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This work was focused on the synthesis of N-doped TiO2 nanorods as photocatalyst and its visible-

light photocatalytic activity to degrade resorcinol as phenolic pollutants in wastewater. Pure TiO2 and 

N-doped TiO2 NRs were synthesized using a solvothermal process. The analyses of morphology and 

structure of prepared photocatalysts by TEM and XRD showed that well-defined mesoporous nanorods 

in anatase phase were synthesized. The result of optical characterization showed that the band gap 

values of TiO2 and N-doped TiO2 NRs were obtained 3.04 and 2.31 eV, respectively, indicating the 

band gap of N-doped TiO2 NRs was greatly narrower than the pure TiO2 NRs. The results of EIS 

analysis showed lower resistance of carrier transfer for the doped sample. The Results of the 

photocatalytic study showed that the complete treatments of 100 mg/l resorcinol were obtained at 120 

and 95 minutes under UV irradiation for pure TiO2 and N-doped TiO2 NRs, respectively, and complete 

removal was obtained at 130 and 85 minutes under visible light irradiation for pure TiO2 and N-doped 

TiO2 NRs, respectively. Therefore, the higher degradation rate of resorcinol on N-doped TiO2 NRs 

under visible light irradiation was observed which can be attributed to the narrowing band gap of 

doped sample and formation of an impurity energy level, avoiding the recombination between e− and 

h+
.  
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1. INTRODUCTION 

 

Resorcinol (m-dihydroxybenzene, C6H4(OH)2 as a 1,3-isomer of benzenediol is a toxic 

phenolic compound that its chemistry provide valuable characteristic and products for development in 

textile, paper, rubber, paints, plastics, steel, pharmaceuticals, petroleum refinery, petrochemical, wood, 

chemical fertilizers, cosmetic and dye industries [1-3]. It is most widely used as an antiseptic and 

http://www.electrochemsci.org/
mailto:zaiyuzhang75@163.com
mailto:donglingcheng2020@126.com


Int. J. Electrochem. Sci., 16 (2021) Article Number: 21115 

 

2 

disinfectant in the treatment of psoriasis, eczema, acne, seborrheic dermatitis, corns, calluses, warts, 

and other skin disorders. It is used in the synthesis of resins, glue, pesticide and many organic chemical 

compounds [4-6]. 

Studies showed that this organic compound has polluted industrial and medical wastewaters 

due to its numerous applications [7-9]. Resorcinol is hazardous pollutants because of its potential 

harmfulness to human health, and damages aquatic organisms and crops [10, 11]. For example, 

Resorcinol can disrupt the function of the central nervous system and endocrine system and lead to 

respiratory problems and thyroid disruptors [12-14]. Moreover, it causes skin and eye irritants and skin 

sensitizers [15-17].  

Therefore, it is necessary to remove this toxic phenolic compound from wastewaters before 

discharge [18-20]. The methods such as activated carbon adsorption, distillation, solid-phase 

extraction, biodegradation, emulsion liquid membrane, electrocoagulation, chemical oxidation, electro-

oxidation, peroxidase treatment, activated sludge process and photodegradation are the common 

methods for the removal of resorcinol [21-23]. Among them, the photodegradation process based on 

photocatalysis has attracted intense attention due to low cost, environmentally friendly and high 

degradation rate [24-27]. Furthermore, photocatalysts based on nano-modified materials exhibits 

high surface-to-volume ratio properties and promote photodegradation efficiency [28-30]. Although 

much research has been done on the photodegradation of toxic phenolic compounds from wastewaters, 

no reports are available on the photodegradation behavior of N-doped TiO2 nanorods for resorcinol 

degradation in wastewater. Therefore, this work focused on synthesizing N-doped TiO2 nanorods as 

photocatalysts and their visible-light photocatalytic activity to degrade resorcinol as phenolic 

pollutants in wastewater. 

