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Abstract 

In this work, by using pulsed laser deposition (PLD) method, we incorporated nitrogen into the 

anatase TiO2 lattice to fabricate substitutional nitrogen doped TiO2 with different N content and 

film densities. All synthesized films were characterized in depth by X-ray diffraction (XRD), X-

ray reflectivity (XRR), X-ray photoelectron spectroscopy (XPS), scanning electron microscopy 

(SEM), atomic force microscopy (AFM) and UV–vis spectroscopy. In the next step, to fully 

leverage the band bending induced by nitrogen doping, we synthesized a six layer multiple-

homojunction using gradient nitrogen doped TiO2 (g-N-TiO2) to extend the width of band bending 

over the bulk of the porous photocatalyst and induce an oriented electrical field perpendicular to 

the substrate. Following its higher photoelectrochemical (PEC) performance, the multiple-

homojunction g-N-TiO2 prepared at 20 Pa with columnar-like nanostructure was used for the 

photocatalytic degradation of sulfamethoxazole (SMX) antibiotic in water under the simulated 

solar light irradiation. The results showed that compared to pristine TiO2 and non-gradient doped 

TiO2 (N-TiO2), the photocatalytic degradation performance of g-N-TiO2 dramatically improved in 

terms of SMX removal percentage, kinetics of degradation (10 times higher than TiO2) and 

detoxification of solution. We believe that the superior potential of the PLD technique in 

controlling the film density and gradient doping renders it a highly promising technique towards 

fabricating unique multiple-homojunctions based on gradient doped semiconductors. Besides 

water treatment, such formed, precisely controlled, multiple-homojunctions with low interfacial 

defects will provide novel insights into other applications such as solar fuels, sensors, water 

splitting, solar cells, etc.  
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1. Introduction 

The presence of antibiotics such as sulfamethoxazole (SMX) in aquatic environment is considered 

as a rising environmental concern due to their adverse effects on ecosystems and on the 

development of antibiotic resistant bacteria [1]. Sulfamethoxazole is a widely prescribed antibiotic 

in both human and veterinary medicine to treat infectious diseases [2]. Due to its high consumption 

and high excretion rate, SMX is frequently detected in the aquatic environment such as surface 

water and underground aquifers, soil and even drinking water [3]. Accordingly, SMX is listed 

among the most frequently detected compounds in groundwater by U.S. Geological Survey [4] 

and it is usually considered as an antibiotic pollution indicator in environment [5]. Regarding its 

antibacterial nature and recalcitrant properties, SMX removal efficiency in conventional biological 

water treatment systems is low (< 30%) [2, 6]. 

Photocatalytic degradation of organic contaminants is a promising process based on the formation 

of electron and hole pairs under light irradiation with photon energy equal to or higher than the 

band gap of semiconducting materials [7]. Among various semiconducting materials, TiO2 has 

attracted unprecedented interest due to its high photocatalytic activity, high stability and non-

toxicity [8]. However, the relatively large band gap of TiO2 (3.0-3.2 eV) limits its applications to 

the ultraviolet (UV) light region, which however represents only ∼4% of sunlight energy [9]. In 

addition, rapid recombination of charge carriers severely restricts the photocatalytic activity of 

semiconducting materials in general [10]. Notably, a low removal efficiency of the photocatalysis 

degradation process may lead to the formation of intermediates and by-products, which might be 

more toxic than their parent compounds [1, 11, 12]. Therefore, developing a highly efficient 

treatment process is needed to degrade recalcitrant contaminants such as antibiotics in aquatic 

media. 
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It is proven that the formation of multi-homojunction with gradient-doped concentration can 

simultaneously enhance light absorption and charge separation through the generation of an 

extended band bending and an oriented electric field [13-15]. In gradient-doped homojunctions, 

the extension of band bending can be tuned by gradually changing the dopant concentration [16]. 

Moreover, compared to the heterojunction structure, the lattice mismatch, defects and impurities 

at the interface can be significantly reduced in the homojunction [13, 17-19]. Notably, not only the 

dopant concentration but also its location (substitutional or interstitial) can significantly affect the 

photocatalytic performance [20]. However, the precise control of dopant concentration and 

position in the lattice and the fabrication of homojunctions with high quality interfacial contact 

between layers remain a challenge in terms of synthesis. Liu et al. [21] synthesized gradient 

vanadium doped TiO2 by layer-by-layer sol-gel method for dye-sensitized solar cell application. 

Nevertheless, the fabrication of homojunctions with a precise and controlled concentration of 

dopant and a high quality interfacial attachment between layers by using wet chemical methods is 

tedious. Wang et al. [10] employed ion implantation to introduce nitrogen into a ZnO nanorod 

structure to form gradient N-doped ZnO structure. Although ion implementation can naturally 

introduce gradient doping into the host structure, the penetration depth of ions is limited. Abdi et 

al. [13] significantly improved water splitting efficiency by using gradient W doped BiVO4 

prepared by spray pyrolysis. 

Although using gradient doping to enhance charge carrier separation is a well-established concept, 

most of the experimental works in this subject have employed wet chemical methods for 

photocatalysts preparation. While chemical methods are easy to implement and cost-effective, the 

chemically prepared films generally suffer from the inherent presence of residual precursors, 

reproducibility problems and difficulty in the precise control of dopant level and position in the 
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lattice [22, 23]. Pulsed laser deposition (PLD) is a versatile physical technique offering a wide 

range of tunable deposition parameters (e.g. energy and flux of species impinging the substrate) 

that enables the fine control of thin film microstructure, hence properties [24]. Moreover, PLD 

allows the deposition of multilayered films with good adhesion to substrates and high quality at 

interfaces without requiring complex steps and chemical binders [25]. In addition, PLD provides 

high surface quality (no contamination) as compared to chemical methods. Finally, the film 

thickness and doping amount – which are crucial in the fabrication of multilayered gradient 

nitrogen doped films- can be precisely controlled by varying the laser pulse number and the ratio 

between N2 and O2 gases in the deposition chamber, respectively. 

