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CHAPTER I. INTRODUCTION

1.1. Background

With the development of modern industry and the rapid increase of human population, the 

environment pollution caused by pharmaceuticals is becoming a global serious problem.

Antibiotics have been intensively applied for both human therapy and agricultural purposes over 

the past several decades since the 1940s [1], [2]. Due to its impressive characteristics in enhancing 

the growth rates, raising the antimicrobial properties and lower the cost, tetracycline (TC) is

commonly used a typical large spectrum antibiotic in the therapy of human and animal infections

[3]. However, the use of TC also brings many potential risks to human beings and animals, as it 

can easily penetrate into the human body through food, where its accumulation can directly induce 

negative effects on human health such as renal failure, hearing loss, and diarrhea [4], [5].

In addition, animal studies have proved that TC may cause pernicious effects on the 

unborn offspring [5]. Thus, it is imperative to develop an optimal treatment method for the efficient 

elimination of such pollutants from aqueous solution. It is now well established that both physical 

and biological adsorption technologies are inappropriate for the complete removal of emerging 

contaminants like pharmaceuticals from water [6], [7], [8]. Nevertheless, photocatalysis has been 

researched recently and applied widely to degrade pharmaceuticals released into the environment

[9], [7], [10].

With a band-gap energy of 2.7 eV and a suitable conduction band and valence band positions, a 

new polymer semiconductor, graphitic carbon nitride (g-C3N4), has been applied widely as a 

photocatalyst in water splitting, pollutant degradation, and other applications [11], [12]. However, 

its photocatalytic degradation ability is severely restricted, mainly due to the high recombination 
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rates of electron-hole pairs, low electrical conductivity and low surface area (<10 m2/g) [12], [13], 

[14]. In this view, various strategies have been applied, including metal doping [15], non-metal 

doping [16], transitional or noble metals deposition [17], [18], surface modification, and 

fabrication of heterojunction [19], [20]. Among these strategies, doping is considered a highly 

efficient method and has been studied widely in the recent years [13]. Doping with metals can 

greatly decrease the band-gap energy and improve the absorption capacity of the catalyst in visible 

light [11], [21].

1.2. Objectives and scope of thesis

Though numerous reports on the doping of g-C3N4 with transition metals and alkali metals have

already been published in the literature, few have investigated using alkaline-earth metals as 

dopants for g-C3N4 [22]. To date, only very limited reports related to the modification of the 

photocatalyst with Ba ions in order to increase its photo-response efficiency under visible-light 

have been published. Remarkably, no report has examined the elimination of pharmaceuticals in 

aqueous solution using Ba-doped g-C3N4 under visible light.

Therefore, in the current study, we first successfully synthesized Ba-doped g-C3N4 as a novel 

photocatalyst through a thermal polymerization process. The thesis aim is to study the 

photocatalytic behavior of Ba-doped g-C3N4 using TC as a pollutant. The photocatalytic removal 

mechanism of TC using the as-prepared catalyst is investigated under visible light irradiation.

Moreover, the influences of Ba-ion modification on the structural and optical properties, along 

with visible light mediated photocatalytic activities of pure g-C3N4 is also discussed in detail.  
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1.3. Thesis outline

This thesis comprise five chapters. Chapter 1 presents the introduction. Chapter 2 – Literature 

review summarizes fundamentals of photocatalysis and pharmaceutical behaviors. Chapter 3-

Materials and Method illustrates the research methodology. Chapter 4 - Results and Discussion 

investigates effects of dopant ratio, catalyst loading, pH on the TC removal efficiency. The 

synthesized novel photocatalyst displayed extremely high stability after 5 cycles as confirmed 

through various characterization techniques. The intermediates generated during the photocatalytic 

reaction were also detected through liquid chromatography–mass spectrometry (LC-MS) analysis 

and used to predict the degradation pathway of TC. Photoelectrochemical (PEC) measurements 

combined with photocatalytic performance obviously demonstrated that Ba doping effectively 

enhanced the separation of charge carriers and decreased the electron/hole recombination in the g-

C3N4 structure. Chapter 5 summarizes key findings of this research thesis before suggesting 

further work in the future.
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CHAPTER II. LITERATURE REVIEW

2.1. Overview of heterogeneous photocatalysis

AOPs are the oxidation methods based on the generation of reactive species including hydroxyl 

radicals for the degradation of organic pollutants. AOPs might be sorted as photochemical 

oxidation processes which include photo-ozonation, semiconductor based photocatalysis, photo-

Fento, and chemical oxidation processes including ozonation, as shown in Fig.1 [23].

Among the AOPs, heterogeneous photocatalytic process utilizing the solar energy to photo-excite 

a semiconductor catalyst in the presence of oxygen has attracted significant attention as a 

promising method for degrading organic contaminants. This process involves the acceleration of 

photoreaction in the presence of semiconductor photocatalysts. The process is regarded as 

heterogeneous as there are two active phases, solid and liquid. Also, it is imperative to mention 

about semiconductor such as metal oxide based photocatalysis, which draw a significant attention 

in the recent decades due to the following reasons: (a) cost-effectiveness; (b) low-toxicity; (c) 

environment-friendly; (d) easily modified by doping; and (e) capability to extend its use without 

any significant reduction in its photocatalytic activity [24].
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Figure 1. Classification of AOPs

2.2. Basic principle of photocatalysis

In the photocatalytic oxidation process, organic compounds are degraded in the presence of 

catalysts and an energetic light source. The first step is the interaction of semiconductor with light 

source, which leads to the generation of electron-hole pairs in the semiconductor particles. When 
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a photocatalyst is illuminated with light, the energy of which is at least equal to or greater than the 

band-gap energy. Next step, light will be absorbed by the semiconductor and the valence band 

electrons are excited to the conduction band, leaving a positive hole in the valence band. The 

excited electrons and positive holes can then follow several pathways. For example, in case of 

TiO2, the detailed mechanism of photocatalysis is now well established and has been presented in 

figure 2 [23]. 

