficiency in the electron holes 

charges separation [14,20]. The incorporation of transition metal ions in oxides semiconductors appears to be 

a complex function of dopant concentration and its distribution, strongly dependent on each metal ion 

electron donor density and its d electron configuration.  

Cobalt is considered one of the most effective doping species due to its abundant electronic states and 

also it appears to suite well for tailoring the electronic structure, by substitution of Co2+ on the host lattice 

without inducing significant distortions in the oxide reticulum [21,22]. In addition, the incorporation of cobalt 

ions has shown an increase in the number of oxygen vacancies in the ZnO structure that are usually leading to 

an efficient separation of photogenerated charges carriers [23,24]. However, the introduction of cobalt with 

different concentrations on ZnO lattice is reported to induce a change in the morphology on the 

microstructures suggesting that structure and activity strongly depend on the synthesis method [25]. 

The novelty of this work consists both in the use of ZnO and in the synthesis techniques adopted. Its 

properties have been studied since the early days of semiconductor electronics, but the use of ZnO as a 

semiconductor in photocatalysis has been hindered by the lack of control over its electronic structure: ZnO 

crystals are almost always n-type, the cause of which has been a matter of extensive debate and research. 

Theoretical studies have also contributed to a deeper understanding of the role of native point defects and 

impurities on the unintentional n-type conductivity in ZnO. Band-gap engineering of ZnO can be achieved by 

alloying with dopants and Co in particular can suit for photocatalytic purpose. It has been also demonstrated 

that the synthesis procedure can dramatically influence the morphology of the final sample and consequently 

the surface area and the photocatalytic properties 

In the present work, a comprehensive investigation of the cobalt doping role on different newly 

semiconductors oxide materials, produced through different synthetic methods, correlating the reticular 

structure with their photocatalytic activity for removal of pollutant from water. The Co-doping concentration 

effect (from 0.25 to 5%), as well as the synthesis procedure (solution and hydrothermal methods), are assessed 

on the TiO2 and ZnO photocatalytic efficiency for phenol abatement, used as pollutant model molecule due to 

its chemical structure. The efficiency of the most promising material was also evaluated on ketoprofen 

degradation, a contaminant of emerging concern that have been detected in natural waters with 

concentrations of ng/L [26,27]. 

2. Materials and methods 

2.1. Materials 

All chemicals used in this work were obtained from Sigma-Aldrich. The real wastewater samples used in 

this study were collected on a Waste Water Treatment Plant on northwest area of Italy (October 27th 2017) 

from the outflow of primary clarifier tank. Samples were filtered using a Whatman grade qualitative filter 

paper before filtering with a 0.45 μm filter Sartolon Polyamide (Sartorius Biolab). Wastewater analyses 

allowed to determine a total organic carbon concentration of 9.7 mg/L; 68.4 mg/L of inorganic carbon; 31.3 

mg/L of total nitrogen and pH value of 8.3. 
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2.2. Materials synthesis 

Bare and cobalt doped photocatalysts were prepared via solution (S) and hydrothermal method (H) 

[28,29]. Samples were obtained with different nominal amount of Cobalt (0.25, 0.5, 1, 3 and 5% molar), 

labelled respectively Co(0.25%)-ZnO, Co(0.5%)-ZnO, Co(1%)-ZnO, Co(3%)-ZnO, and Co(5%)-ZnO for the zinc 

oxide materials. The corresponding titanium dioxide materials were labelled Co(0.25%)-TiO2, Co(0.5%)-TiO2, 

Co(1%)-TiO2, Co(3%)-TiO2, and Co-(5%)-TiO2. 

Synthesis via solution method (S) for ZnO and TiO2 

ZnO materials were synthesized dissolving 2.2 g of Zn(CH3COO)2 in 160 mL of water and 80 mL of 

ethanol. The stoichiometric amount of Co(NO3)2∙6H2O was added to obtain the doped samples. The mixture 

was kept under magnetic stirring for 1 h in order to promote the solubilization of organic salts. Then, a proper 

dose of NaOH 1 M was added dropwise to the solution in order to reach a pH of 10-11. The obtained gel was 

left to rest for two days and then dried in an oven at 70 °C. The powder was finally calcined at 300 °C for 30 h.  