To the best of our knowledge, most of the research works on gradient-doped semiconductors have 

so far been focused on harvesting and converting solar energy to clean and storable chemical [10, 

17, 19, 26] or electrical energy [14, 16], while their application in environmental purification –

whereas both electrons and holes would participate in the photocatalytic degradation– has not been 

reported. Herein, we used PLD technique for the fabrication of N-doped TiO2 with the anatase 

phase at different doping levels of substitutional nitrogen into the TiO2 lattice. Furthermore, a 

unique, multiple-homojunction structure composed of six layers of gradient doped anatase TiO2 

with a columnar-like morphology (g-N-TiO2) was fabricated and its photocatalytic performance 

was compared with that of pristine TiO2 and N-TiO2 (non-gradient) in terms of 

photoelectrochemical (PEC) properties and SMX removal in aquatic media.  

2. Experimental procedure  

2.1. Photocatalyst preparation  

In this study, N-doped anatase TiO2 samples with different amounts of nitrogen were prepared by 

using the PLD method. A KrF excimer laser (λ=248 nm, 10 Hz repetition rate, pulse width=25 ns) 
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was used to ablate a rotating Ti target (99.995% purity, Kurt J. Lesker, USA). The pulse energy 

density (fluence) at the target surface was 4 J/cm2. The target was moved and rotated continuously 

across the laser beam to minimize pitting. The target-to-substrate distance was fixed at 6.5 cm and 

the synthesis was performed at a substrate temperature of 350 °C in either high purity O2 gas (for 

TiO2 deposition) or in a mixture of high purity N2 and O2 gas (for nitrogen doped TiO2 deposition). 

By changing the N2:O2 ratio from 10:90 to 90:10 at a constant deposition pressure, the N-TiO2 

samples were prepared and labelled as 10N to 90N, respectively. The substrates were ultrasonically 

cleaned in acetone, isopropanol and de-ionized water for 10 min successively, and then dried under 

N2 stream before deposition. In the next step, gradient doped TiO2 (g-N-TiO2) was fabricated by 

layer-by-layer deposition of N-TiO2 with different amounts of doped nitrogen on fluorine doped 

tin oxide (FTO) and polished Si (100). As illustrated in Fig. 1, the first layer deposited on FTO 

was undoped TiO2, while the nitrogen content of the deposition gas (N2:O2 mixture) was increased 

for the next layers, successively. For comparison, TiO2 (without doping) and N-TiO2 (prepared 

with N2:O2=90:10) were also prepared with the similar thickness of g-N-TiO2. The thickness of 

each layer (∼90 nm) of the multi-layer g-N-TiO2 sample was controlled by varying the pulse 

number during laser deposition.  

 

Fig. 1. Schematic and energy level diagrams of multi-layer g-N-TiO2. 

2.2. Characterization instruments   
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A PANalytical X’Pert MRD, equipped with a Ni-filtered CuKα radiation source operated at 45 kV 

and 40 mA was used to analyze the crystalline structure of samples in the range of 20-80° and 

determine their density by X-ray reflectometry (XRR). Accordingly, XRR θ-2θ within the range 

of 0.1–3° were recorded. The density of films (ρfilm) is calculated using the following equations 

[27]: 

𝜌𝑒𝑙 =
𝜃𝑐

2𝜋

𝜆2𝑟𝑒𝑙
          (1) 

𝜌𝑓𝑖𝑙𝑚 =
𝐴 𝜌𝑒𝑙

𝑁𝐴𝑍
          (2)  

where ρel is the electron density, θc is the critical angle, λ=1.5406 Å is the wavelength of X-ray 

radiation source, rel=2.81×10-6 nm is electron radius, NA is the Avogadro number, A and Z are 

atomic mass and number respectively. A VG Escalab 220I-XL photoelectron spectrometer, 

equipped with an AlKα radiation monochromatic source (hʋ = 1486.6 eV) was used to evaluate 

the elemental characteristics after performing in-situ surface etching of samples by a 5 keV Ar+ 

ion sputtering gun. The morphology of samples was observed by a JEOL JSM-7401F scanning 

electron microscope (SEM). A Nanoscope III atomic force microscope (AFM) from Digital 

Instrument was used to investigate the surface morphology and roughness. The UV-Vis absorption 

spectra of the samples were measured with a UV-vis-NIR absorption spectrometer (Varian Cary 

5000). PEC experiments were conducted in a three-electrode cell with the photocatalysts deposited 

on FTO as the working electrode, while Ag/AgCl electrode and platinum (Pt) wire were used as 

reference and counter electrodes. The 0.2 M Na2SO4 aqueous solution was used as the electrolyte 

during PEC tests. An electrochemical workstation (CHI 660E, CH Instruments) equipped with a 

300 W Xe lamp solar simulator (LCS-100, Newport) was used for photocurrent-time (I-t), 

photocurrent–potential (I-V) measurements and electrochemical impedance spectroscopy.  
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2.3. Photocatalytic removal experiment  

SMX was purchased form Sigma-Aldrich Inc., USA. SMX stock solution (1 mg/L) was prepared 

by using deionized Milli-Q water (18 μS cm−1). A photoreactor was designed which consists of a 

cell, a sample holder (1 inch × 1 inch), a quartz window (5 cm diameter) and an external reservoir 

for sampling. The initial volume of solution was 50 mL. The solution in the cell was circulated by 

a peristaltic pump operated at a constant 250 mL/min flow-rate. Before turning on the solar 

simulator, the solution was circulated for 30 min to achieve adsorption-desorption equilibrium 

between the photocatalyst film and SMX. The samples were illuminated by a solar simulator 

(ABET 2000) during the photocatalytic experiments. During each photocatalytic experiment, 

about 1.5 mL of the solution was collected at different time intervals for ultra-high performance 

liquid chromatography (UHPLC) analysis. For comparison, the photolysis experiment was 

conducted under the similar condition in the absence of the photocatalyst film. Before all 

experiments, the solar simulator was turned on for 30 min to ensure a stable light intensity. The 

removal percentage of SMX was calculated by Eq. (3): 

𝑅𝑒𝑚𝑜𝑣𝑎𝑙 (%) = (1 −
𝐶𝑡

𝐶0
) × 100       (3) 

Pseudo-first-order kinetic model was used to determine the kinetic constants for each photocatalyst 

[28]: 