Figure 2. Mechanism of TiO2 photocatalysis

The mechanism can be further understood from the following equations (1.1-1.6) [23]

TiO2 + hv  → TiO2 (e- + h+) (1.1)

h+ + H2O → H+ + •OH (1.2)

h+ + OH- → •OH (1.3)
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Organic pollutant + •OH → Degradation products (1.4)

e- + O2 → •O2 (1.5)

H2O2 + e- → •OH + OH- (1.6)

2.3. Modifications of photocatalysts

There are several effective methods to modify semiconductor. First of all, it is imperative to 

mention element doping.

Doping, that is designed by introducing impurities, is known to be an efficient method to tune the 

band gap of g-C3N4. Numerous reports indicated that element doping can efficiently tune the 

unique electronic structure and band gap of g-C3N4, which enhance the light-harvesting capacity 

and the charge separation [25]. Doping of g-C3N4 with non-metal such as O, I, or B has been 

applied to modify its texture and electronic structure for improving the photocatalytic activity. 

Also, alkali metals and transitional metals (K, Na, Fe, Cu, and W) have been incorporated into the 

framework of g-C3N4 [25]. However, most studies have been focusing on the transition metals 

and alkali metals, and only a very limited number of reports related to the modification of the g-

C3N4 by alkaline-earth elements such as barium (Ba) till now.

Deposit noble metals on the surface of photocatalysts is another effective way for extending the 

life-time of the electron-hole pairs and reducing recombination rate. 

Besides, coupling of two semiconductors with different band gap energies making a 

heterostructure semiconductor is also an effective approach to promote charge separation and 

minimize or inhibit charge-carrier recombination for improved photocatalytic activity [26].
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Thus, after an intensive survey, doping with alkaline-earth elements such as barium (Ba) was 

choosen to modify the 2D graphitic carbon nitride (g-C3N4).
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CHAPTER III. MATERIAL AND METHOD

3.1. Chemicals and Reagents

Melamine (≥99%), ethylene glycol (≥94.5%), isopropanol (≥99.5%), tert-butanol (≥99.5%), 

EDTA-2Na (≥98%), and thiourea (chemically pure) were purchased from Daejung Chemical & 

Metal Co., Ltd., barium nitrate (≥98.5%) from Junsei Chemical Co., Ltd., and TC ( ≥98%) from 

Sigma–Aldrich. All chemicals and reagents were used for experiments without undergoing any 

further purification. Distilled water was used for all reactions. 

3.2. Methods

3.2.1. Fabrication of Ba-doped- g-C3N4

The catalysts were prepared by a typical thermal condensation method. Initially, 25 mmol of 

melamine was dissolved in 40 mL ethylene glycol and 10 mL distilled water under magnetic 

stirring for 30 min, while various amounts of Ba(NO3)2 (0.25, 0.5, 0.75 and 1.25 mmol) were also 

dispersed in 20 mL ethylene glycol by magnetic stirring. After 30 min, the two solutions were

mixed together with vigorous and continuous stirring for 120 min at room temperature (RT) to 

obtain a dispersed solution. Then, the mixture was dried at 100°C in a vacuum oven for 36 h. The 

obtained solid products were calcined at 300 °C for 0.5 h, followed by 500°C for 1.5 h and finally 

at 550°C for 3 h at the same heating rate of 6 °C/min. Afterwards, the powder was washed with 

distilled water and ethyl alcohol several times and dried at 70 °C. Finally, Ba-doped g-C3N4 was 

obtained and the catalysts were denoted as BCN-1, 2, 3, and 5, corresponding to the initial molar 

ratio of Ba element/melamine (1%, 2%, 3% and 5%, respectively). For comparison, pure g-C3N4 

was synthesized following the same procedure without the adding of Ba(NO3)2.

3.2.2. Characterization
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The structures of pure g-C3N4 and Ba-doped g-C3N4 were determined through X-ray powder 

diffraction (XRD; BrukerD8Advance) with monochromatic Cu Kα radiation (λ = 1.5406 Å) in the 

2θ range of 10–80° at RT. The morphology and nanostructure of the as-synthesized catalysts were 

examined via field emission − scanning electron microscopy (FE-SEM) integrated with energy − 

dispersive X-ray (EDX) spectroscopy. The elemental states and compositions were determined by 

X-ray photoelectron spectroscopy (XPS – Thermo Fisher Scientific Model ESCALAB 250 XI). 

The structural characteristics were investigated by Fourier transformation-infraction red (FTIR –

Varian Model 670/620) spectroscopy. All spectra were obtained in the range of 400–4000 cm-1. 