TiO2 was prepared from 7.5 mL of titanium isopropoxide (97% wt) dissolved in 2-propanol (7.5 mL) and 

deionized water (4 mL; the desired stoichiometric amount of (Co(NO3)2∙6H2O) was added to the solution 

together with 5 g of citric acid. The solution was subjected to magnetic stirring and kept for 6 hours in a hot 

water bath at 80 °C, in order to favor the gel formation [30]. The acidic pH favored the hydrolysis process and 

therefore the gelation. The sample was placed in an oven at 70 °C for two days, in order to promote drying 

and obtaining the xerogel. This phase was followed by a further heat treatment which involved calcining in a 

muffle at 500 °C for 2 hours obtaining a light-yellow powder. 

Synthesis via hydrothermal method (H) for ZnO and TiO2 

To obtain Co-doped ZnO, the Co(NO3)2.6H2O⁠, in the desired percentage, was added to 20 mL of 

Zn(NO3⁠)2⁠∙6H2⁠O 1M solution, and the resulted solution was kept under stirring. After complete dissolution, a 

solution of NaOH 4M was added dropwise until reaching the pH value of 10. The solution was transferred to 

a 100 mL Teflon-lined autoclave, filled with water until complete 50 mL, and the autoclave was kept at 175 °C 

for 15 h. The resulting precipitated products were washed with water and recovered by centrifugation (6000 

rpm for 10 min), repeating the procedure 2 times. After dried at 70 °C during the night, the powders were 

homogenized using a mortar and pestle. 

The same procedure was used to obtain Co-doped TiO2; also in this case the cobalt precursor 

(Co(NO3)2∙6H2O) was added to titanium(IV) butoxide (3.35 mL) and ethanol (50 mL). The solution was kept 

under continuous stirring for 10 minutes at room temperature. Then, 0.2 mL of sulfuric acid 98% and 0.2 mL 

of water were added at the starting solution. The thermal treatment was the same used for ZnO materials. 

2.3. Methods 

X-ray powder diffraction (XRPD) analyses were performed in a PANalytical X’Pert PRO, (45kV, 40mA) 

using Cu as radiation source. Analyses were performed continuously in the 2θ range between 10° and 100°. 

The X’Pert High-Score software was used for the mineral phases identification. The UV-Vis absorption 

spectra were recorded using a Varian Cary-5000 spectrophotometer, coupled with an integration sphere for 

diffuse reflectance studies (DRS), and a PTFE sample as reference using a Cary WinUV software. The Electron 

Paramagnetic Resonance analyses were performed in a X-band CW-EPR Bruker EMX spectrometer equipped 

with a cylindrical cavity operating at 100 KHz field modulation, in both at room temperature and at liquid N2 

temperature (77 K). 

2.3.1. Photocatalytic Degradation Procedure 

The photocatalytic experiments were performed in Pyrex glass cells containing 5 mL solution at room 

temperature under magnetic stirring. The initial concentration of pollutant molecule was 20 mg/L in the 

presence of 1000 mg/L of catalyst. Irradiation was performed using a Philips Cleo 6x15 W TL-D Actinic BL 

(290-400 nm range, 90±2 Wm-2) with emission max. at 365 nm, measured with a CO.FO.ME.GRA power meter. 

Before the analysis, to remove the heterogeneous catalyst, the samples were filtered using a 0.45 µm filter. 

Experiments in wastewater samples were conducted after spiked with phenol and ketoprofen. 
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2.3.2. Analysis 

The samples were analyzed using a YL9300 HPLC system equipped with a column, LiChroCART, 12.5 

cm x 0.4 cm; 5 m (Merck). Phenol concentration was determined using as eluent acetonitrile/phosphoric acid 

solution (1×10−⁠2 M) at pH 2.8 (10:90%, v:v); 1 mL/min and detector at 220 nm. Ketoprofen was followed with 

the same eluent in a mixture of 35: 65% v:v, at 260 nm. 

HPLC/MS analyses were performed in a Shimadzu UFLC with a Nexera XR, a pump LC-20AD XR, SPD-

M20A UV/vis detector and SCIEX QTrap A3200. Data were acquired in full-scan mode in a range between 50-

300 m/z in ESI negative mode. Using Luna C18 50 x 2 mm, 2.5 μm (Phenomenex) column at flow rate 0.4 

mL/min and the eluent gradient acetonitrile/water (v/v): 5/95 (0 min); 0/100 (5 min); 0/100 (5 min). 

Total organic carbon (TOC) and total nitrogen (TN) was quantified with Shimadzu TOC-5000 analyzer 

using standards of potassium phthalate for the calibration. 

