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The purpose of this research was to synthesize mono-doped (Zn/TiO2, N/TiO2) and co-doped TiO2 

(Zn/N co-doped TiO2) nanotubes by the sol-gel method and use them as photocatalysts for the 

photocatalytic degradation of pentachlorophenol (PCP). Structural analyses by SEM and XRD 

indicated successful mono-doping and co-doping of TiO2 nanotubes, and optical studies by UV–vis 

absorption spectra revealed that the optical band gap values of TiO2, Zn/TiO2, N/TiO2 and Zn/N co-

doped TiO2 nanotubes were estimated at 3.29, 3.25, 3.21 and 3.16 eV, respectively, indicating the band 

gap of TiO2 decreased after mono-doping and co-doping with N and Zn. The results of the EIS 

analyses showed that Zn/N co-doped TiO2 nanotubes with the lowest charge transfer resistance 

towards pure and mono-doped TiO2 can accelerate the interfacial photo-excited charge carrier transfer 

rate. Studying the photocatalytic activity of the prepared photocatalyst for degradation of 50 ml of 40 

mg/l PCP solution upon simulated solar light irradiation showed that the time required of TiO2, 

N/TiO2, Zn/TiO2 and Zn/N co-doped TiO2 nanotubes for complete degradation of PCP molecules were 

250, 200, 185 and 155 minutes, respectively. The highest rate of photodegradation of PCP solution was 

observed for the co-doped TiO2 nanotubes due to the formation of an intermediate band in the energy 

band-gap of co-doped TiO2, which has a beneficial synergistic effect by lowering the recombination of 

photo-excited carriers and increasing visible light absorption.  
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1. INTRODUCTION 

 

Pentachlorophenol (PCP, C6HCl5O) or Pentachlorol, also known as Santophen,  is a synthetic 

polychlorinated compound with a sharp chemical odor [1, 2]. PCP is used as a pesticide and a 

disinfectant in wood industrials and the synthesis of herbicides, insecticides, fungicides, algaecides, 

and disinfectants [3, 4]. It has also been used to protect against mould, fungus, and bacteria in the 
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leather and textile industries [5-7]. Most industries use this cause to introduce PCP into the 

environment by wastewaters. The presence of PCP causes water quality problems in effluents and is a 

major concern due to its toxic effects [8-10].  

PCP is toxic to mammals, humans and the environment, in particular to aquatic organisms. 

Short-term exposure to PCP reveals its toxic effect on the liver, kidneys, and central nervous system 

[11-13]. Long-term exposure can cause carcinogenic, renal, and neurological effects. Accordingly, it is 

now a restricted use pesticide and is no longer available to the general public, and it is banned under 

the United Nation's Stockholm Convention on Persistent Organic Pollutants [14-16]. 

Thus, there is a great need to verify surface water quality, especially when even just 1.0 mg/l of 

PCP concentration in drinking water can be quickly absorbed through the gastrointestinal tract 

following ingestion [17-19]. As a result, determining and degrading PCP in drinking water and 

wastewater is critical. Electro-Fenton process  [20], bioadsorption and biological treatment [21], 

enzymatic oxidation [22], and photoelectrocatalytic degradation [23-26] are the most used methods for 

treatment of PCP in water. Among them, photoelectrocatalytic degradation is low-cost, non-toxicity, 

strong oxidizing power and great chemical stability, and can be applied for the degradation of a wide 

range of organic and inorganic pollutants [27]. Furthermore, the use of a suitable semiconductor, the 

synthesis of nanostructured photocatalysts, and doping all increase the rate of degradation. Therefore, 

this study was focused on the synthesis of Zn/N co-doped TiO2 nanotubes and their application for 

photocatalytic degradation of PCP. To the best of our knowledge, there are no previous reports on the 

Zn/N co-doped TiO2 nanotubes and their application to the photocatalytic degradation of PCP. 