The specific Brunauer-Emmett-Teller (BET) surface area and pore volume parameters of the 

samples were measured on a Micromeritics Instruments (Model ASAP2020 Analysis) under 

nitrogen air. The optical properties of samples were identified by UV–vis diffuse reflectance 

spectrum (UV–vis DRS-Agilent-Model Cary 5000) in the wavelength range of 200–800 nm. 

Photoluminescence (PL) spectra were measured by Cary Eclipse (Model NF900 (FLS920)) at RT. 

The zeta potentials of the samples were measured at 293 K using a zeta potential analyzer (Malvern, 

Zetasizer Nano). UV–vis spectrophotometer (Genesis 10S) was used to obtain the absorbance of

the TC solution at 355 nm. 

3.2.3. Photocatalytic experiments

The photocatalytic activity of the synthesized catalysts was calibrated according to their TC 

removal efficiency in aqueous solution. A Xenon lamp (150W) with a 400-nm cut-off filter

(Newport 20 CGA-400) was employed as the visible light source. In a typical procedure, an 

aqueous suspension (50 ml) containing 50 mg of Ba-doped g-C3N4 and 50 ml of TC (20 mg/l) was 

added to a 100ml glass beaker, the suspension was magnetically stirred in the dark for 30 min to 
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attain the adsorption/desorption equilibrium, and the resulting reaction mixture was continuously 

illuminated and magnetically stirred for 2 h.

To further investigate the influence of pH on the photodegradation of TC, 0.2 M HCl and 0.2 M 

NaOH solution were used to adjust the initial pH of the solutions. During the photodegradation, 3

ml of a solution was taken out after regular intervals of time and filtered off with a syringe filter 

(0.45 μm) to remove the solid phase.

3.2.4. Photodegradation Efficiency & Synergy calculation

Then the TC concentration was monitored using a UV–vis spectrophotometer (UV–vis, USA 

Model GENESYS™ 10S) by testing the absorbance at 355 nm. The removal efficiency of TC was 

defined as follows:

Removal efficiency = 
����

��
× 100%    (2.1)

where �� (mg/L) is the initial concentration of TC, and C (mg/L) is the concentration of TC after 

photocatalytic reaction at 355 nm.

The synergy of the photocatalysis process was investigated and measured using the following 

equation [27]:

Synergy of Ba-doped g-C3N4 over g-C3N4:

% Synergy =100× 
��� ����� ������� �������

��� ����� ������
     (2.2)

where k is the apparent first-order rate constant (�����) in each process.
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3.2.5. Photoelectrochemical (PEC) measurements

   All PEC experiments were conducted in a standard three-electrode system comprising of a 

working electrode, Ag/AgCl in 0.3 M KCl as the reference electrode, and Pt wire as the counter 

electrode. The potential of the working electrode relative to the reference electrode was adjusted 

to the reversible hydrogen electrode (RHE) employing the following equation:

����(�) = ���/����(�) + 0.059 × �� + 0.197              (2.3)

where pH refers to the electrolyte solution pH.  The PEC performance of the photoanode was 

measured in 1 M KOH (pH 13) under visible light irradiation using a Xenon lamp (150 W) 

equipped with a UV 400 filter (Newport 20 CGA-400).  To synthesize the working electrodes, 50 

mg of each sample powder was suspended in 2 ml ethanol containing 15 μl of Nafion 5% solution. 

Then 100μl of the suspension was drop cast on the fluorine-doped tin oxide (FTO) substrate 

(2.0×2.0) and dried at RT. The transient photocurrent response was conducted under the potential 

of 0.3 V and was measured over 150 s in a mixture of 0.2M Na2S and 0.04M Na2SO3 solution. 

The measurements of electrochemical impedance spectroscopy [28] were taken in the frequency 

range of 0.01 Hz to 100 kHz at open circuit potential (OCP) in 1M KOH solution under light 

illumination. The Mott-Schottky measurements were conducted in the dark condition at a scan rate 

of 10 mV s-1 and frequency of 100 Hz.
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CHAPTER IV. RESULT AND DISCUSSION

4.1. Characterization of material

4.1.1. UV–vis diffuse reflectance spectroscopy (DRS)

The UV–vis DRS of the pure g-C3N4 and Ba-doped g-C3N4 are shown in Fig.3.  The steeper curve 

in the visible light region for Ba-doped g-C3N4 revealed its significant absorption band in the 

visible region compared with the pure g-C3N4. In comparison to the pure form, the absorption edge 

of Ba-doped g-C3N4 was red shifted to a higher wavelength in the visible spectrum, which was 

attributed to the generation of impurity levels within the band-gap of g-C3N4 due to Ba doping. 

Fig. 3. (a) UV–vis DRS spectrum of the Ba/g-C3N4 samples at different Ba contents, and (b) 

Kubelka-Munk plots for calculating the band gap of the nanoparticles (NPs).  

The band-gap energy of the as-prepared NPs plays a leading role in determining the photocatalytic 

activity of a catalyst. Herein, the band-gap energy was determined using the Kubelka–Munk

method [29], represented by the following equation:
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α = F(R) = 
(���)�

��
  and(αhv)� = A× (hv - ��)   (2.4)

where R, �� (eV), h (J.s), v (s-1), and (α) are the reflectance, band-gap, Planck’s constant, light 

frequency, and extinction coefficient, respectively. The ‘A’ value is a constant, and the n value 

is a characteristic value for the transition process. Herein, n = 1/2 for an indirect allowed 

transition.