 

 

2. EXPERIMENT 

2.1. Synthesis 

The solvothermal process was applied to the synthesis of N-doped TiO2 NRs as following steps 

[31]: the mixture of 13 g titanium sulfate (94%, Beijing Wan Yun Hua Rui Chemical Co., Ltd., China), 

5 g urea (98%, Sigma Aldrich)and 20 mL of dichloromethane (99.8%, Sigma Aldrich) were prepared 

and transferred to  a 50 ml autoclave at 175°C for 12 hours.  After cooling, the resulted product was 

filtered, rinsed with deionized water, and dried at 90 °C for 4 hours. in order to doping the produced 

TiO2, 3g as-synthesized TiO2 powder was added to a mixture of 20 mL of 7MNaOH (98%, Sigma 

Aldrich), 11 mL deionized water and 14 mL ethanol (99.9%, Shandong Aojin Chemical Technology 

Co., Ltd., China). The mixture was transferred into a 50 ml autoclave at 120 °C for 18 hours. After 

cooling, the synthesized N-doped TiO2 was filtered, rinsed with deionized water, and dried at 90 °C for 

4 hours. 
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2.2. Photocatalytic study 

For the study of photocatalytic activity, 50 mg of N-doped TiO2 was added to 45 mL of 

resorcinol (99.0%, Sigma Aldrich) in a Pyrex glass vessel under continuous magnetic stirring. Before 

the photocatalytic experiments, the solution was stirred for 30 minutes in darkness to reach the 

equilibrium adsorption/desorption equilibrium of resorcinol molecules on the catalyst. The reaction 

was conducted on the Pyrex glass vessel under irradiation of UV lamp mercury 300 W and Xenon arc 

lamp (420 nm < λ < 800 nm, Abet, Japan) as visible light and UV sources, respectively. The mixture of 

resorcinol and N-doped TiO2 was filtered using a syringe filtration system (pore size 0.2 and 0.45 μm, 

Sigma-Aldrich). Subsequently, 2 mL of the filtrated solution was monitored using UV–vis 

spectrophotometer (Shimadzu, UV/vis spectrophotometer UV-1280, Japan). 

 

2.3. Characterization 

The structural characterization of samples was carried out with an X-ray diffractometer (XRD, 

Philips, X'Pert PRO MPD, and Holland). The transmission electron microscopy (TEM-2100F, JEOL 

Ltd., Tokyo, Japan) was used to study the morphology of the synthesized photocatalysts. The optical 

properties of prepared samples were analyzed using UV–visible spectra on UV–visible 

spectrophotometer (UV–visible DRS, TU1901, and Beijing, China). Electrochemical impedance 

spectroscopy (EIS) analysis was performed on an electrochemical workstation (CHI760E, Shanghai 

Chenhua CO., China) using three-electrode cells which contained the TiO2 or N-doped TiO2 as 

working electrode, a saturated calomel electrode (SCE) as the reference electrode and Pt foil as the 

counter electrode. EIS experiments were carried out in electrolyte solution of 0.5 M Na2SO4 pH 7 in 

the frequency range from 1 to 106Hz at 5 mV an AC perturbation signal under open circuit potential 

condition.  

 

3. RESULT AND DISCUSSION 

3.1. Structural and optical characterizations 

TEM images of the TiO2 and N-doped TiO2 is shown in Figure 1. As observed from Figure 1a, 

the TiO2 is made up from well-defined nanorod structures, having an average length around 500nm 

and a diameter around 50nm. It can be observed from Figure 1b, the N-doped TiO2 nanorods are 

synthesized in the mesoporous structure due to the introduction of N in TiO2 in the hydrothermal 

process [32]. The mesoporous structure of nanorods shows remarkable enhancement in specific surface 

area, which is larger than that of a smooth surface of undoped TiO2. This mesoporous structure can 

facilitate the charge transfer and improve photo-electrochemistry activity because the 1D nanostructure 

and higher specific surface area of N-doped TiO2 [33-35]. 
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Figure 1. TEM images of (a) TiO2, and (b) N-doped TiO2 NRs. 

 

 

Figure 2 shows the result of XRD characterization of TiO2 and N-doped TiO2.  As shown in 

Figure 2a, XRD pattern of TiO2 shows the diffraction peaks at 2θ = 25.38°, 38.18°, 48.08°, 53.72°, 

55.02°, 62.79°, 69.20°, 70.72° and 75.06° which are indexed to the (101), (004), (200), (105), (211), 

(204), (116), (220) and (215) planes of the anatase phase [36], respectively (JCPDS card no. 21-1272). 