− ln
𝐶𝑡

𝐶0
= 𝑘𝑡          (4) 

where C0 (μg/L) is the initial concentration of SMX, Ct (μg/L) is the concentration at time t, and k 

is the reaction rate constant (min-1). After treatment, the photocatalysts were cleaned for 5 min in 

deionized water under mild sonication, washed several times, and dried at 50 °C to be used in 

cyclic experiments.   
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2.4. Analytical measurement and transformation products identification  

The SMX concentration measurement and the identification of the transformation products (TPs) 

were performed by using a Nexera UHPLC system (Shimadzu, Columbia, MD). Accordingly, 1 μL 

of samples were injected into a Phenomenex Kinetex C18 column (2.1 × 50 mm, 1.7 μm) at the 

column temperature of 40 °C. The mobile phase was (A) water with 0.1% formic acid and (B) 

acetonitrile with 0.1% formic acid at the flow rate of 0.3 mL/min. A linear gradient was used 

starting with 97% (A) for one minute, changing to 50% (A) for 15 minutes and then 15% (A) for 

18 minutes. Data were acquired in information-dependent acquisition (IDA) mode, with time-of-

flight mass spectrometry (TOF-MS) survey acquisition from m/z 80–925, followed by MS/MS on 

the 3 most intense ions from m/z 200–450 with dynamic background subtraction with a total cycle 

time of 1.0 s. The MS and MS/MS spectra were collected on a hybrid quadrupole-time-of-flight 

(QqTOF) TripleTOF 5600 mass spectrometer (SCIEX, Concord, ON, Canada) equipped with a 

DuoSpray ion source in the positive ion mode set at 5 kV source voltage, 450 °C source 

temperature, and 50 psi for GS1/GS2 gas flows. QqTOF offers abundant structural information 

with high sensitivity for unknown compound analysis without the need to use standards, which are 

rarely available [12]. 

2.5. Toxicity assessment 

The performance of synthesized photocatalysts in terms of solution detoxification was evaluated 

by comparing the toxicity of the antibiotic solutions before and after photocatalytic treatment with 

TiO2, N-TiO2 and g-N-TiO2 in term of optical density measurement [29]. Accordingly, five test 

groups were conducted as follows: (i) the control group (4 mL Lysogeny broth (LB) medium mixed 

with 4 mL deionized water), (ii) the untreated solution group (4 mL LB medium mixed with 4 mL 

initial SMX solution without any photocatalytic treatment), (iii) the treated group with TiO2 (4 mL 
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LB medium mixed with 4 mL treated solution with TiO2 for 300 min), (iv) the treated group with 

N-TiO2 (4 mL LB medium mixed with 4 mL treated solution with N-TiO2 for 300 min), and (v) 

the treated group with g-N-TiO2 (4 mL LB medium mixed with 4 mL treated solution with g-N-

TiO2 for 300 min). Two parallel experiments were conducted in each group. Afterward, the 

solutions were kept at 37 °C for 3h and 1 mL (∼1 × 108 CFU/mL) JM103 Escherichia coli (E. coli) 

was added to each solution and incubated at 37 °C. After 3h and 6h the optical density value of 

culture at 600 nm (OD600) was measured by using a UV–vis spectrophotometry. The growth of 

bacteria colonies on the agar surface was monitored to visualize the change of toxicity of the 

solution before and after treatment [30]. Accordingly, ∼400 μL of solutions, which were incubated 

for 6h with the previous method, were spread over the surface of the agar that had been prepared 

by mixing the appropriate amount of agar and nutrient broth. After incubation overnight at 37 °C, 

the number of grown E. coli colonies on the surface of agars was counted. 

3. Results and discussion 

3.1.  Structural characterization 

The composition of the fabricated nitrogen doped TiO2 films was evaluated by X-ray 

photoelectron spectroscopy (XPS). Fig. 2(a) illustrates the XPS survey spectra of TiO2 and 

sample 90N before Ar+ etching (for easier comparison, only TiO2 and 90N XPS spectra are 

presented in Fig. 2). From the survey scan, XPS peaks related to Ti, O, N and adventitious 

C were observed for the as-prepared 90N sample. The Ti2p spectra in Fig. 2(b) show that 

the as-prepared undoped TiO2 consists of two Ti4+ located at 459.5 and 465.3 eV, which 

agrees with the literature [31], while these two peaks are slightly shifted to 459.2 and 465.0 

eV after nitrogen doping [32]. This slight shift is due to an increase of the electron density 

on Ti as a result of the partial replacement of nitrogen with oxygen which shows a higher 
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electronegativity [32]. A similar trend is also shown for the O1s XPS spectra as illustrated 

in Fig. 2(c). The presence of nitrogen into the lattice also shifts the O1s peaks from 532.2 

and 530.8 eV to 531.9 and 530.5 eV, which correspond to the bridging hydroxyls and lattice 

oxygen respectively [31].  

 

Fig. 2. (a) XPS survey spectra, (b) XPS spectra of Ti2p and (c) XPS spectra of O1s of TiO2 and sample 

90N. 

The accurate content of nitrogen was calculated after Ar+ etching of the sample surface for 600 s 

to remove contaminants, if there were any. The high-resolution XPS spectra of N1s peaks of 10N 

to 40N thin films are presented in Fig. 3(a). As seen, at low N2:O2 ratios, two N1s peaks located 

above 400 eV are present which are assigned to chemisorbed molecular nitrogen (N-O and N-C) 

or interstitially doped nitrogen [9]. As illustrated in Fig. 3(b), by increasing the N2:O2 ratio, an 

additional N1s located at 396 eV appears for 50N-90N samples, which corresponds to 

substitutional N doping [20]. Some researchers have concluded that only substitutional doping 

leads to an increase of photocatalytic activity [33-35]. Farkas et al. [9] reported that substitutional 

N doping is responsible for shifting the absorption edge to lower photon energies and reducing the 

band gap of TiO2. 
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Fig. 3. (a) High-resolution N1s XPS spectra of the N-doped TiO2 films prepared in N2:O2 ratio lower than 

50% (10N-40N), and (b) equal to or higher than 50% (50N-90N) after 600s Ar+ etching.  