As shown in Fig. 1b, the band-gap energy for pure g-C3N4 was calculated to be ∼2.71 eV, while 

the calculated band-gap energies of Ba-doped g-C3N4 at dopant ratios of 1, 2, 3 and 5% were 

clearly decreased to 2.62, 2.56, 2.60 and 2.61 eV, respectively. The lower band-gap values of the 

doped samples demonstrated their increased visible light harvesting capacity and the resulting 

enhanced charge carrier generation. 

4.1.2. X-ray powder diffraction (XRD)

Fig. 2a depicts the XRD patterns of pure g-C3N4 and 2% Ba-doped g-C3N4.  The strong diffraction

peak (002) at 27.5° is related to interlayer stacking of the conjugated aromatic system [16]. The 

significantly decreased intensity of this peak after Ba doping confirmed that Ba elements were 

somehow exfoliated by the stacked layers.  The low angle diffraction peak (100) corresponds to 

the in-plane structural packing of the heptazine units [12]. 
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Fig. 4. (a) XRD patterns of the pure g-C3N4 and 2% Ba-doped g-C3N4, and (b) enlarged XRD 

patterns of the main peak at a 2θ of 27.5°; insets show the patterns of the minor peak at 12.8° 

In addition, the intensity of the two main peaks was drastically decreased, which was tentatively 

attributed to the defects derived from the inadequate polymerization process [12]. In the enlarged 

XRD pattern around 2θ = 27.5° (Fig. 2b), the (002) peak of BCN-2 was slightly shifted to a lower 

angle, while the inset shows that another peak was shifted to a higher angle, compared with the 

pure sample. Owing to its atomic radius of 1.36 Å, the largest atomic radius in alkaline earth group 

of elements, Ba2+ will be intercalated between two neighboring planes of g-C3N4 and held by 

nitrogen pores of the two adjacent layers [49]. 

The diameter of g-C3N4 and BCN-2 crystallite size were calculated based on Debye-Scherrer 

equation [30]. 

d =
�.��×�

�×����
    (2.5)
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Where d (nm) is the particle size, λ is the X-ray wavelength (0.15406 nm), β and θ are the 

diffraction angle and full width at half maximum (FWHM) of the corresponding peak, 

respectively.

As seen in Table 1, the crystallite size of the catalyst drastically decreases from 5.85 nm to 4.30 

nm with increasing Ba doping from 0 to 2 %. This result indicates that the Ba doping may have 

reduced the growth of g-C3N4 particles, which in turn decreased the size of the new 

corresponding NPs.

Table 1. Crystallite size of g-C3N4 and BCN-2 as determined by XRD analysis

Sample Wavelength (nm) FWHM (deg.) 2Theta (°) Crystallite size (nm)

g-C3N4 0.15406 1.38289 27.46 5.85

BCN-2 0.15406 1.88176 27.44 4.30

4.1.3. Brunauer-Emmett-Teller (BET)

To further understand the surface area and pore characteristics of the photocatalysts, BET analysis 

was conducted and the results are shown in Fig. 5. 

The two isotherms of BCN-2 and g-C3N4 illustrated the type IV adsorption isotherms, and their 

hysteresis loops appeared in the relative range of 0.7–1.0. In addition, both samples possessed H3-

type hysteresis loops, indicating a cylindrical geometry for the shape of the mesopores [31].

Moreover, the isotherms of both doped and pure forms showed better adsorption capacity at high 

relative pressure (P/P0 = 0.7 -1), indicating that the pores were large [32].   
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Fig. 5. (a) Nitrogen adsorption–desorption isotherms, and (b) pore size distribution of pure 

g-C3N4 and BCN-2.

The measured BET surface area of BCN-2 (11.41 m2/g) was higher than that of pure g-C3N4 (9.98

m2/g). A similar trend of pore volume was observed for the pure and doped forms: 0.068 and 0.073 

cm3/g, respectively. This result demonstrated the greater number of adsorption sites for BCN-2

compared to that of the pure form, which increased the chance for interaction between the 

adsorption sites and the adsorbent molecules. Therefore, compared with g-C3N4, the adsorption 

capacity of BCN-2 will be improved, due to the effective elimination of TC in aqueous solution.

4.1.4. Fourier-transform infrared spectroscopy (FTIR)

Fig. 4 shows the FT-IR spectra of g-C3N4 and the BCN-2 in the wavelength range of 650–4000 cm-

1. The typical peak of g-C3N4 phase is identified at 810 cm-1, which is a characteristic of tri-s-

triazine rings. The characteristic FTIR peaks ranging between 1240 cm-1 and 1630 cm-1, shown in 

Fig.6, originate from the stretching vibration modes of the CN heterocycles. Compared with the 

pure form, these peaks of the doped sample were slightly shifted with drastically decreased 
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intensity, due to the Ba doping. The broad peak at 3182 cm-1 of g-C3N4 corresponding to the N-H 

and O-H bond stretching vibrations [33]. Meanwhile, the peak for Ba doped sample was shifted to 

a lower wavenumber (3176 cm-1), and its intensity was also lower than that of the pure form. 

Moreover, an absorption peak appeared in the BCN-2 phase at 2156 cm-1, contrary to the g-C3N4

phase. This was tentatively attributed to the change of CN heterocycles, possibly due to the high-

temperature reaction and the introduction of a certain Ba content into the graphitic phase [34].