 

 

2. EXPERIMENTAL  

2.1. Preparation of Zn/N co-doped TiO2 nanotubes  

The nanotubes of TiO2, Zn/TiO2, N/TiO2 and Zn/N co-doped TiO2 were synthesized by the sol-

gel method [28, 29]. The tetrabutyl titanate (97%, Shandong Pulisi Chemical Co., Ltd., China), 

ammonium chloride (99.5%, Shandong Pulisi Chemical Co., Ltd., China) and Zn(NO3)2·6H2O (99%, 

Shandong Pulisi Chemical Co., Ltd., China) were used as precursors. For preparation of TiO2 

nanotubes, 4.0 mL of tetrabutyl titanate was added to 20 mL of anhydrous ethanol, and the mixture 

was carefully stirred for 20 minutes to obtain a homogeneous gel. Next, 10 mL of deionized water was 

gradually added to the sol. Subsequently, the pH of the mixture was adjusted to pH 3 with the addition 

of acetic acid (99.8%, Shandong Dexiang International Trade Co., Ltd., China) under magnetic stirring 

for 2 hours until the transparent solution was achieved, which was left at room temperature for 24 

hours to obtain a stable suspension of TiO2 nanotubes. The products were washed with deionized 

water, filtered and dried in an oven at 65 °C for 3 hours. Afterwards, the TiO2 nanotubes were calcined 

in an oven at 400°C for 3 3 hours. For preparation of mono-doped TiO2 (Zn/TiO2, N/TiO2) and co-

doped TiO2 (Zn/N co-doped TiO2) photocatalysts, the required amounts of ammonium chloride as N 

source and Zn(NO3)2·6H2O as Zn source were added to titanium solution in 5 and 10 %wt, 

respectively. 
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2.2. Characterizations 

The surface morphology and structural characterizations of synthesized pure and doped TiO2 

nanotubes were investigated using a scanning electron microscope (SEM) and an X-ray diffractometer 

(XRD, DX-2500, CuKα radiation (λ=1.5414Å), respectively. UV–vis spectrophotometer was used for 

measuring the UV–vis absorption spectra of samples. 

The electrochemical impedance spectroscopy (EIS) measurements was carried out on an 

electrochemical workstation (CHI660E, Chenhua Technology Co., Ltd., Shanghai, China) with 

electrochemical cell which consisting modified TiO2, Zn/TiO2, N/TiO2 or Zn/N co-doped TiO2 

electrode as working electrode, a saturated Ag/AgCl electrode as a reference and a platinum as counter 

electrode. The EIS data was obtained in a frequency range from 10-1-105 Hz in a 0.2M Na2SO4 (Hubei 

Aging Chemical Co., Ltd., China) solution with AC amplitude of 5 mV, and ZsimpWin software was 

used to fit the EIS data. For preparation of TiO2, Zn/TiO2, N/TiO2 or Zn/N co-doped TiO2 modified 

GCE, 0.5 mL of dimethylformamide is ultrasonically added to 20 mg/ml of prepared pure, doped and 

co-doped TiO2 suspension. Then 5 μL of the products were dropped onto a clean GCE surface, and the 

modified electrodes were allowed to dry at room temperature. 

 The photocatalytic performance of all the pure and doped TiO2 nanotubes was investigated by 

the photodegradation of 50 ml of PCP solution under light irradiation at room temperature. The 

photocatalyst amount in the PCP solution was 20 mg. A Xenon lamp (150 W) located at the top of the 

device was used as source of solar light. Before irradiation light, the mixture of PCP solution and 

photocatalysts was stirred for 60 minutes in the dark to reach an adsorption-desorption equilibrium 

between the photocatalyst and PCP molecules. The distance between the light source and surface of 

solution was kept constant at 5cm. After irradiation light at regular time intervals, PCP solutions were 

taken. The concentration of the irradiated PCP solutions was determined using UV–vis adsorption 

spectra which normalized the absorption band intensity of PCP at 220 nm [30, 31]. The photocatalytic 

degradation efficiency was calculated as the equation (1) [32, 33]: 

Degradation efficiency (%) = 
C0−Ct

C0
 × 100 = 

I0−It

I0
 × 100                (1)   

Where Co and Ct are the initial concentration and concentration of degraded PCP solution at 

time t, respectively, and Io and It  are  the corresponding absorbance intensities of PCP solutions. 