 

3. Results and discussion 

3.1. Materials characterization  

Figure 1 shows the diffractograms of pristine zinc oxide and zinc oxide doped with cobalt at different 

concentrations, prepared by solution (A) or hydrothermal methods (B). The XRD patterns of the synthesized 

samples display reflections corresponding to (1 0 1), (0 0 2), (1 0 1), (1 0 2), (1 1 0), (1 0 3), (2 0 0), (1 1 2) and (2 0 

1) planes of the ZnO wurtzitic hexagonal phase. No other reflections were recorded, suggesting the high 

purity of the synthesized samples; in addition, the diffraction peaks are relatively sharp, indicating the good 

crystallinity of the materials. 

 
Figure 1. Diffratograms of bare and Co-ZnO prepared via (A) solution and (B) hydrothermal methods, a) pristine 

ZnO, b) Co(0.25%)-ZnO, c) Co(0.5%)-ZnO, d) Co(1%)-ZnO, e) Co(3%)-ZnO, f) Co(5%)-ZnO 

The doping with cobalt does not modify the diffraction profile of zinc oxide, corroborating the 

hypothesis that the doping species were able to effectively enter the crystalline lattice of the solid and 

substitute itself with the zinc atoms. The good dispersion of the cobalt ions in the crystalline lattice of the 

oxide or the small fraction of dopant addition prevents observing signals referable to other crystalline phases, 

such as the cubic spinel form of Co3O4. In fact, all the diffraction patterns were characterized by the same 

reflections at the same value of 2θ. This experimental evidence suggests that, independently of the synthesis 

method, cobalt doping does not modify the wurtzite structure typical of zinc oxide.  

For a more in-depth analysis an enlargement of the diffraction profiles in the region 30° <2θ <40° are 

shown in Figure S1 where the most intense reflections fall. The peaks retain their position, with a negligible 

displacement at greater angles as the concentration of cobalt increases. This effect can be explained by 

considering the very slightly different values of the ionic rays of Co2+ (rCo2+= 0.070nm) and of the Zn2+ (rZn2+= 

0.074nm). The interstitial ions, having almost the same size than those of zinc, generate a very small disorder 

and negligible stress in the crystalline structure of the oxide. Furthermore, the signals of pristine zinc oxide 

appear more intense and narrower than the reflections of cobalt-containing powders. The peaks enlargement 

is more evident at higher dopant concentrations. The signal amplitude is a parameter related to the degree of 
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crystallinity of the sample; the increase in the percentage of doping inhibits, therefore, the crystallization and 

limits the growth of the crystallites.  

The Scherrer equation on XRD pattern reported below, was used to evaluate the size of the average crystals of 

synthesized materials [31]: 

𝜏 =
𝐾𝜆

𝛽𝑐𝑜𝑠𝜃
 

where τ is the mean size of the ordered crystalline domain, K is a dimensionless shape factor which 

varies varying the nanoparticles morphology and in this case we used a value of 0.9 which is suitable for 

platelet shape [32], λ is the X-ray radiation wavelength, β is line broadening at half maximum intensity 

(FWHM) after subtracting the instrumental line broadening which in our case were performed with a silicon 

single-crystal standard and θ is the Bragg angle at which we measure the reflection. 

Generally, the increasing of cobalt percentage in the matrix affects the degree of crystallinity and 

consequently the reduction in the crystallites dimensions, but in the case of TiO2 obtained via hydrothermal 

synthesis, this phenomenon does not occur (Table 1). By comparing these values, it is possible to state that the 

hydrothermal synthesis ensures a greater degree of crystallinity of the powders only in the case of ZnO (see 

figure S1 where it is possible to compare different width). Also, in the case of TiO2, the XRD analysis (reveals 

the formation of a single phase corresponding to anatase structure. No influence of Co-doping is observable 

in the XRD patterns, in fact, it is not possible to identify the presence of cobalt-like phases like the spinel 

cobalt oxide, or cobalt hydroxide. Regardless of the synthesis procedure and the type of transition metal 

added, all the materials show the same diffraction profile and this is compatible with what is reported in the 

literature [33–35]. In the case of titania type of synthesis performed does not affect the degree of crystallinity 

of the sample and consequently the size of the nanoparticles as reported in Table 1. 