Fig. 6. FT-IR spectra of g-C3N4 and BCN-2.

4.1.5. Scanning Electron Microscope (SEM) and Energy Dispersive X-Ray 
(EDX)

The morphology and elemental compositions of pure g-C3N4 and BCN-2 were analyzed by 

SEM/EDX analysis (Fig.7). As shown in Fig. 7a, g-C3N4 illustrated a graphene-like layered 

stacking structure.

After Ba doping, the catalyst surface became disturbed, leading to agglomeration of various 

irregularly shaped NPs, as seen in Fig.7c. It could be observed that the particle size of g-C3N4 is 
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recorded in the range from 15 to 28 nm, while it might be ranged from 32 to 65 nm in the case of 

BCN-2. This result demonstrated the formation of impurity phases. EDX quantitative analysis of 

elemental composition was conducted to re-examine the presence of Ba. As seen in Fig. 5d, the 

distinguished peaks of ‘Ba’, along with ‘C’, ‘N’ and ‘O’, confirmed the uniform impregnation of 

‘Ba’ NPs onto the surface of g-C3N4. This result re-confirms the successful doping of Ba into g-

C3N4.  .  "O" element, found in the EDX and XPS in section 3.1.6, is originated from the air during 

high-temperature synthesis process using a muffle furnace.

Fig. 7. SEM and EDX images of BCN-2  and g-C3N4 (a, b), respectively.
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4.1.6. X-ray photoelectron spectroscopy (XPS)

XPS analysis was conducted to investigate the chemical valence states of the different species in 

BCN-2.

As seen in the survey spectrum of BCN-2 (Fig. 6a), the sharp peaks corresponding to Ba3d, Ba4d

and Ba3p species were obviously observed in the range 0-1300 eV, which demonstrated the 

successful introduction of Ba element into the g-C3N4 phase. In the XPS spectra of C1s (Fig.6b), 

the two pronounced peaks at 287.8 eV and 284.2 eV originated from NCN coordination and C–C 

bonds from the graphitic phase of g-C3N4, respectively [33]. The two corresponding peaks 

positions for BCN-2 were slightly shifted to higher binding energy ranges with the Ba addition. 

Fig. 8c shows the main peak of the N1s spectra, found at the binding energy of about 398.3 eV, 

which was ascribed to sp2-hybridized nitrogen in CNC bonds [35]. 

In the Ba3d region, the Ba 3d peaks were split into two peaks at binding energies of 780.1 eV and 

795.4 eV, which were assigned to Ba 3d5 and Ba 3d3 peaks, respectively, indicating the typical 

binding energies of Ba2+.
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Fig. 8. XPS spectra of g-C3N4 and BCN-2: (a) survey spectra, (b) C 1s, (c) N 1s, and (d) Ba 

3d.

4.1.7. Photoluminescence (PL) analysis

To understand the effects of Ba modification, herein, the PL spectra of the as-synthesized samples 

were studied to reveal the transfer and recombination processes of the photo-induced electrons and 

holes.
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Fig. 9. PL spectra of g-C3N4 and BCN-2 with an excitation wavelength of 375 nm.

Fig. 9 shows a marked shift of the emission peak to longer wavelengths for the BCN samples (1%, 

2%, 3%, and 5% Ba loadings), in comparison to pure g-C3N4. This result also confirmed the 

decreased band-gap energy of the samples after the Ba modifications, as shown in section 3.1.1. 

In investigating the drop in emission peaks intensity of the doped samples, the great reduction in 

the PL intensities of the emission peaks following Ba addition directly demonstrates the 

effectiveness of Ba doping for reducing the recombination of photogenerated electron–hole pairs 

in the graphitic phase of g-C3N4. This might be due to the occurrence of heteroatoms in the π-

conjugated system of the g-C3N4 structure, which accelerated the transfer rate of charge carriers 

and restrained the recombination rate of electrons and holes [36]. Among as-synthesized samples, 

BCN-2 showed the lowest PL intensity in the visible range.
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4.2. Photocatalytic performance

4.2.1. Effect of dopant ratio

Fig. 10. Photocatalytic performance of different catalysts in TC degradation (i), and the 

apparent rate constants k (min-1) of the catalysts with different doping Ba contents (ii). 

Conditions: catalyst loading = 1.0 g/L, initial TC concentration = 20 mg/L, and initial pH 

without adjustment.

The photocatalytic performance of the Ba-doped g-C3N4 samples with different Ba contents was 

evaluated through TC degradation experiment under visible light irradiation (λ > 400 nm). As 

shown in the blank experiment of Fig. 10(i), TC self-degradation without any catalyst was virtually 

negligible. In terms of dark adsorption, all the Ba-doped samples show similar adsorption capacity, 

and a significant improvement compared with the pure one. In the presence of pure g-C3N4, the 

TC concentration was gradually decreased over time, and the TC removal was reduced to only 

32.8% after 120 min visible light irradiation. Compared with the pure form, the TC degradation 

efficiency was accelerated greatly with the introduction of Ba into the g-C3N4 structure. Within 
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120 min under irradiation of the visible region, the TC removal efficiency was increased from 60.7% 

to 69.6% with an increasing Ba content in g-C3N4 from 1% to 2%. When the Ba loading was 

further increased from 2% to 3% and 5%, the TC degradation was slightly decreased, from 69.6% 

to 64.4% and 60.2%, respectively. The reaction kinetics of TC degradation was evaluated by a 

pseudo-first-order model, as shown in the following equation: 

In (C0/C)  = k.t (2.6)

Where k refers to the apparent first-order rate constant (min−1), and C0 and C are the TC 

concentrations of pollutants at initial and given times (t), respectively. 