Studies have been suggested the anatase crystal structure can show better photocatalysis because of a 

larger surface area than rutile or brookite phase of TiO2 [37, 38].   

 

 

 
 

Figure 2. XRD characterization of (a) TiO2 and (b) N-doped TiO2 
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Figure 3. (a) UV-Visible absorption spectra and (b) Taucs plot of TiO2 and N-doped TiO2 NRs.  

 

 

Furthermore, the anatase phase exhibits higher stability at relatively lower temperatures than 

rutile and brookite phases [38]. It can be observed from Figure 2b that there is the same diffraction 

peaks with lower intensity for the N-doped TiO2 which recommends to the nitrogen doping change 

surface and crystallinity of TiO2, and indicating a loss of crystallinity due to lattice distortion [39]. 

Nonetheless, the anatase phase of N-doped TiO2 reveals the presence of nitrogen not creates a new 

crystal phase and dopant only influence the crystal lattice. In addition, doping cause to shift the 

diffraction peaks of anatase TiO2 to the higher angles because of defects or incorporation of a larger 

amount of doped ions into the TiO2 structure [40], which in agreement with the TEM results for the 

generation of the mesoporous structure of N-doped TiO2.  

The result of optical characterization of TiO2 and N-doped TiO2 NRs are shown in Figure 3. 

Obviously, it can be found from Figure 3a, the feature of UV–vis absorbance spectra of TiO2 is similar 

to that N-TiO2. The absorption edge of doped nanorods is red-shifted which typically exhibits a 

considerable absorption in the visible region that is a characteristic feature of absorption spectra of 

nitrogen-doped TiO2 [41-43]. Viswanathan and Krishnamurthy [44] suggested the formation of new 

adsorption centers could be one of the reasons for the shift of the absorption edge to the visible range. 

Figure 3b shows the result of the calculation of band gap energy using Tauc’s equation (1) [45]: 

 

(𝛼ℎ𝜈)
1

2 = 𝐵(ℎ𝜈 − 𝐸𝑔)                                             (1) 

 

Where α is the absorption coefficient, Eg (eV) is the band gap energy, h the Planck’s constant 

(4.135667696×10−15eV.s), and B is the absorption constant. The Eg values are determined by 

extrapolating the linear fit of the Tauc plot onto the energy axis. The Eg of TiO2 and N-doped TiO2 

NRs are obtained 3.04 and 2.31 eV, respectively, indicating the Eg of N-doped TiO2 NRs are greatly 

narrower than pure TiO2 NRs, and improving the photocatalytic performance in visible light [46]. 

Wellia et al. [47] and Cheng  et al. [48] also reported the decrease of band gap from 3.09 eV to be 2.89 
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eV and from 3.10 eV to be 2.85 eV, respectively due to nitrogen doping. This change is associated 

with the introduction of nitrogen in the crystal structure phase of TiO2. Studies have been shown in the 

doping process, the substitution of nitrogen with oxygen in TiO2 leads to narrow the band gap due to 

the nitrogen 2p states mixed with oxygen 2p states and located just above the top of the oxygen 2p 

valence band that it exhibits a significant red-shift of the absorption edge into the visible region [46]. 

Thus, it demonstrates that nitrogen is the best and low-cost nonmetal dopant. 

 

3.2. Electrochemical study 

The EIS analysis was applied to study the charge-carrier migration of the TiO2 and N-doped 

TiO2 NRs. Figure 4 shows the Nyquist plots which contain one semicircle.  The diameter of the 

semicircle has been interpreted as charge transfer resistance that controls the kinetics at the 

electrode/electrolyte interface [49].As observed, the small diameter is obtained for N-doped TiO2 NRs, 

indicating to lower resistance of carrier transfer, and thereby there are the faster and higher electron 

mobility on the N-doped TiO2 NRs surface that it means the doped structure can enhance the 

separation of the photo-generated electron-hole pairs [50].  