 
Figure 2. Diffractograms of bare and Co-TiO2 prepared via (A) solution and (B) hydrothermal methods; a) bare TiO2, 

b) Co(0.25%)-TiO2, c) Co(0.5%)-TiO2, d) Co(1%)-TiO2, e) Co(3%)-TiO2, f) Co(5%)-TiO2 

Table 1. Average size of crystallites (d), for pure and doped materials. 

 d (nm) for ZnO d (nm) for TiO2 

%Co S H S H 

0 37±5 143±30 8±2 4±1 

0.25 36±6 141±20 7±2 5±2 

0.5 34±5 141±17 6±2 6±2 

1 32±7 140±18 6±2 5±2 

3 30±6 125±14 6±2 8±2 

5 35±7 116±17 6±2 4±1 

 

Also, for TiO2 samples an enlargement of the diffraction profiles in the region 20° <2θ <30° is shown in 

Figure S2 where the most intense reflections fall. Both the synthesis procedures bring to the formation of pure 

anatase, moreover, it is possible to observe a slight enlargement of the peaks related to the doped materials 
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respect to the pure ones. This phenomenon is particularly evident for the samples prepared via hydrothermal 

methods (see figure S2).  
In DR-UV-Vis spectra for all the samples Co-ZnO (Panel A and B) and Co-TiO2 (Panel C and D) obtained 

via solution and hydrothermal methods are shown. For all the samples the type of synthesis does not modify 

the optical behaviour of the semiconductor. For all the ZnO samples the band gap (calculated with the Tauc 

plot method) is around 3.3 eV while for titania is slightly higher about 3.4 eV. The EBG values present once 

again that the addition of the doping agent has no effect in defining the extent of the solid bandwidth. The 

presence of cobalt in the crystalline oxide lattice is confirmed by the presence in the spectrum of characteristic 

bands related to the d-d transitions. In the first two panels (A and B) related to the ZnO material the presence 

of well-defined bands centred at 554 nm, 587 nm and 635 nm are assigned to the d-d transitions of Co2+ 

involving crystal fields levels in a tetrahedral crystal symmetry and can be ascribed to the (F) 2E(G), 4A2(F) 
4T1(P) and 4A2(F)2A1(G) transitions respectively, where A, E and T are generally used to indicate 

intermediate energy bands [36–39]. These results support the fact that high spin tetrahedrally coordinated 

Co2+ ions (3d7, S=3/2) can replace Zn2+ sites in the ZnO structure. With regard to these absorption bands, there 

is a substantial difference, especially in the intensity of these bands, for the different samples. In detail, 

different trends are observed for the four panels. In the case of Co-ZnO by solution method (A) the most 

evident aspect is the low reflectance value, the sample is in fact coloured (green) and quite dark. The d-d 

transitions are observed but are partially shielded by the low reflectance value. In the case of ZnO synthesized 

by the hydrothermal way (B) the situation is similar: indeed, again the sample with the lowest reflectance 

value is the one with the highest concentration of dopant, in any case, the d-d transitions are perfectly 

observable and well resolved. The situation for TiO2 is diametrically opposed. The sample synthesized by 

solution method presents the absorptions due to the d-d well evident and increasing transitions as a function 

of the percentage of dopant (C) whereas in the case of samples synthesized by hydrothermal method (D) only 

the poorly defined and not resolved absorption shoulders can be observed. Also, the region of absorption is 

slightly different respect to the case of ZnO, in fact, the titania doped samples are yellow if obtained via 

hydrothermal way and pale blue if prepared via solution synthesis. 
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Figure 3. DRS-UV-Vis Reflectance spectra of A) Co-ZnO via solution synthesis, B) Co-ZnO via hydrothermal 

synthesis, C) Co-TiO2 via solution synthesis, D) Co-TiO2 via hydrothermal synthesis. a) bare ZnO, b) Co(0.25%)-ZnO, 

c) Co(0.5%)-ZnO, d) Co(1%)-ZnO, e) Co(3%)-ZnO, f) Co(5%)-ZnO 

To understand the nature of the defects generated by the introduction of Co ions into the lattice of ZnO and 

TiO2 matrices we analysed the samples with the electron paramagnetic resonance technique (EPR). The 

pristine oxides do not present any signals, at low magnetic field, due to paramagnetic species, this means that 

all the bare materials are stoichiometric and without defects. In the case of doped samples, it is possible to 

observe in Figure 4A and B that the two oxides behave differently. Co-doped ZnO (Figure 4A) presents a 

huge anisotropic signal: the spectrum is characterized by a strong peak cantered at g=4.5038 and g//=2.314 

assigned to the a d7 high spin configuration of cobalt (II) ions located in tetrahedral coordination, [33,34] 

replacing Zn2+ sites in the wurtzitic structure. The presence of g and g// values suggest an axially distorted 

symmetry of the dopant into the ZnO matrix in accordance with the XRD patterns.  