 

3. RESULTS AND DISCUSSION  

 

3.1. SEM and XRD studies 

SEM images of TiO2 and Zn/N co-doped TiO2 nanotubes are given in Figure 1. As observed 

from Figure 1, pure and doped TiO2 nanotubes randomly form highly porous fibrous networks, which 

are straight, smooth, and uniform long tubes, and their diameters are 190nm and 240nm for TiO2 and 

Zn/N co-doped TiO2 nanotubes, respectively. Similar diameters increased with the addition of dopant 

in the TiO2 nanostructure. Similar observations have been reported in previous studies of doped TiO2 

nanotubes [34-37]. 
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Figure 1. SEM images of (a) TiO2, (b) Zn/N co-doped TiO2 nanotubes. 

 

  

 

 

Figure 2. XRD spectra of (a) TiO2, (b) N/TiO2, (c) Zn/TiO2 and (d) Zn/N co-doped TiO2 nanotubes. 

 

 

The XRD spectra of TiO2, N/TiO2, Zn/TiO2, and Zn/N co-doped TiO2 nanotubes are given in 

Figure 2. As observed from Figure 2a, there are the sharp diffraction peaks at 25.66°, 38.29°, 48.49°, 

54.28°, 55.43°, 62.98° and 698.99° signed to the anatase phase of TiO2, corresponding to (101), (004), 

(200), (105), (211), (204) and (116) planes, respectively (JCPDS card files, no. 21–1272). Any peaks 

related to N dopant are not observed in the XRD spectra of N/TiO2.  XRD spectra of Zn/TiO2 and Zn/N 

co-doped TiO2 show one additional weak peak at 43.48° which is related to the (101) plane of metallic 

Zn with crystallographic phase of face centered cubic (fcc) (JCPDS card files, no. 00-004-0831). 

However, the (101) peak of Moreover, (101) anatase TiO2   showed a slight peak shifting towards 
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lower diffraction angle because of incorporation Zn ions in TiO2 lattice, inducing substitution of Zn 

ions with smaller  ionic radius (0.60 Å) into Ti4+ ions (0.68 Å) in anatase TiO2 [38-40]. 

 

3.2. Optical study 

UV–vis spectra and Tauc plot of (αhυ)2 vs (hυ) of TiO2, N/TiO2, Zn/TiO2 and Zn/N co-doped 

TiO2 nanotubes are shown in Figure 3. In Figure 3a, the red shift of the light absorption edge of doped 

TiO2 nanotubes is observed as compared to the undoped sample in absorption spectra. The degree of 

red shift increases for co-doped TiO2 nanotubes. The red shift of the edge of absorption spectra is 

associated with the narrower band gap energy. In Figure 3b, the x-axis intersection point of the linear 

fit of the Tauc plot gives an estimate of the optical band gap energy [38, 41]. The obtained optical band 

gap values of TiO2, Zn/TiO2, N/TiO2 and Zn/N co-doped TiO2 nanotubes are 3.29, 3.25, 3.21 and 3.16 

eV, respectively. The optical band gap value of the undoped sample is near to the anatase phase's 

predicted value (3.2 eV) [42]. The band-gap of TiO2 reduces after Zn doping, which is consistent with 

prior studies of Zn doped TiO2  [43, 44]. This reduction in band gap is due to the formation of Ti-O-Zn 

bonds and a lower Fermi level of Zn than that of TiO2 [43, 45]. In order to adjust the Fermi energy 

levels, electrons have a tendency to flow from higher to lower Fermi levels. Thus, Zn can accept the 

photo-excited electrons from TiO2.  

 

 

 

 

Figure 3. (a) UV–vis spectra and (b) Tauc plot of (αhυ)1/2 vs (hυ) of  TiO2, N/TiO2 Zn/TiO2, and Zn/N 

co-doped TiO2 nanotubes. 

 

Thus, the photo-excited electron-hole pairs get effectively separated, and as a consequence, 

electron-hole recombination can be decreased [43]. Because of the creation of distinct levels above the 

valance band edge after N doping, the band-gap of TiO2 drops to 3.25 eV, which is connected to 

substitutional nitrogen influence in the band structure by mixing N-2p and O-2p states [46]. The Zn/N 

co-doped TiO2 nanotubes show the minimum ban gap which indicates beneficial use of solar spectra. It 

evidences the easier generation of electronic transitions under the excitation of light [29], and is 

attributed to sub-band transitions closely related to the surface oxygen vacancies [44, 47]. It is implied 
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that co-doping of the N and Zn elements could have a synergistic effect and enhance the photocatalytic 

activity of Zn/N co-doped TiO2 nanotubes.  