 

 
 

Figure 4. Nyquist plots of TiO2 and N-doped TiO2 NRs in electrolyte solution of 0.5 M Na2SO4 pH 7 

in the frequency range from 1 to 106 Hz at 5 mV an AC perturbation signal under open circuit 

potential condition. 

 

3.3. Photocatalytic study 

Figure 5 shows the removal efficiency of 100 mg/l resorcinol in 1 g/L of pure TiO2 and N-

doped TiO2 NRs in dark and under UV and visible light irradiations. It can be observed from Figure 

5a, there is less than 0.8 % removal efficiency is obtained for resorcinol in the first 40 minutes in 

darkness that this poor removal efficiency implied the important role of light illumination in 

degradation reactions. The complete treatments of resorcinol are obtained at 120 and 95 minutes under 

UV irradiation for pure TiO2 and N-doped TiO2 NRs, respectively. Figure 5b shows that there is the 

complete removal of 100 mg/l resorcinol at 130 and 85 minutes under visible light irradiation for pure 
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TiO2 and N-doped TiO2 NRs, respectively. The higher degradation rate of the undoped sample under 

UV irradiation than that under visible irradiation shows the great influence to photodegradation under 

UV because of its band gap value and largely photocatalytic activity in the UV region [51]. The higher 

degradation rate under visible light irradiation is belonging to N-doped TiO2 NRs due to the narrowing 

of the band gap of the doped sample, formation of an impurity energy level, and oxygen vacancies 

which allows avoiding the recombination between e− and h+[46, 52]. It can facilitate the visible light 

activity because of the creation of intra bands as a result of the mixing of nitrogen 2p states with 

oxygen 2p [44], which is in agreement with the optical results. Moreover, according to SEM and TEM 

results, the mesoporous structure of N-doped TiO2 NRs with high surface area, as well as the large 

amount of oxygen vacancies, promoted the light-harvesting capacity, photoinduced charge carriers 

separation capability, reactant molecule adsorption, and activation characteristics [53]. 

 

 

 

 

Figure 5. Removal efficiency of 100 mg/l resorcinol in 1 g/L of pure TiO2 and N-doped TiO2 NRs 

under (a) UV and (b) visible light irradiations 

 

 

The effect of the concentration of photocatalyst on the removal efficiency of 100 mg/l 

resorcinol was investigated. Figure 6 shows the degradation efficiencies of resorcinol in 0 (blank), 0.1, 

0.5, 1 and 2 g/L of N-doped TiO2 NRs visible light irradiation. As seen, the removal efficiency of 

blank is obtained 5.4% after 170 minutes visible light irradiation, which refers to the great effect of 

photocatalyst on removal of resorcinol underexpose the visible light. The 100% removal of resorcinol 

is obtained at 170, 115, 85 and 90 minutes visible light irradiation for 0.1, 0.5, 1 and 2 g/L of N-doped 

TiO2 NRs.  
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Figure 6. Degradation efficiencies of 100 mg/l resorcinol in 0 (blank), 0.1, 0.5, 1, 5 g/L of N-doped 

TiO2 NRs visible light irradiation  

 

 

Table 1. Comparison between the obtained results of this study with other reported photocatalyst for 

degradation of resorcinol. 

 

Photocatalyst 

Resorcinol 

content 

(mg/l) 

Concentration 

of  photocatalyst 

(g/L) 

Light 

source 

Degradation 

time (minute) 

Degradation 

efficiency 

(%) 

Ref. 