 
 

Figure 4. EPR spectra of A) Co(1%)-ZnO via solution synthesis and B) Co(1%)-TiO2 via solution synthesis. 

The signals increase with the cobalt loading (data shown in the supplementary material, Figure S4). 

Moreover, the lines with a g value of about 1.96 associated to shallow donors or core-shell vacancies 

originating from zinc, and always present in any ZnO sample, were not detected [35–37] (see Figure 5). 

Another difference between doped and undoped materials is the fact in the doped ones, a consistent decrease 

in the signal intensities, due to native paramagnetic species is observed, as already reported by previous 

studies [38]. This behaviour can be explained due to cobalt in the lattice of ZnO stabilize the hexagonal 

structure of zinc oxide, limiting the formation of paramagnetic defects responsible for the signal around 

g~1.96, such as the interstitial ions Zn+. 

In the case of TiO2 no signal related to the presence of Co2+ can be observed in the same region of low 

magnetic field, even increasing the cobalt loading (Figure 4B). Ti ions in titanium dioxides presents an 

octahedral coordination, with tetragonal distortion; according to Liu [39] when Co ions replace Ti ions into 

the lattice, the charge balance and the different sizes of ionic radii of Co2+ (octahedral - 0.745 Å) and Ti4+ 

(octahedral – 0.605 Å) could easily lead to lattice distortion with the formation of defects that would reduce 

the stability and the crystallinity. Thus, cobalt doping could hinder the grain growth of the catalysts and 

reduce the particle sizes. Also, the reduced crystallinity would promote phase transformation, owing to the 

increased number of oxygen vacancies in the TiO2 lattice created by replacing the Ti4+ sites with Co2+ for 

charge compensation. To preserve the charge balance, the formation of Ti3+ species is expected. Thus, cobalt 

doping should enhance the concentration of Ti3+ and oxygen vacancy in the lattice. The absence of this signal 

can be interpreted as the non-formation of the paramagnetic species due to the presence of high spin Co2+ in 

d7 configuration. The two spectra presented in Figure 5B are related to undoped titania (orange) and cobalt 

doped titania (black). The signal of Ti3+ species is present only in the case of undoped TiO2 and in the Co-TiO2 

sample it disappears; this means that probably cobalt does not enter into the titania lattice in substitutional 

position and it is present in a non-paramagnetic species as Co3+.  Both oxides are able to trap cobalt ions in 

some way, the samples are coloured and different spectroscopic techniques revealed the cobalt presence but 

different results were obtained in the case of the two oxides, at least in terms of the nature of the defects. This 

different behaviour can play a role in the different photoactivity of the two samples that we will present in the 

next section. 
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Figure 5. Comparison of bare and cobalt doped Oxides. A) bare ZnO (orange) and Co(1%)-ZnO (black) via solution 

synthesis; B) bare TiO2 (orange) and Co(1%)-TiO2 (Black) via solution synthesis. 

3.2. Photocatalytic Degradation with a Pollutant Model Molecule  

The materials efficiency was evaluated using phenol as pollutant model in Milli-Q water. 

3.2.1. Cobalt doped TiO2 

Figure 6 shows the phenol degradation obtained under irradiation in the presence of the titanium 

dioxide materials doped with different cobalt concentrations prepared by the solution and hydrothermal 

methods compared with the respective pristine titanium dioxide material. It is possible to observe a higher 

activity for the materials prepared though the hydrothermal method when compared with the corresponding 

materials prepared by solution method. 

 

 
 
Figure 6. Phenol degradation over time (20 mg/L) under UVA irradiation in the presence of (1000 mg/L) Co-doped 

TiO2 prepared by solution (top) and hydrothermal method (bottom). 

