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Bandgap engineered multi-junction photocatalyst for enhanced visible-

light-driven degradation of organic pollutants 

The development of heterojunctions between distinct semiconductors is regarded as an 

effective strategy to inhibit the recombination of photogenerated charge carriers by 

facilitating rapid electron-hole separation across the interfacial junction. In this chapter, 

titanium dioxide (TiO2) is chosen as the host material due to its high stability and strong 

redox capability, and it is incorporated with cobalt (Co) to form a Co-doped 

TiO2/CoTiO3 heterostructure photocatalyst. The goal is to enable visible light 

absorption in the photocatalyst by reducing the bandgap of the host semiconductor with 

doping, while concurrently reducing charge carrier recombination and promoting 

efficient charge separation via heterojunction formation. These synergistic 

modifications create a favorable environment for improved visible-light-driven 

photocatalysis, as demonstrated in this chapter. Thus, a Co-doped TiO2/CoTiO3 

heterostructure photocatalyst was synthesized using a facile and cost-effective modified 

sol-gel route. The XRD analysis of the photocatalyst reveals the presence of anatase-

rutile homojunction and the high crystallinity nature of TiO2. The spectral response and 

the bandgap of the photocatalysts were analyzed using UV-DRS. The decrease in 

bandgap due to Co ion doping, as well as the synergistic effect of both homojunction 

and heterojunction in Co-TiO2/CoTiO3, significantly enhances the photocatalytic 

activity under visible light. The presence of oxygen vacancies, charge carrier migration, 

and the chemical compositions of the photocatalysts were studied using ESR, PL, and 

XPS techniques. The work presented in this chapter aligns with the two primary 

objectives of this thesis, namely addressing the challenges of high charge carrier 

recombination and the inherently wide bandgap of the photocatalyst. 

3.1. Introduction 

The transition metal doping on the host semiconductor can increase the spectral 

response and reduce the recombination rate [1-3]. Cobalt is regarded as one of the most 

promising transition metal dopants for enhancing the visible light response of a host 

semiconductor. Liu et al. reported efficient photoelectrochemical (PEC) water splitting 

by Co-doped TiO2 nanowire arrays integrated on a fluorine-doped tin oxide (FTO) 

substrate [4]. Mragui et al. demonstrated excellent methyl orange (MO) conversion 
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using 1% Co-doped TiO2 under visible light [5]. However, highly concentrated 

transition metal doping often suffers from major setbacks such as thermal instability and 

poor quantum yield of the photocatalytic reactions [6]. The fabrication of a 

heterojunction between different photocatalytic materials is considered a viable method 

to suppress the photogenerated charge recombination that occurs during swift electron–

hole separation through the interfacial junction [7, 8]. The built-in electric field due to 

the energy band mismatch across the junctions promotes the photogenerated charge 

carrier separation [7]. Zhang et al. demonstrated substantial charge carrier separation 

and significant visible light response in an n-p-n type heterojunction of 

TiO2@Bi2O3@TiO2 [9]. Coupling TiO2 with low-bandgap titanium-based typical 

ATiO3 structured perovskite materials (A = Fe, Pb, Zn, Co, Sr, and Ni) has drawn 

significant attention due to their excellent photocatalytic degradation [10-12]. The 

improved interfacial charge transfers in the perovskite ABO3 material within the 

localized electric field caused by the spontaneous dipole moment enhance the 

photocatalytic activity [12]. Cobalt titanate (CoTiO3) is a narrow-bandgap perovskite 

oxide material studied for potential applications in magnetic media, electronic noses, 

and Li-ion batteries [13, 14]. Again, CoTiO3 has been reported with high photocatalytic 

degradation and oxygen evolution activity [15, 16]. Recently, Lin et al. reported a 

visible-light-active Type II heterojunction between C-TiO2 and CoTiO3 exhibiting 

effective photoactivity and remarkable reusability in the degradation of ciprofloxacin 