 

Fig. 4(a) shows the XRD patterns of 50N-90N samples as well as pristine TiO2. As mentioned 

before, all depositions were performed at 350°C without any post-annealing step. The distinct and 

sharp peaks for all the samples confirm the crystalline nature of TiO2 films. The peaks at 25.4°, 

38.1°, 48.1°, 54.5°, 55.2°, 62.7°, 69.2° and 70.5° could be assigned to the (101), (004), (200), 

(105), (211), (204), (116) and (220) planes of anatase TiO2, respectively (JCPDS file No. 21-1272) 

[36]. No additional peaks were detected in the XRD pattern of pristine and N-doped TiO2, 

confirming the high purity of the synthesized anatase TiO2 films. The lack of common anatase to 

rutile phase transformation after nitrogen doping in this study might be due to either substitutional 

doping (rather than interstitial doping) and/or the low amount of N doping in the structure. It is 

reported that the anatase phase of TiO2 possesses a higher photocatalytic activity compared to the 

rutile and brookite phases [37]. The higher photocatalytic activity of the anatase phase can be 

explained by the longer lifetime of charge carriers in this phase [38]. The high-temperature 

nitridation treatment of TiO2 is a widely-used method for the incorporation of nitrogen into the 

TiO2 lattice although high temperature causes the formation of unwanted side phases, defects, as 

well as degradation of the FTO substrate and sintering of the nanostructure [35]. The method 
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proposed in this work leads to the substitution of oxygen by nitrogen in the anatase TiO2 in a 

controlled manner and without phase change. As seen, all peak intensities are decreased by 

increasing the nitrogen to oxygen ratio during the film deposition. This results from the reduction 

of the film crystallinity by the incorporation of N into TiO2 [9]. Nonetheless, even the 90N sample 

was crystalline and the (101) diffraction peak could be distinguished. This finding is inconsistent 

with some research works, where doping nitrogen into TiO2 lattice led to an amorphous structure 

[9, 39]. Fig. 4(b) shows the enlarged view of the (101) peak of TiO2 and 50N-90N samples. Due 

to the slightly larger radius of N compared to O, this peak slightly shifts towards a lower angle 

after nitrogen substitution, confirming that N is successfully incorporated into the anatase TiO2 

lattice [10]. 

 

 

Fig. 4. (a) XRD patterns of the films deposited at 350 °C substrate temperature at different N2:O2 ratio 

(50N-90N); (b) enlarged XRD patterns showing the (101) diffractions of the samples changed from 24° to 

27°.  

3.2. Optical properties 

It is proven that nitrogen doping introduces impurity levels within the forbidden band gap and 

extends the optical absorption edge of TiO2 to the visible range [17]. Nitrogen doping has a 
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profound effect on the photocatalytic performance of semiconductors. However the underlying 

principles behind its mechanism are still not fully understood [20, 40, 41]. Fig. 5(a) illustrates 

the UV-Vis absorption spectra of pristine and N-TiO2 films. After N doping, the optical absorption 

edges of TiO2 show a red shift, indicating a better optical absorption capability of N-doped TiO2 

in the visible light range. As illustrated in Fig. 5(a), increasing the N2 content in the N2:O2 mixture 

from 0 to 40% (bare TiO2, 10N-40N) also slightly increases absorption in the visible range, 

although a notable light absorption enhancement is only achieved above 50% of N2 in the N2:O2 

mixture (enlarged in Fig. 5(a)). As confirmed by XPS results, below 50% N2, mainly interstitial 

nitrogen doping (~400 eV) is obtained and the signal supporting substitutional nitrogen doping 

(~396 eV) only emerges above 50% N2 content. Comparing two types of N-TiO2, Lynch et al. [20] 

reported that samples with a higher percentage of substitutional nitrogen yield a higher light 

absorption and a lower band gap. The band gap energy of TiO2 can be calculated by the Tauc plot 

from the intercept of the tangent fitted to the (𝛼ℎ𝜗)1/2 vs ℎ𝜗 plot [9, 18] as shown in Fig. S1 in the 

Supporting Information. The band gap of pristine TiO2 was determined as 3.2 eV, which is 

consistent with the reported value for anatase TiO2 in the literature [8]. As seen, the band gap of 

N-doped TiO2 is reduced to 3.1, 3.0, 2.9, 2.8 and 2.6 eV for 50N, 60N, 70N, 80N and 90N, 

respectively. The relationship between the amount of substitutional nitrogen doping and the band 

gap of TiO2 is depicted in Fig. 5(b). As shown in Fig. S2, bare TiO2 film is highly transparent 

while by increasing the N2:O2 ratio, the color gradually changes to brownish, which is consistent 

with UV-Vis absorption results. Since a meaningful enhancement in UV-Vis absorption was 

obtained by substitutional nitrogen doping, samples 50N-90N were selected for the fabrication of 

gradient-doped TiO2 in the ensuing experiments. 
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Fig. 5. (a) UV–Vis absorption spectra of various samples prepared at different N2:O2 ratios (10N-90N), 

(b) changing of the N atomic percentage and band gap of TiO2 by N2:O2 ratio during deposition.  

 

3.3. Morphological structure 

The reproducibility as well as the precise film thickness and composition control represent three 

significant advantages of the PLD compared to the wet chemical methods [23, 42]. Moreover, the 

morphology, orientation and porosity of the film can be controlled by tuning the deposition 

parameters, such as working pressure and substrate temperature [23]. In this study at a constant 

substrate temperature (350°C), the g-N-TiO2 films were deposited at three different pressures (10, 

20 and 30 Pa). As seen in Fig. 6(a-b), the g-N-TiO2 sample fabricated at 20 Pa pressure exhibits a 

vertically aligned columnar-like nanostructure, while the sample prepared at 10 Pa is compact and 

dense (Fig. S3(a)). By increasing the deposition pressure (30 Pa), the sample changes from a 

columnar-like to a disordered structure composed of nanoparticles (Fig. S3(b)). This is because 

the kinetic energy of the ablated species decreases due to their collisions with the nitrogen and 

oxygen gas molecules. Actually, the kinetic energy of ablated species determines the morphology, 

orientation and porosity of film [43]. At 10 Pa, the ablated species have a high kinetic leading to 

the densification of the thin film. In contrast, at 30 Pa, the ablated species experience multiple 

collisions before reaching the substrate, resulting in the formation of a film with loose interparticle 