  

 

3.3. EIS analysis 

In order to study the charge transfer rate at the photocatalyst/electrolyte interface among the 

TiO2, N/TiO2, Zn/TiO2 and Zn/N co-doped TiO2 nanotubes, the results of EIS and bode plots, and the 

used equivalent circuit are displayed in Figure 4. The equivalent circuit consists of Rs and R1 as 

solution resistance and electrolytic resistance, respectively, Rct also corresponds to charge transfer 

resistance, and Q demonstrates the electrochemical double-layer capacitance [48, 49]. The radius of the 

incomplete semicircle on the Nyquist plot indicates the value of charge transfer resistance and the 

charge separation ability [50, 51]. Table 1 summarizes the results obtained for fitting data of circuit 

elements. As observed, the value of Rct shows an obvious decrease with the mono-doping and co-

doping of N and Zn, and the Zn/N co-doped TiO2 nanotubes has the lowest charge transfer resistance, 

which indicates the higher charge transfer resistance and the charge separation ability of Zn/N co-

doped TiO2 nanotube toward the TiO2, N/TiO2, Zn/TiO2 samples, and as consequence, highly efficient 

photocatalyst performance of Zn/N co-doped TiO2 nanotube.  

 

 

 

Figure 4. Results of (a) EIS analyses and used equivalent circuit, and (b) Bode plots. 

  

Table 1. The resulted values for fitting data of the circuit elements. 

 

Sample Rs(Ω) R1(Ω) Ccs (μF) Rct (kΩ) 

TiO2 42.31 48.31 9.721 22.50 

N/TiO2 49.77 48.40 10.821 21.33 

Zn/TiO2 16.29 17.41 16.240 17.55 

Zn/N co-doped TiO2 13.95 15.72 20.353 15.014 
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3.4. Study the photocatalytic activity 

The photocatalytic activity of TiO2, N/TiO2, Zn/TiO2 and Zn/N co-doped TiO2 nanotubes was 

compared for the photodegradation of 50 ml of 40 mg/l PCP solution upon simulated solar light 

irradiation (Figure 5). The sample without a photocatalyst (blank) shows the photodegradation less 

than 3% after 250 minutes of light irradiation. As seen, the time required for TiO2, N/TiO2, Zn/TiO2 

and Zn/N co-doped TiO2 nanotubes for complete degradation of PCP molecules are 250, 200, 185 and 

155 minutes, respectively. The highest rate for photodegradation of PCP solution is observed for the 

co-doped TiO2 nanotubes, indicating higher absorption ability and the necessary to finish the reaction 

with a minimum time compared with the other samples. Generally, the photocatalytic process mainly 

involves the steps of electron-hole pairs upon light irradiation, separation, recombination, and surface 

capture of photo-excited electrons and hole pairs [52]. The photo-excited electrons can be excited from 

the valence band to the conduction band, leaving behind a positive vacancy hole (h+) which 

participates in redox reactions with adsorbed species and strongly oxidize molecules of pollutants [53]. 

The co-doping of N and Zn atoms can improve the photodegradatin rate of TiO2 under visible light 

because the metal dopant creates more electron trap centers [54-56], and oxygen vacancies act as 

catalytic centers that facilitate the charge carriers transport to the surface reactive sites and improve 

absorption of visible light by virtue of their reduced optical band gaps [57, 58]. Moreover, the porous 

structures of nanotubes provide large surface area and promote adsorptive and reactive sites and 

catalyze the photocatalytic performance in the visible light region, enhancing a photodegradation 

efficiency [57, 59, 60]. These results are in agreement with the results of optical and EIS analyses. 

 

 

 

 

Figure 5. The photocatalytic activity of TiO2, N/TiO2, Zn/TiO2 and Zn/N co-doped TiO2 nanotubes for 

photodegradation of 50 ml of 40 mg/l PCP solution upon simulated solar light irradiation.  

 

Figure 6 depicts the photocatalytic degradation activity of Zn/N co-doped TiO2 nanotubes for 

the treatment of 50 ml of 2, 10, 20, 40 and 100 mg/l PCP solution upon simulated solar light 

irradiation. It is observed that complete photodegradation of 2, 10, 20, 40 and 100 mg/l PCP solution is 
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achieved after 90, 100, 125, 155 and 220 minutes of light irradiation, respectively. With the increase in 

the initial PCP concentration, catalyst surfaces get covered/saturated for a fixed 

amount of photocatalyst. Therefore, at higher PCP concentrations, the photodegradation rate decreases. 