Fig. 10(ii) illustrates the effect of Ba content on the TC photodegradation rate using a series of Ba-

doped g-C3N4 samples. All the ‘k’ values of the Ba-doped catalysts were higher than that of pure 

g-C3N4 (0.00269), which reconfirmed the positive effects of doping on the photocatalytic 

performance. The k value increases with increasing Ba doping to a maximum of 0.00875 at a 

dopant ratio of 2%, but then slightly decreases when the Ba content is further increased by over 

2%. With excessive Ba doping into the graphitic phase, the dopant may have acted as a 

recombination center or have agglomerated, thereby decreasing the number of active sites on the 

catalyst surface [37], [38]. This indirectly leads to a reduction of the separation efficiency of the 

charge carriers, which is demonstrated through PL analysis. Moreover, the synergistic effects of 

doped g-C3N4 over pure g-C3N4 for the photocatalytic degradation of TC were 61.79%, 69.26%, 

64.93%, and 60.61% for BCN-1, BCN-2, BCN-3, and BCN-5 samples, respectively.

These results demonstrated that the Ba doping content has a significant influence on the 

photocatalytic activity. BCN-2 had the lowest band-gap energy and the effective separation of 
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photo-induced e−/h+, leading to the best TC elimination efficiency. Therefore, as the superior 

photocatalyst, BCN-2 was used for further process optimization of all operating parameters. 

4.2.2. Effect of catalyst loading

The effect of catalyst loading on TC elimination efficiency using BCN-2 was studied. The 

photocatalytic degradation of TC and changes of the apparent reaction constant k (min-1) at 

different catalyst dosages are shown in Fig. 11(i) and Fig. 11(ii), respectively. These experiments 

were conducted by varying the catalyst loading from 0.25 to 3 g/L with an initial TC concentration 

of 20 ppm at natural pH (pH=6) (without adjustment) for the TC solution. The TC removal 

efficiency increases with increasing catalyst amount from 0.25 g/L to 1 g/L, and its corresponding 

‘k’ value also increases from 0.00309 to 0.00875min−1, as shown in Fig. 10b(ii). However, when 

the catalyst loading is increased further to 3 g/L, the rate of TC degradation tends to slightly 

decrease over time to a minimum of 3 g/L. The increased amount of catalyst could result in an 

enlargement in the total surface area of materials, thereby indirectly increasing the number of 

active sites. However, at excessive catalyst content, the turbidity of the solution also drastically

increases, which reduced the light penetration through the solution and indirectly hindered the 

formation of charge carriers [39]. Based on these results, among the various catalyst dosages, 1g/L

was determined as the optimal amount of catalyst and selected for further experiments to evaluate 

the influence of other parameters.
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Fig. 11. Effect of different catalyst loadings on the photocatalytic degradation of TC using 

BCN-2 (i), and the apparent rate constants k (min-1) of the catalysts with different Ba doping 

contents (ii). Conditions: TC concentration = 20 mg/L, and initial pH without adjustment.

4.2.3. Effect of pH

The solution pH is a crucial parameter in wastewater treatment in general, and pharmaceuticals 

removal in particular. Herein, the effect of initial pH on the elimination rate of TC was carefully 

studied. 

As shown in Fig. 12(i), the TC elimination efficiency was drastically increased with increasing pH 

from 2 to 10, but then decreased with further increase in initial pH. Explaining this result requires 

understanding the surface charges of the TC molecule and the catalyst surface at various initial pH 

values. 
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Fig. 12. Influence of the initial pH on TC degradation by BCN-2 (i), pseudo-first-order 

degradation kinetic curves of TC by BCN-2 under various initial pH values (ii), apparent 

rate constants k (min-1) of BCN-2 with different initial solution pH values (iii), and Zeta 

potentials of BCN-2 at different pH values (iv).

The three functional groups of the TC molecule, comprising tricarbonylamide, phenolic diketone 

and dimethylamine, have three corresponding acidic dissociation constants pKa values of 3.3, 7.7 

and 9.7 [6]. Accordingly, with increasing pH, the surface charge of TC molecules generally tends 

to change from positive to negative, corresponding with four various TC molecule forms, 

comprising TCH3
+, TCH2, TCH− and TC2− [40]. For BCN-2, the point of zero charge (PZC) of 
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BCN-2 was determined at around 2.52, as shown in Fig. 12, indicating that at pH below (above) 

this value, the surface of the NPs was positively (negatively) charged. With solution initial pH < 

pKa1 (3.3), most of the TC molecules will exist as TCH3
+, the surface charge will mostly be 

positive, and the resulting electrostatic repulsion will cause low adsorption. With the subsequent 

increase of pH, since the positive charge of the TC molecules continues while the BCN-2 NPs are 

negatively charged, the resulting electrostatic attraction will enhance the adsorption capacity. As 

a result, the elimination efficiency of TC, which is involved in the adsorption capacity, gradually 

increases with further pH increase. However, when pH>pKa3=9.7, the affinity of TC for the 

surface of BCN-2 is presumed to decrease slightly due to the predominance of the electrostatic 

repulsion.