[17]. Noypha et al. reported a Fe2O3-graphene-Ag catalyst that can undergo 

sonocatalytic activity toward MB [18]. Again, a self-recoverable ZnS-WO3-CoFe2O4 

nanohybrid photocatalyst was illustrated by the Palanisamy research group; however, 

their photocatalytic efficiency toward MB was relatively lower than that achieved in this 

chapter [19]. In the present chapter, cobalt-doped titania (Co-TiO2) was synthesized 

using a cost-effective sol-gel route. Subsequently, Co-TiO2/CoTiO3 heterojunction with 

TiO2 mixed-phase (anatase-rutile) homojunction was attained via a post-thermal 

treatment. A CoTiO3 perovskite structure was confirmed along with the mixed 

polymorphs of TiO2 using various characterization techniques. The coexistence of 

CoTiO3 and Co-TiO2 matrix had a synergistic role in enhancing photocatalytic activity 

under visible light toward MB degradation. 
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3.2. Experimental details 

3.2.1. Materials and methods 

The Co-doped TiO2 nanoparticles were prepared using titanium (IV) isopropoxide 

(TTIP, 95%, Alfa Aesar, USA), 2-propanol (99%, Merck, India), cobalt (II) nitrate 

(Co(NO3)2.6H2O, 97%, Merck, India) and nitric acid (HNO3, 69%, Merck, India). 

Initially, a precursor solution was prepared with 40 mL of 2-propanol and 4 mL of 

TTIP. Subsequently, a specific amount (1 wt% Co) of cobalt compound was mixed with 

the precursor solution. An hour later, 1 mL of HNO3 was poured into the mixture. The 

solution was then stirred vigorously for the following 24 h and kept for aging till the 

next 72 h. The remaining moisture was removed by heating and the obtained product 

was then pulverized into fine powder. The obtained sample was then annealed at 400, 

600, and 700 ⁰C for two hours and denoted as CT400, CT600, and CT700. A block 

diagram representation of the synthesis procedure is provided in Figure 3.1.  

 

Figure 3.1. Block diagram illustrating the synthesis of Co-doped TiO2 step by step. 
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For the preparation of pure TiO2, initially, 40 mL of isopropanol was taken in a beaker 

and then 4 mL of TTIP was poured dropwise and homogenized. Subsequently, after 

30 min, 1 mL of HNO3 was added. This solution mixture was continuously stirred for 

the following 24 h and further aged for another 72 h to get a gel form. The gel was then 

heated to eliminate any leftover moisture before being grounded into a fine powder. The 

as-prepared sample was then annealed at 400 ⁰C and termed as a T400 photocatalyst. 

3.2.2. Characterization 

The photocatalysts were characterised using the following analysis techniques: XRD, 

UV-visible DRS, SEM, TEM, ESR, Photoluminescence and XPS. The details of the 

instrument for the technique have been discussed in Chapter 2. The photocatalytic 

performance of the photocatalysts was evaluated against MB dye degradation following 

the procedures as described in Chapter 2. 

3.3. Results and discussion 

3.3.1. XRD analysis 

X-ray diffraction profiles of the photocatalysts T400, CT400, CT600, and CT700 are 

presented in Figure 3.2. The JCPDS reference of TiO2 for both the anatase and rutile 

phases, corresponding to PDF no: 89-4921 and 89-4920 are shown in the figure. The 

observed peaks at 2θ = 25.5o, 37.7o, 48.1o, 53.8o, 55.3o, 62.6o, and 75.3o in T400 and 

CT400 are ascribed to the anatase structure of TiO2, which are related to the (101), 

(004), (200), (105), (211), (204), and (215) planes, respectively. No diffraction peak 

was observed for the rutile phase in the T400 and CT400. However, the peak 

corresponding to the rutile phase appeared at higher calcination temperatures. XRD 

peaks at 25.3o, 37.7o, 48.2o, 53.8o, 55.1o, 62.6o, 75.2o, and 2θ = 27.2o, 36.3o, 41.1o, 54.4o, 

56.6o, 64.2o, 69.1o, 69.9o in CT600 photocatalyst, are due to the anatase and rutile phase, 

respectively [20]. Their reflection planes corresponding to the rutile diffraction peaks 

are (110), (101), (111), (211), (220), (310), (301), and (112). On the other hand, CT700 

sample exhibited only the rutile phase of TiO2. A similar result of temperature-

dependent phase transformation was obtained for pristine TiO2 that was calcined at 600 

⁰C (T600) and 700 ⁰C (T700), and their diffraction patterns are shown in Figure 3.3. 