15 
 

connections (as seen in Fig. S3(b)). The surface roughness (root mean square roughness measured 

by AFM), was ~3 nm for the sample prepared at 10 Pa (Fig. 6(c-d)) which increased to ~7 nm and 

~10 nm by increasing the deposition pressure to 20 Pa and 30 Pa (Fig. S4). By using the XRR 

method (Fig. S5), the density of the deposited samples at 10, 20 and 30 Pa were calculated to be 

3.16, 2.91 and 2.56 g/cm3, which corresponded to film porosities of 19.2%, 25.6% and 34.5%, 

respectively. It is clear that the films are less compact as compared to the anatase TiO2, which has 

a reported density of 3.91 g/cm3 [44]. Differential reflected X-ray intensity graph (Fig. S6) was 

used for the precise measurement of the critical angle since the accuracy of density measurements 

by using XRR method highly depends on the critical angle accuracy. It is reported that increasing 

the porosity can enhance the specific surface area and the number of active catalytic sites and also, 

increase the light absorption by the formation of scattering centers inside the porous structures 

[26]. Highly porous photocatalysts suffer from the lack of robustness and possess high trap states 

and interfacial recombination centers, whereas one-dimensional columnar-like TiO2 structure 

reduces charge recombination rate, resulting in enhanced charge-collection efficiency [43]. 

Compared to the columnar-like structure (prepared at 20 Pa), the dense film (prepared at 10 Pa) as 

well as the film composed of loosely attached nanoparticles (prepared at 30 Pa) hindered the charge 

carrier separation by bulk or boundary recombination of charge carriers as was confirmed by the 

higher PEC results for samples prepared with different density by the PLD process (Fig. S7). More 

details are provided in Section 3.4.  
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Fig. 6 (a) Side view and (b) top view SEM images; (c, d) AFM topographic image of g-N-TiO2 film 

prepared at 20 Pa.  

 

3.4. Photoelectrochemical performance 

The effects of morphology on the photoelectrochemical performance of semiconductors were 

reported in several studies [26, 44, 45]. Noh et al. [43] concluded that vertically-aligned one-

dimensional structure has a profound effect on the electron dynamics of dye-sensitized solar cells. 

One-dimensional columnar-like structures have several advantages, such as increased surface-

area-to-volume ratio and stronger light trapping capability, as compared to compact films. In 

addition, with an anisotropic morphology, similar to nanowires and nanotubes, the charge transfer 

along the vertically-aligned direction is facilitated and the mass transfer limitation is reduced by 

providing readily accessible porosity for diffusion of contaminant molecules and/or hydroxyl ions 

to generate highly reactive hydroxyl radicals (•OH) [44]. Fabricating one-dimensional TiO2 by 

PLD, Sauvage et al. [45] reported an increase by more than one order of magnitude in the lifetime 

of photo-induced electrons compared to a TiO2 film consisting of 20 nm nanocrystalline particles. 
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In the present work, in order to investigate the effect of film density on the photocatalytic activity, 

the PEC performance of g-N-TiO2 prepared at 10, 20 and 30 Pa was evaluated. As seen in Fig. 

S7(a), by increasing the deposition pressure from 10 to 20 Pa and changing the morphology from 

dense to columnar-like nanostructure, a considerable improvement of the photocurrent density was 

obtained in cyclic on/off current-time (I-t) experiment. As mentioned before, the sample prepared 

at 10 Pa possesses a dense structure leading to the bulk recombination of electron and holes. 

Furthermore, the light harvesting might be limited for dense structure compared to porous films 

[46]. A low photocatalytic activity of dense TiO2 prepared by PLD was also previously reported 

[44]. The highest photocurrent was achieved for the sample prepared at 20 Pa. With further 

pressure increased to 30 Pa, the photocurrent density dropped considerably due to the high 

recombination rate of electrons and holes at numerous nanoparticles’ boundaries. Fig. S7(b) shows 

the linear sweep voltammetry (LSV) photocurrent density under on/off cyclic conditions. All the 

samples showed negligible dark current in the positive applied bias voltage vs. Ag/AgCl. In 

accordance with I-t results, the sample prepared at 20 Pa showed the highest current density in 

LSV experiment under one sun irradiation. The sample prepared at 30 Pa obtained the lowest 

current density despite of its higher porosity which allows a deeper penetration of electrolyte into 

the film and perhaps, more absorption due to multiple scattering. As seen in Fig. S3(b), for the 

film prepared at 30 Pa, the physical contact between the nanoparticles is not good enough for 

efficient electron transfer, which provides a higher chance of electron trapping at the interface 

between the TiO2 nanoparticles [43, 47]. The dark and illuminated Nyquist plots of 

electrochemical impedance spectroscopy (EIS) are illustrated in Fig. S7(c). A lower diameter of 

semicircle of EIS plots under dark and illuminated conditions further confirms the lower charge 

transfer resistance of the g-N-TiO2 sample prepared at 20 Pa. For the sample prepared at 20 Pa, 
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the photocurrent in the I-V curve experienced sharp anodic spikes (positive current transients) after 

the light was switched on, which is due to the accumulation of photo-induced holes at the 

photocatalysts/electrolyte interface without electrolyte injection [10]. These anodic spikes became 

less evident at higher potentials where the applied bias forced the photo-induced holes to inject to 

the electrolyte [48]. The anodic spikes could be an evidence of facile transport of holes to the 

interface where the photo-induced holes encounter the injection barrier. As demonstrated in Fig. 