Furthermore, under alkaline conditions, the ability to produce hydroxyl radicals will be drastically

improved with increasing concentration of hydroxide anions in solution, which directly enhances 

the TC degradation efficiency in aqueous solution [6], [41].

Table 2 compares the Ba-doped g-C3N4 with various reported photocatalysts in terms of TC 

photocatalytic degradation in the visible spectrum. In this comparison, Ba-doped g-C3N4, 

representing a TC elimination rate of 91.94% within 2 h, is one of the most promising candidates

for TC removal.

Table 2. Comparison of TC photodegradation efficiency under visible light irradiation using 

different photocatalysts.

TC con.

(ppm)

Light source Type of catalyst Irradiation 

time (min)

Removal 

of TC (%)

Ref.
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10  35 W Xe PbMoO4 180 55 [42]

100 500W Xe g-C3N4/montmorillonite 360 76 [43]

20 300W Xe Ag2O/SWNTs 60 72 [44]

10 g-C3N4 /Bi3TaO7 90 89.2 [45]

10 250W Xe Ag-loaded Bi 3 TaO7 120 85.42 [46]

10 250W Xe Mn-doped SrTiO3 60 66.7 [47]

10 300W Xe Ag3PO4/CuBi2O4 60 75 [48]

10 300W Xe Fe doped SrTiO3 80 71.6 [49]

10 150W Xe Ni(1−x)Cu(x)Fe2O4 (x=0.6) 360 78.1 [50]

20 150W Xe 2% Ba doped g-C3N4

(BCN-2)

120 91.94 This 

study

4.3. Photocatalytic mechanism 

To elucidate the efficient elimination of TC using BCN-2 photocatalyst, a possible photocatalytic 

mechanism was proposed, as demonstrated in Fig. 13. Under the visible light irradiation, excited 

electrons from the valence band (VB) can more easily move to the new conduction band (CB),

having lower potential, formed by the new Ba doping. The VB and CB edge potentials of g-C3N4

have been reported at +1.57 and −1.13 eV, respectively [51]. In comparison to the standard redox 

potential of OH, H+/H2O (2.7 V versus NHE), the VB potential of g-C3N4 is obviously lower, 

indicating that the H2O oxidation reactions by positive hole are impossible [52]. 
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Fig. 13. Schematic illustration of the proposed mechanism for the photodegradation of TC 

using 2% Ba-doped g-C3N4 under visible light irradiation.

Thus, photoreduction reactions and pollutants oxidation are presumed to take place according to 

the following equations (2.7), (2.8) and (2.9) [50]:

(1) BCN-2 + hυ → BCN-2 (e− + h+) (2.7)

(2) Photoreduction reactions in CB: 2e− + O2 → •O2
− → H2O2→ HO• (28) 

(3) h+/OH•/•O2
−+ organic pollutants → intermediated product, CO2, H2O (2.9)

After doping, the Ba+2 cations was presumed to be located in nitrogen pores or between the layers 

of g-C3N4 [53], resulting in a significant decrease of band-gap energy, the lowest being 2.56 eV

for BCN-2. The lower band-gap energy not only improved the light absorption capacity in the 

visible light but also induced the abundant generation of photogenerated electron-hole pairs. 
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Moreover, the PL results revealed that Ba doping could effectively impede the recombination rate 

of charge carriers, thereby drastically improving the photocatalytic efficiency of TC.

To identify the major oxidation species involved during the photocatalytic treatment of TC, a series 

of experiments was conducted using three different radical scavengers, tert-Butanol (t-BuOH, 10 

mM), EDTA-2Na (10mM), and thiourea (0.1M). t-BuOH is a scavenger of hydroxyl radicals, 

whereas EDTA-2Na can be utilized to determine the prevalence of h+ [32]. Thiourea can be used 

as a scavenger of all three species (i.e. OH•, H+ and e-) [54]. As shown in Fig.9a, the addition of 

thiourea significantly diminished the TC removal efficiency after 120 min (51.8%, followed by 

EDTA-2Na with 55.61% TC removal, whereas the addition of t-BuOH only slightly decreased the 

TC degradation to approximately 72.45%, as compared with 91.94% in the absence of any 

scavenger. This demonstrates that h+ is the predominant oxidative species for TC degradation using 

BCN-2. 

Fig. 14. Photocatalytic degradation of TC using BCN-2 in the presence of different 

scavengers.
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4.4. Identification of intermediates

Fig. 15.  LC-MS chromatograms of TC solutions as a function of reaction time.

To determine the concentration variations of TC and intermediates during the photocatalytic 

reactions, liquid chromatography–mass spectrometry (LC-MS) was performed.  The LC-MS 

chromatograms obtained from the photocatalytic degradation of TC after 15, 60 and 120 min 

under visible light condition are illustrated in Fig. 15. The main peak of the initial TC sample, 

appearing at an elution time of approximately 5 min, significantly reduced with the increase in 

the irradiation time. After 120 min of visible light irradiation, the main TC peak had totally 

disappeared, and only a small peak with insignificant intensity was found at an elution time of 5 

min 20 s, indicating the complete decomposition of TC during the photocatalytic reaction.