Among Co-TiO2 materials prepared by hydrothermal, those with lower cobalt concentration, namely 0.25% 

and 0.5% allow to achieve faster phenol degradation than the pristine TiO2. While increasing the dopant 

amount seems to be detrimental in the photoactivity process, as evidenced on kinetic constant values 

presented on Table 2. This behavior can be explained in terms of population of intraband gap states in the 

band gap of TiO2. It is well known from the literature [40,41] that not always the doping increases the 

photoactivity of the bare material, it depends on the formation of recombination center into the lattice system 
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320 330 340 350 360
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and it is strictly related to the concentration of dopants. Most often a very low amount of extra ions leads to 

an increase of photocatalytic activity while an excess of dopants is detrimental. The reason, once again is 

related to the formation of recombination centers that instead of helping the charge separation, brings to a 

faster recombination of holes and electrons. The problem of extending the spectral sensitivity of photoactive 

materials to visible light became one of the major challenges in applied photocatalysis and photo-

electrochemistry. The simplest way to extend the spectral sensitivity ought to be the chemical modification of 

the materials through doping with metal cations that thus displayed additional absorption bands in the 

extrinsic spectral region at wavelengths longer than the absorption edge. However, such spectral extension of 

light absorption typically gives no improvement in integral activity of photocatalysts, since metal doping 

resulted in either formation of nonactive extrinsic absorption or creation of additional centers of charge carrier 

recombination. It depends on the coordination environment of the dopant and on its ability to modifies its 

oxidation number. This is the case of high concentration of cobalt (II) doping TiO2. 

3.2.2. Cobalt doped ZnO 

Figure 7 shows the phenol degradation under irradiation in the presence of the Co-doped ZnO materials 

with different cobalt amounts prepared by the solution and hydrothermal methods comparing with the 

pristine zinc oxide. It is possible to observe a lower activity for the materials prepared through the solution 

method when compared with the corresponding obtained by hydrothermal method. In fact, the most active 

material prepared by solution method needs more than 1h of irradiation to completely abate the model 

molecule, while those prepared by hydrothermal method required only 40 min. This phenomenon could be 

probably due to the higher degree of crystallinity of the former as pointed out by the XRD patterns. 

Moreover, the low calcination temperature, used for the synthesis of the ZnO obtained via solution process, 

does not allow a complete cleaning of the surface from the precursor. Chemically adsorbed species on the 

surface of the prepared material can affect the reactivity of active sites and their interaction with the 

pollutants. 

Results obtained for the materials prepared by hydrothermal method show that cobalt doping with low 

concentrations induce a slight enhancement on phenol degradation when compared with the pristine ZnO, 

while the photoactivity is reduced as the dopant concentration increases. Actually, samples doped with 

0.25%, 0.5% and 1% allow to achieve the complete phenol elimination in less than 45 minutes under 

irradiation while only 80% of the initial concentration is reduced in the presence of the material doped with 

3%. For the sample prepared with the highest doping amount, namely 5%, no notably phenol degradation 

was observed.  
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Figure 7. Phenol degradation over time (20 mg/L) under UVA irradiation in the presence of (1000 mg/L) Co-doped 

ZnO prepared by solution (top) and by hydrothermal method (bottom). 

Table 2. Kinetic constant calculated for bare and doped materials produced through the solution and hydrothermal 

methods. 

 k, min-1 

Material 0% 0.25% 0.5% 1% 3% 5% 

TiO2-S 0.025 0.008 0.005 0.003 0.002 0.002 

TiO2-H 0.010 0.028 0.013 0.006 0.001 0.005 

ZnO-S 0.038 0.020 0.060 0.021 0.028 0.009 

ZnO-H 0.075 0.075 0.113 0.088 0.041 0.002 

 

As show in Table 2, the cobalt doped ZnO materials prepared via hydrothermal synthesis exhibit a 

higher phenol degradation kinetics constant than the corresponding samples obtained by solution synthesis. 

These results can be explained considering that the two synthesis lead to a different sample morphology. 

Hydrothermal way generates more crystalline material with bigger crystals (in the case of ZnO). The 

photogenerated charger can be trapped by the cobalt ions, preventing the charges recombination leading to a 

higher charge transfer. The photogenerated charger can be trapped by the cobalt ions, preventing the charges 

recombination leading to a higher charge transfer [15].  

According to the mechanism proposed by Ba-Abbad et al. the photocatalytic degradation ability of cobalt 

doped ZnO can be ascribed to the formation of reactive species in solutions like OH radicals and O2- due to 

the conversion under irradiation of Co2+ into Co3+. The Co3+ ion is poorly stable and then it is easily converted 

into Co2+ [42]. This mechanism is working only with an optimal concentration of dopants, if the amount of 

cobalt is too high, the cobalt itself acts as recombination center for the charges. 