S8, once the 0.5M H2O2 as hole scavenger added to the electrolyte, the positive current transients 

vanished. Moreover, as expected, the addition of H2O2 to the electrolyte resulted in an 

improvement of photocurrent density, which further confirmed the presence of the injection barrier 

[49]. In this study, the samples prepared at 20 Pa provided the best morphology and PEC 

performance. Therefore, TiO2, N-TiO2, and g-N-TiO2 samples were deposited on FTO at 20 Pa to 

evaluate the effect of gradient doping on PEC and photocatalytic performance. Fig. 7(a) depicts 

the photocurrent–time (I–t) plot of TiO2, N-TiO2 and g-N-TiO2 samples under intermittent on–off 

illumination. Under one sun irradiation and by applying 0.2 V vs. Ag/AgCl bias and in 0.2 M 

Na2SO4 solution, the maximum photocurrent density of ~0.028 mA/cm2 was achieved for the g-

N-TiO2 photoanode which is about 211% and 102% higher than that of the pristine TiO2 and N-

TiO2, respectively. The photoanodes revealed an instantaneous decay of the photocurrent in dark 

condition and a rapid recovery to the initial photocurrent density under illumination in multiple 

on/off cycles, which is attributed to the fast charge carrier transport in the one-dimensional 

structure. The dark photocurrent density for all the photoanodes was ~0.1 μA/cm2 at a bias of 0.2 

V vs Ag/AgCl, indicating that the measured photocurrent was exclusively due to the photo-induced 

charges from the photoanodes.  
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Fig. 7. (a) On/off cycle of photocurrent density (I-t) performed in 0.2 M Na2SO4 solution, (b) chopping 

linear sweep voltammetry (LSV) curves and (c) Nyquist plots of EIS measurements of TiO2, N-TiO2 and 

g-N-TiO2. 0.2 V vs. Ag/AgCl was applied for I-t and EIS experiments.  

 

Fig. 7(b) shows the I-V plot of samples under cyclic dark and illumination conditions. The 

photocurrent density of all the samples was enhanced by increasing the applied potential, 

indicating the typical photoelectrochemical property of n-type semiconductors. Similar to I-t 

results, while the dark current was insignificant, a notable photocurrent density was gained for the 

g-N-TiO2 sample by applying a positive bias vs. Ag/AgCl and one sun irradiation, which was 

significantly higher than those achieved by N-TiO2 and TiO2 samples. EIS Nyquist measurements 

were also conducted under dark and illuminated conditions to observe the electrical resistance. A 

notable decrease in the diameter of N-TiO2 was observed and the lowest diameter was obtained 

for the g-N-TiO2 sample, which further confirms a lower resistance of g-N-TiO2 against charge 

carrier transfer as a result of terraced band bending. As mentioned before, TiO2, N-TiO2 and g-N-

TiO2 samples are prepared at a similar deposition condition and possess similar density (2.91 

g/cm3). The UV-Vis spectra of these samples are shown in Fig. S9. Interestingly, despite a slight 

lower light absorption of g-N-TiO2 compared to N-TiO2 sample, the photocatalytic activity of g-

N-TiO2 was significantly higher than that of TiO2 and N-TiO2 samples. Therefore, it can be 

inferred that this improvement is mainly due to the enhanced separation of photo-induced electrons 
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and holes by the formation of homojunction with terraced band bending. It is proven that nitrogen 

as a non-metal dopant, introduces an acceptor level above the valance band of TiO2 as a n-type 

semiconductor and lowers the Fermi level (EF) of TiO2 [35]. Therefore, a band bending is induced 

when different layers (with different EF) are brought into contact [13, 14]. For non-gradient 

nitrogen doped sample (N-TiO2), the band bending is limited to a narrow region at the 

semiconductor/electrolyte interface (depletion region) [50]. However, in g-N-TiO2 sample, after 

contacting N-TiO2 layers with different N content, the Fermi energy levels equilibrate by flowing 

the electron from nitrogen rich layers to layer with lower nitrogen content and finally the pristine 

TiO2 layer [10]. More importantly, in gradient-doped TiO2, the terraced valence band level for 

different layers induces a built-in electric field perpendicular to the substrate, which facilitates the 

transfer of charge carriers by repelling the electrons and holes in different directions along the 

vertical direction of columnar-like structure [14, 16, 17]. By measuring the electron conductivity 

of homogenously doped and gradient-doped hematite (α-Fe2O3), Luo et al. [50] concluded that the 

built-in electric field is responsible for the enhanced photocurrent generation. Fabrication of a 

heterojunction to induce band bending is a well-established strategy to promote the charge 

separation in photocatalysis even though a higher efficiency of gradient doped homojunction was 

demonstrated in recent years [10, 14, 16, 17, 19, 21, 26, 51]. In contrast to heterojunction –where 

the band bending is limited to the interfaces– the gradient-doped homojunction distributes the band 

bending over a larger region in the bulk of the sample and thus, promotes the charge separation 

efficiency [13, 14]. Moreover, lattice mismatch and interfacial defects are intrinsically reduced for 

gradient-doped TiO2 homojunction prepared by PLD due to layer-by-layer epitaxial growth of 

TiO2 with the sample lattice parameters but different EF. In other words, gradient-doped 

homojunction structure distributes a moderate band bending over the photocatalyst’s bulk without 
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interfacial defects between layers. It is reported that the lattice matching in homojunction 

facilitates the spatial transfer of the photo-induced electron and holes and reduces the electrical 

resistance in the photocatalyst structure [18]. To evaluate the stability of g-N-TiO2 photocatalysts, 

the long-term I-t experiment under one sun irradiation was carried out. As shown in Fig. S10 in 

the Supplementary Information, no significant decline in the current density was shown within 8 

h, suggesting the high stability of g-N-TiO2 sample. 

3.5.  Photocatalytic performance 

Considering the low specific surface area of thin films, the photocatalytic removal efficiency of 

contaminants in water is usually low in comparison with slurry systems containing nanoparticles. 

In order to suppress the recombination of charge carriers and increase the degradation efficiency, 

in thin-film photocatalytic systems, an external potential bias is applied to the photocatalyst 

serving as the photoanode in the PEC process [52]. Despite the exciting reported results for the 

degradation of recalcitrant pollutants with PEC, this process requires applying electrical energy, 

expensive electrode materials (such as platinum) and also conductive substrate which impose high 

operating cost to the process. Moreover, PEC needs the addition of a relatively high concentration 

of salt to the solution (mostly sulfates) as electrolytes, which raises an additional environmental 

concern. Therefore, increasing the efficiency of thin-film photocatalysts without such costly and/or 

environmentally unsafe materials, is of great importance. In this study, the photocatalytic 

performance of photocatalysts was evaluated with the degradation of SMX antibiotic under 

simulated solar light irradiation. Fig. 8(a) shows the normalized degradation curve of SMX with 

photolysis, and photocatalysis by using TiO2, N-TiO2 and g-N-TiO2 films. As seen, no significant 

reduction in the concentration of SMX was achieved by the photolysis process. This is because of 

the low absorption of light by SMX in the solar spectrum range as previously reported [53]. As 



22 
 

expected, the removal of SMX by pristine TiO2 is insignificant and only ~19% SMX removal is 

achieved after 300 min treatment. The low removal efficiency of TiO2 for the photocatalytic 

degradation is due to the low light absorption of TiO2 in the solar spectrum. Fig. 8(b) shows that 

photocatalytic degradation of SMX follows a pseudo-first-order kinetics and the photocatalytic 

kinetic constant (k) by using TiO2 photocatalyst is 0.0006 (min-1). In contrast, after 300 min the 

removal percentage of SMX by using N-TiO2 is ~40 % with a kinetic constant of 0.0017 (min-1). 