TiO2 NRs 100 
1 UV 

visible 

120 

130 

100 

100 

This 

work 

N-doped TiO2 NRs 100 
1 UV 

visible 

95 

85 

100 

100 

This 

work 

TiO2  nanoparticles/ 

mesoporous  carbon 
100 

0.15 
UV 150 78 [58] 

Fe+3/TiO2 20 0.1 UV 237 100 [59] 

Cu+2/TiO2 30  0.02 UV 250 100 [60] 

Bi4O5Br2 18 1.5 visible 180 93.8 [61] 

TiO2 30 1 visible 120 93 [62] 

TiO2nanowires 20 1 UV 180 98 [63] 

TiO2 nanoparticles 20 1 UV 180 98 [63] 

TiO2-P25 20 1 UV 180 83 [63] 

ZnO 20 1 UV 360 77 [64] 

Ag2O/ZnO 

nanoparticles 
20 

1 UV 
360 92 [64] 

Ag2O/ZnOheterostructu

re 
20 

1 UV 
297 100 [64] 

 

Accordingly, the addition of photocatalyst content to1 g/Lin the reactor increases the 

degradation rate and significant removal efficiency is obtained for higher concentration of N-doped 

TiO2 NRs. It is suggested increasing the concentration of photocatalyst lead to increasing mass and 

surface area of photoctalyst in the reactor, and enhance the effective illumination of the catalyst surface 

by the visible light, and produced  hydroxyl  radical  (•OH) [54-56]. For concentration of photocatalyst 

more than 1 g/L, the high density of particles cause the shielding effect and scattering of the visible 
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light [54], hence the reactor volume is only partially illuminated and the removal efficiency is lower 

than the case with 1 g/L concentration of  photocatalyst. 

Table 1 presents the comparison between the obtained results of this study with other reported 

photocatalyst for degradation of resorcinol. It can be found that the considerable degradation rate of 

resorcinol is achieved on N-doped TiO2 NRs photocatalyst which represented the enhancement of 

surface area-to-volume ratio and absorption capability of mesoporous nanorods. Moreover, it is 

reported that the doping process can form new energy levels of impurity top of the valence band of 

TiO2 which can act  as an electron sink to reduce the recombination rate [57]. 

In order to study the applicability of degradation performance of the proposed photocatalyst in 

a real sample of wastewater, the photocatalytic degradation reactions of 7 mg/l resorcinol prepared 

from deionized water as a model solution (Figure 7a) and a real sample of industrial wastewater 

(Figure 7b) was investigated. It can be observed from UV–Vis spectra in Figure 7 that the intensity of 

the absorption peaks continuously decreases during the photodegradation for both samples and 

disappeared after 12 and 16 minutes degradation in model solution and a real sample, respectively, 

indicating the degradation time for a prepared solution with a real sample of industrial wastewater is 

higher that the model solution due to the presence wide range of pollutants from wastewater. Thus, the 

novelty of this work is the facile and scalable synthesis N-doped TiO2 NRs as low-cost photocatalyst 

for fast resorcinol treatment in wastewater. 

 

 

 
 

Figure 7. UV–Vis spectra of photocatalytic degradation reaction of 7 mg/l resorcinol prepared from 

(a) deionized water as model solution and (b) real sample with respect to different irradiation 

times by1 g/L of N-doped TiO2 NRs photocatalyst.  

 

 

4. CONCLUSION 

This work presented the fabrication of pure and N-doped TiO2 nanorods as photocatalysts to 

degrade resorcinol as phenolic pollutants in wastewater. The solvothermal process was applied to the 
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synthesis of TiO2 and N-doped TiO2 NRs. Results of the morphology and structure analyses showed 

that well-defined mesoporous nanorods in the anatase phase were synthesized. The result of optical 

studies showed that the band gap values of pure and the doped samples were obtained 3.04 and 2.31 

eV, respectively, indicating the band gap of the doped sample was narrower than that of the pure 

sample. The results of electrochemical study exhibited the lower resistance of carrier transfer for the 

doped sample. The Results of the photocatalytic study showed that the complete treatments of 100 

mg/l resorcinol were obtained at 120 and 95 minutes under UV irradiation for pure TiO2 and N-doped 

TiO2 NRs, respectively, and complete removal were obtained at 130 and 85 minutes under visible light 

irradiation for pure TiO2 and N-doped TiO2 NRs, respectively. Therefore, the higher visible-light 

photocatalytic activity of  doped TiO2 NRs is obtained to degrade resorcinol because of the narrowing 

of the band gap of the doped sample, formation of an impurity energy levels, and oxygen vacancies 

which allows avoiding the recombination photogenerated charges. 
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