 

 

 

 

Figure 6. The photocatalytic degradation activity of Zn/N co-doped TiO2 nanotubes for treatment of 

50 ml of 2, 10, 20, 40 and 100 mg/l PCP solution upon simulated solar light irradiation. 

 

 

Table 2. The comparison between photocatalytic activities of Zn/N co-doped TiO2 nanotubes with 

other reported photocatalysts for degradation of PCP. 

 

Photocatalyst PCP 

content 

(mg/l)  

Light source Degradation 

time 

(minute) 

Degradation 

efficiency 

(%) 

Ref. 

Zn/N co-doped TiO2 

nanotubes 

2 Simulated 

solar light 

90 100 This 

work 10 100 

20 125 

40 155 

100 220 

Bii2SiO20 2 Simulated 

sunlight 

120 99.1 [23] 

Cu/ZnS 8 Simulated 

sunlight 

120 68.4 [23] 

ZnSe/TiO2 10 Solar light 120 86.2 [25] 

Zn-doped TiO2 nanotubes 10 Solar & 

visible light 

300 88 [24] 

TiO2 10 UV 960 100 [61] 

TiO2 nanotubes 20 UV 120 62 [62] 

TiO2/SiO2 40 UV–vis 20 93.5 [63] 

 

The comparison between the photocatalytic activities of Zn/N co-doped TiO2 nanotubes with 

other reported photocatalysts for degradation of PCP is presented in Table 2. It can be found that Zn/N 
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co-doped TiO2 nanotubes show effective performance for photodegradation of PCP upon simulated 

solar light due to the formation of an intermediate band in the energy band-gap of co-doped TiO2, 

which creates a beneficial synergistic effect by lowering recombination of photo-excited carriers and 

higher visible light absorption. 

The applicability of Zn/N co-doped TiO2 nanotube for photodegradation of PCP in a prepared 

real sample of agricultural wastewater was studied. As observed from Figure 7, the comparison 

between UV–Vis spectra for degradation of 50 ml of 10 mg/l PCP solution prepared in a real sample of 

agricultural wastewater and prepared in deionized water using Zn/N co-doped TiO2 nanotube upon 

simulated solar light irradiation reveals that the complete degradation of  PCP solutions is obtained 

after 110 and 100 minutes, respectively, demonstrating the more time required for 100% treatment of 

PCP in a sample prepared of agricultural wastewater that is associated with the presence of more PCP 

and organic compound molecules in agricultural wastewater. Furthermore, it is indicated that the 

successful application of the developed photocatalyst for PCP degradation in an agricultural waste 

sample. 

 

 

 

Figure 7. UV–Vis spectra of photodegradation of 50 ml of 10 mg/l PCP solution prepared from (a) 

real sample of agricultural wastewater and (b) deionized water with respect to different 

irradiation times. 

  

 

4. CONCLUSION  

 

This study presented the synthesis of iO2, Zn/TiO2, N/TiO2 and Zn/N co-doped TiO2 nanotubes 

and their application for the photocatalytic degradation of PCP.  The nanotubes were synthesized by 

the sol-gel method, and structural studies indicated successful mono-doping and co-doping of TiO2 

nanotubes. Results of optical studies revealed that the optical band gap values of TiO2, Zn/TiO2, 

N/TiO2 and Zn/N co-doped TiO2 nanotubes were estimated at 3.29, 3.25, 3.21 and 3.16 eV, 

respectively. Results of EIS analyses showed that Zn/N co-doped TiO2 nanotubes with the lowest 

charge transfer resistance towards pure and mono-doped TiO2 can accelerate the interfacial photo-
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excited charge carrier transfer rate. Studying the photocatalytic activity of prepared photocatalyst for 

degradation of 50 ml of 40 mg/l PCP solution upon simulated solar light irradiation showed that the 

time required of TiO2, N/TiO2, Zn/TiO2 and Zn/N co-doped TiO2 nanotubes for complete degradation 

of PCP molecules were 250, 200, 185 and 155 minutes, respectively. The highest rate of 

photodegradation of PCP solution was observed for the co-doped TiO2 nanotubes. 
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