However, the photo-efficiency for the materials containing high doping amounts, namely Co(3%)-ZnO-H 

and Co(5%)-ZnO-H, is reduced probably due to sufficiently high cobalt quantity to reduce the degree of 

crystallinity making the recombination between charges become prevalent with respect to the charge 

separation, which instead would have guaranteed a better functioning of the material. These results contrast 

with those reported by Yildirim et al. where raising the cobalt doping concentration in ZnO materials leads to 

a faster methylene blue degradation under visible light irradiation [43].  

3.2.3. Phenol transformation products 

The principal phenol transformation products (TPs) were followed as well, and are shown in Figure S3. 

The phenol TPs were identified as catechol, hydroquinone and resorcinol in agreement with those reported in 

the presence of TiO2 [44,45]. As observed for parent compound, the materials prepared with low 

concentration of cobalt allow its abatement in shorter times than those required for the pristine ZnO and 

Co(3%)-ZnO-H. After 45 min of irradiation, the 0.5% and 1% doped materials allow almost the complete 

disappearance of hydroquinone, while the pristine ZnO and 3% dopes requires 1h of irradiation. The 

disappearance of resorcinol was observed with comparable slower evolution for the 3% doped ZnO. 
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3.3. Photocatalytic Degradation with a CEC 

The best performing material, namely Co(0.5%)-ZnO-H, was also tested on the ketoprofen degradation, 

that has been detected in natural waters and is reported as a contaminant of emerging concern [4,46]. Also, 

the ketoprofen mineralization was evaluated by determining the concentration of TOC. The degradation 

profiles in Milli-Q water shown in Figure 8A allow to observe a similar ketoprofen degradation for both 

doped and pristine zinc oxide. However, the doped material allows to obtain a fast ketoprofen mineralization 

as shown in Figure 8B. In fact, Co(0.5%)-ZnO-H is able to reduce ~80% of TOC after 1h under irradiation 

while less than 60% was observed for the bare material in the same period. 

The evolution profiles of the TPs identified by LC/MS are plotted in Figure 8C. The TPs present a faster 

fade with Co-doped ZnO when compared with the bare material. In fact, the TPs maximum concentration is 

achieved in just 5 minutes of irradiation for the doped material while longer irradiation times are required for 

the bare ZnO. The observed ketoprofen TPs were the same described on experiments performed with TiO2 as 

shown in Table S1 [47–49]. 

To study the complexity effect of water matrix composition the ketoprofen degradation was also 

performed in spiked a real wastewater sample, Figure 8. The reducing on the degradation efficiency can be 

attributed to the presence of the inorganic water constitutes and organic matter [50]. Even though, both 

materials were able to complete abate the pollutant in 1h of irradiation.   

 

 
 

  
Figure 8. A) Ketoprofen degradation over time (20 mg/L) under UVA irradiation in the presence of (1000 mg/L) 

Co(0.5%)-ZnO-H and ZnO-H in Milli-Q water (MQ) and in real wastewater sample (WW). B) TOC removal in 

during ketoprofen degradation in the presence of ZnO-H and Co(0.5%)-ZnO-H in Milli-Q water. C) Ketoprofen 

transformation products over time observed in the presence of ZnO-H and Co(0.5%)-ZnO-H. 

4. Conclusions 

Synthesis of cobalt doped ZnO and TiO2 following different synthetic strategies, namely solution and 

hydrothermal, led to the materials with distinct morphology and photocatalytic properties. The TiO2 doped 

with low amounts (0.25% and 0.5%) prepared by hydrothermal method leads to an enhancement on the 

phenol degradation comparing to the pristine material. However, if prepared by solution method an 

inhibition on the photocatalytic activity was observed. 

The hydrothermal method proved to be the most advantageous to prepare Co-doped ZnO materials for 

photocatalytic applications. Doping concentration presents a clear contribution on the material performance, 

being the one prepared by the addition of 0.5% the most effective on the pollutant model molecule removal. 
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The cobalt ions on ZnO lattice, if in appropriate quantities can act as a trap for the photo-produced charges 

reducing the electron/hole recombination. 

The best performing material was also able to remove ketoprofen in real a wastewater sample, proving to 

be more efficient on ketoprofen mineralization.       
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