The highest removal efficiency is obtained by using g-N-TiO2 with ~85 % removal after 300 min 

and the kinetic constant is 0.0061 (min-1) which is ten times higher than that of TiO2 photocatalyst. 

The improvement in the photocatalytic degradation performance of g-N-TiO2 is consistent with 

the improvement of its PEC performance. The reason of this dramatic enhancement in 

photocatalytic degradation efficiency is due to the promotion of charge carriers’ separation by the 

built-in oriented electric field as a result of terraced band bending along with vertical direction of 

TiO2 as reported before [17]. As shown in Fig. S8, the transferred and accumulated holes on the 

surface of g-N-TiO2 can directly degrade SMX molecules by oxidizing them or indirectly by 

generation of reactive species such as •OH radicals. As a result, a superior enhancement of the 

photocatalytic performance for g-N-TiO2 was achieved in terms of SMX degradation, kinetics of 

removal, and solution detoxification. As presented in Table 1, the obtained removal efficiency in 

this study is among the highest reported values in previous studies of photocatalytic degradation 

of pharmaceuticals by using thin films. Moreover, the SMX removal efficiency after 300 min, 600 

min and 900 treatments by using TiO2, N-TiO2 and g-N-TiO2 in three consecutive runs was 

compared to evaluate the stability and reusability of photocatalysts. As seen in Fig. 8(c), all tested 

photocatalysts are very stable and maximum ~12 % loss in the SMX removal efficiency was shown 

after three cyclic experiments. 
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Fig. 8. (a) Normalized degradation curves of SMX by TiO2, N-TiO2 and g-N-TiO2; (b) pseudo-first-order 

kinetics model, and inset: corresponding kinetic constants (k) during the photocatalytic process; (c) 

recycling tests of photocatalytic degradation of SMX after 300 min, 600 min and 900 min treatments by 

using TiO2, N-TiO2 and g-N-TiO2. 

 

3.6. Transformation product and mechanism of degradation 

In order to identify the TPs during the photocatalytic degradation of SMX, first, LC–MS 

chromatograms of the samples obtained at different time intervals are compared with those of the 

untreated sample. The new peaks in the chromatograms of samples are considered as possible 

transformation products, and according to the “suspect screening” method [54], the MS/MS 

spectra of the suspected compounds are acquired and compared with the reported TPs in the 

literature. Accordingly, fifteen TPs were identified during the treatment by TiO2, N-TiO2 and g-

N-TiO2. As shown in Fig. 9(a-c), relatively short-chain TPs such as TP 107, TP 114 and TP 149 

were not detected with TiO2, while long-chain TPs such as TP 286 and TP 289 (Fig. 9 (n-o)) were 

not observed during treatment by g-N-TiO2. The presence of short-chain TPs in the samples treated 

by g-N-TiO2 suggests the capability of this photocatalyst to generate more reactive species such as 

•OH radicals, which leads to the consecutive breaking of SMX into shorter TPs. In contrast, 

insufficient reactive radicals with TiO2 and N-TiO2 cause oxidation (but not bond cleavage) of the 

benzene and isoxazole rings (TP 286) and denitrification and oxidation of benzene ring as well as 

oxidation of the isoxazole ring (TP 289). 
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Fig. 9. Evolution of (a) TP 107, (b) TP 114, (c) TP 149, (d) TP 163, (e) TP 172, (f) TP 174, (g) TP 190, 

(h) TP 195, (i) TP 199, (j) TP 239, (k) TP 270, (l) TP 273, (m) TP 284, (n) TP 286, and (o) TP 289, 

during the photocatalytic degradation of SMX by TiO2, N-TiO2 and g-N-TiO2. 

 
Fig. 10. Possible reaction pathway for SMX degradation including: oxidation, denitrification, 

desulfonation and bond cleavage. (*) detected by using TiO2, (!) detected by using N-TiO2 and (#) 

detected by using g-N-TiO2. 



25 
 

 

The cleavage of benzene ring from sulfur (S) led to the formation of TP 163, while the breakage 

of isoxazole from nitrogen (N) formed TP 172. TP 163 can proceed to the formation of TP 149 by 

N-TiO2 and g-N-TiO2 and thereafter, to TP 114 by g-N-TiO2 photocatalyst. Previous studies have 

also proved the ability of hydroxyl radicals for oxidation of the amino group [55, 56] which is 

shown for TP 195 and TP 284. TPs 163 and 172 were detected for all photocatalysts although the 

peak intensities of these TPs by using g-N-TiO2 were higher than that of obtained by TiO2 and N-

TiO2. Moreover, the successive isoxazole ring cleavage and denitrification (TP 174) and further 

oxidation of the isoxazole ring (TP 114) were only observed by using the g-N-TiO2 photocatalyst. 

This may be due to the improved ability of g-N-TiO2 to generate reactive species and thus, to 

transform SMX into smaller organic compounds. TP 195 [56], TP 270 [57] and TP 289 [58] were 

only found by using N-TiO2, which have been reported before as transformation products of SMX 

degradation. Denitrification of the benzene ring (TP 239) and further oxidation of the isoxazole 

ring (TP 273) were detected for all photocatalysts which have been reported in several studies [58, 

59]. TP 199 was also found for all photocatalysts which has been observed in other works [60, 61]. 

In general, four degradation mechanism might be involved in the degradation of SMX in this study 

including: (i) bond cleavage; (ii) oxidation; (iii) denitrification; and (iv) desulfonation or a 

combination of these pathways as illustrated in Fig. 10. The ToF/MS-MS spectra of detected TPs 

are provided in the Supplementary Information as Fig. S11. 