4.5. Possible photodegradation mechanism
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The possible degradation pathway of TC using Ba-doped g-C3N4 is proposed in Fig. 16. Herein, 

the probable intermediates are denoted by number, from (1) to (14). The continual initial oxidation 

of TC molecules results in the formation of (1) and (2). After (2) probably undergoes either 

demethylation to form (3) or deamination to generate (4), (6) is yielded through the demethylation 

of (5), followed by deamination to form (7). In the next step, the reduction and removal of the 

carbonyl group from (7) produce (8). Next, following the presumed continuous opening of the 

aromatic ring, the ring undergoes either dealkylation to form (13) or hydroxylation to yield (14). 

This efficient transformation of TC to simpler products highlights the efficacy of the proposed 

visible light-induced photocatalytic process using a novel Ba-doped g-C3N4 photocatalyst.
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Fig. 16. Proposed pathway for the photodegradation of TC using BCN-2 under visible light.
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4.6. Stability and reusability of the Ba-doped g-C3N4 photocatalyst

Fig. 17. Catalytic stability of BCN-2 for TC degradation (i), XRD patterns of initial and used 

catalyst (ii), survey scan XPS spectra and (iii), and Ba3d spectra of the used catalyst (iv). 

Condition: Recycling five times, initial TC concentration = 50mg/L, initial pH 10.

The as-synthesized catalyst not only exhibited great potential in the lab-scale elimination of 

pollutants, but is also expected to be scalable for large-scale applications in industry. Therefore, 

the recovery and recycling ability of Ba-doped g-C3N4 was studied by repeating the photocatalytic 

reactions a minimum of five times.

After each experiment, the catalyst was merely collected by centrifuging at 3500 rpm and then 

drying at 70oC, without washing or adding any new catalyst before being continuously reused for 
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a new cycle. All the experimental conditions remained unchanged. The removal efficiency of TC 

after 5 cycles is shown in Fig. 17(i). The degradation efficiency of TC was decreased by almost 

10-12% after five cycles, corresponding to 78.72% degradation using the recovered catalyst. This 

slight reduction in TC degradation efficiency using recycled catalyst was attributed to some loss 

of catalyst during its recovery via centrifugation. Further, XPS and XRD analyses were also 

conducted to confirm the structure and chemical composition of the recovered photocatalyst after 

the recycling tests. The XRD pattern (Fig. 17(ii)) revealed an absence of any pronounced changes 

in the structure of BCN-2 before and after five cycles. The intensities and positions of the typical 

peaks were not noticeably changed between the two patterns. In the XPS spectrum of the recovered 

photocatalyst, the typical main peaks corresponding to Ba3d were retained in the survey scan 

region, which demonstrated the chemical stability and efficacy of BCN-2 after the recycling tests.
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4.7. Photoelectrochemical (PEC) performance

Fig. 18. Transient photocurrent responses (a), electrochemical impedance spectra (b), and Mott-

Schottky plot (c) of pure g-C3N4 and BCN-2.

To study charge transfer and separation efficiency in g-C3N4 and Ba doped g-C3N4 samples, the 

electrochemical impedance spectroscopy and transient photocurrent measurement were conducted. 

Fig. 18a demonstrates the higher photocurrent density of Ba-doped g-C3N4 in comparison to that 

of pure g-C3N4. The increased photocurrent represents efficient charge separation efficiency 

through Ba doping. The EIS data shown in Fig.12b depict the expected semicircular Nyquist plots 

for both pure g-C3N4 and Ba-doped g-C3N4. The obviously decreased arc radius for Ba-doped g-

C3N4 indicated its lower resistance for charge transport compared to that of pure g-C3N4. On the 

other hand, Mott-Schottky analysis confirmed that Ba doping could increase the carrier density in 
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the g-C3N4 electronic structure with a diminishing slope in the Mott-Schottky plot, as shown in

Fig. 12c [11], [55]. The PEC results support the promising potential of introducing Ba atoms into 

g-C3N4 to promote the separation and transfer efficiency of photogenerated carriers.

CHAPTER V. CONCLUSTION
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A series of Ba-doped g-C3N4 photocatalysts with various Ba contents was successfully synthesized 

via typical thermal condensation process using a heating program. XRD, XPS, SEM-EDX, and 

FTIR were used to characterize the photocatalysts and confirm the successful incorporation of Ba 

NPs into the graphitic phase of g-C3N4. Within the dopant concentration range of 1-5%, 2% Ba 

loading exhibited the best TC photodegradation efficiency of approximately 91.94% after 120 min 

of visible light irradiation at an optimal pH of 10. Ba doping into g-C3N4 not only significantly 

decreased the band-gap energy to a minimum of 2.56 eV, but also drastically improved the 

generation of photo-induced e- and h+ pairs, as depicted in the PL results. The decrease in NP size 

from 5.85 to 4.30 nm (confirmed through XRD analysis) and the increase in surface area of BCN-

2 (assured through BET analysis) greatly improved the photocatalytic activity performance. The 

LC-MS analysis results proved the complete decomposition of TC into simpler products, thereby 

highlighting the efficiency of the proposed photocatalytic process under visible light. Moreover, 

the activity and durability of the photocatalyst were retained even after five cycles, which further 

confirmed the efficacy of this novel Ba-doped g-C3N4 photocatalyst for the degradation of aqueous 

pollutants. Finally, the PEC performance of BCN-2 further demonstrated the electrochemical 

properties of this photocatalyst, therefore broadening the future scope of various potential 

applications for as-prepared Ba-doped g-C3N4.
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