3.7.  Toxicity assessment 

As seen in Figs. 9 and 10, several TPs were formed during the photocatalytic degradation of SMX. 

Some research works have reported equivalent or higher toxicity of the mixture of SMX and its 

TPs compared to SMX alone [62, 63]. Therefore, the toxicity of the solution after treatment should 
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be assessed in addition to the SMX removal. Fig. 11 compares the optical density of solutions 

treated by TiO2, N-TiO2 and g-N-TiO2 with the untreated SMX solution as well as the control 

sample (without SMX) at two time intervals. As expected, a high optical density (bacteria growth) 

was noticed for the control sample, whereas the untreated solution significantly inhibited the 

growth of E. coli bacteria. Due to the high concentration of remaining SMX in the solution, an 

insignificant detoxification was achieved by using TiO2. A relatively high detoxification occurred 

by using N-TiO2. Remarkably, a notable, further enhancement in detoxification was achieved for 

g-N-TiO2 as photocatalyst, with considerable bacteria growth and optical density even comparable 

to the case without any SMX. It is to say that the effective photocatalysis of SMX by g-N-TiO2 led 

to a basically non-toxic environment. The lower detoxification efficiency of the SMX solution with 

TiO2 and N-TiO2 as compared to g-N-TiO2 might either result from the higher concentration of 

not-degraded SMX, or be due to the presence of some TPs with relatively similar structures to 

SMX (such as TP 195, TP 270, TP 286 and TP 289) which may still have antibacterial properties.  

 

Fig. 11. Optical density measurements of E. coli. bacteria at a wavelength of 600 nm (OD600) for samples 

treated by TiO2, N-TiO2 and g-N-TiO2 as well as control and untreated solutions.  

 

Fig. 12 illustrates the growth of bacterial colonies on the agar surface. As shown, the surface of 

agar corresponding to the control sample was completely covered by E. coli colonies, whereas the 
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untreated SMX solution (C0) obviously hindered bacterial growth. The presence of small colonies 

of E. coli in the case of untreated SMX solution is due to the relatively low concentration of SMX 

in this study (initial solution), which allows bacterial growth to some extent (background growth). 

As seen in Fig. 12(c) in addition to the background growth, some new colonies appeared on the 

agar surface as indicated with red circles. However, the number of colonies was limited for the 

solution treated by TiO2 consistently with the optical density (Fig. 11) and with the SMX 

degradation results (Fig. 8). Although a noticeable bacterial growth was observed for the treated 

solution with N-TiO2, the highest detoxification was achieved for the sample treated by g-N-TiO2. 

As seen in Fig. 12(e), the E. coli growth on g-N-TiO2 plate was almost similar to the control petri 

dish, which further confirmed the high efficiency of g-N-TiO2 for detoxification of antibiotic 

solution. 

 

Fig. 12. Growth of E. coli. bacteria on petri dish for (a) control, (b) untreated SMX solutions and samples 

treated by (c) TiO2, (d) N-TiO2 and (e) g-N-TiO2. 

 

Table 1. Comparison of SMX removal efficiency in this study with the values reported in the literature for 

the removal of pharmaceuticals by using thin film photocatalysts. 

Photocatalysts Contaminants Light source Remarks Ref. 

Bi2MoO6–boron-

doped diamond 

hybrid electrode 

Ibuprofen 

C0= 10 mg/L 

150 W Xe 

lamp 

 About 30% 

ibuprofen removal 

after 6h 

[64] 

N-doped TiO2 
Chlortetracycline 

C0= 0.1 mg/L 

150 W xenon 

lamp 
 81.3% removal 

after 3 h 
[65] 

BiOBr deposited on 

FTO 

Tetracycline 

C0= 10 ppm 

(λ > 420 nm)  

300-W Xe arc 

lamp 

 39% removal after 

2.5 h 
[66] 

(a) (b) (c) (d) (e) 
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TiO2 nano-particles 

decorated TiO2 nano-

tubes arrays 

Diclofenac 

C0= 5 mg/L 

35 W Xenon 

lamp 
 About 35% 

removal after 12 h 
[67] 

Cu/TiO2 

nanotube arrays 

Diclofenac 

C0= 5 mg/L 

300 W xenon 

arc lamp 
 43.9% removal 

after 6 h 
[68] 

Reduced TiO2 

nanotube arrays 

Diclofenac 

C0= 5 mg/L 

35 W Xenon 

lamp was used 
 99.5% removal 

after 10 h 
[51] 

AgInS2/TiO2 

nanotube arrays 

Norfloxacin 

C0= 20 mg/L 
500 W Xe lamp 

 46% removal after 

2.5 h 
[69] 

Gradient Nitrogen 

doped TiO2 

Sulfamethoxazole 

C0= 1 mg/L 
300 W Xe lamp 

 85% removal after 

5 h 

This 

work 

4. Conclusions 

In summary, by using pulsed laser deposition, we synthesized substitutional nitrogen doped TiO2 

at low temperature without the common phase transformation of anatase to rutile. The results 

showed that substitutional doping is more effective than interstitial doping for enhancing light 

absorption by the photocatalyst. Moreover, compared to dense and highly porous structures, 

columnar-like structures showed more photocurrent generation and separation efficiency. Precise 

control of the deposition condition of the PLD allowed us to grow TiO2 layers with different N 

content at the optimum deposition pressure to fabricate multi-homojunction gradient-doped TiO2 

(g-N-TiO2). In comparison with pristine and conventional nitrogen doped TiO2 (non-gradient), g-

N-TiO2 demonstrated a superior performance in terms of photocurrent density, SMX removal, 

kinetic of degradation and detoxification of solution. The obtained photocatalytic degradation 

efficiency obtained in the present study is as high as with a photoelectrochemical process without 

applying external bias potential and introducing salt as electrolyte. The markedly enhanced 

performance of g-N-TiO2 is attributed to (i) substitutional nitrogen doped into the anatase phase 

with enhanced light absorption, (ii) fabrication of layer-by-layer homojunction with low interfacial 

defects, (iii) porous, well-aligned and one-dimensional structure favoring charge transport and (iv) 

presence of terraced band structure over the entire thickness of film, which induces an oriented 

electrical field and facilitates charge carrier separation and transport.  
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