Excess interface defects at the anatase grains act as a nucleation site for the growth of 

the rutile phase when the calcination temperature is increased. 
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Figure 3.2. X-ray diffraction spectra of T400, CT400, CT600, and CT700. 

During the calcination of anatase grains at a higher temperature, interface defects are 

removed, initiating a nucleation process with different atomic arrangements in the basic 

TiO6 octahedra that facilitates the formation of the rutile phase [21, 22]. Thus, T600 

sample shows both the phases of TiO2, i.e. anatase and rutile phase corresponding to 

PDF no: 89-4921 and 89-4920, respectively. while the T700 sample exhibited only 

rutile phase.  

XRD peak of Co and CoTiO3 phase was not detected in the diffraction spectra of 

CT400, CT600, and CT700 due to the low doping concentration. However, diffraction 

peaks of the CoTiO3 structure were observed on increasing the Co concentration. Figure 

3.4 shows the XRD spectrum of TiO2/CoTiO3 with 20 wt% of Co (calcined at 400 oC). 

The XRD peaks due to TiO2 (anatase) and CoTiO3 phase are shown with the symbol 

hash (#) and asterisk (*), respectively in Figure 3.4. The diffraction peaks at 2 = 32.8o, 

35.4o, 40.5o, 49.1o, 61.9 o, and 63.5o (PDF: 77-1303) were assigned to the rhombohedral 

structure of CoTiO3.  
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The crystallite size of TiO2 was calculated using Scherrer’s relation (equation 

2.2). The calculated 𝐷 value of T400 and CT400 was ~11 and ~10 nm.  The crystal 

sizes are found to increase with increasing annealing temperature (shown in Table 3.1).  

 

Figure 3.3. XRD spectra of pristine TiO2 calcined at 600 oC (T600) and 700 oC (T700). 

 

Figure 3.4. X-ray diffraction spectrum of TiO2/CoTiO3 with 20 wt% Co. 
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This occurs because smaller crystallites possess higher surface energy, and atomic 

reordering becomes significant at elevated temperatures[23]. At low temperature, 

smaller grains remain stable, but upon heating they coalesce into larger grains through 

grain boundary migration driven by atomic diffusion [24]. The increased thermal energy 

enables atoms to overcome potential barriers within each grain, facilitating boundary 

movement. During grain growth, smaller crystallites are either incorporated into larger 

neighboring grains or grow at their expense, as their higher surface energy makes them 

less stable. At sufficiently high temperature, smaller anatase grains may directly 

transform into rutile or first grow into larger anatase particles [24]. The smaller rutile 

grains then further coarsen, while larger anatase grains undergo a comparatively slower 

transformation into rutile [24]. 

3.3.2. UV-vis-DRS analysis 

Absorbance spectra of T400, CT400, CT600, and CT700 in the UV-visible region are 

shown in Figure 3.5(a). A sharp spectral absorption corresponding to the primary 

energy-band transitions of TiO2 was observed in the ultraviolet region (around 380 nm) 

in the pure TiO2 [8]. The broad nature of the absorbance spectrum in Co-doped TiO2 

(CT400) with a slight red-shift compared to the pure TiO2 (T400) was observed. The 

absorbance spectra were further shifted toward longer wavelengths in the CT600 and 

CT700. These red-shifts in the optical absorption were ascribed to the bandgap 

reduction as a consequence of the interaction between free 𝑠𝑝-electrons and localized 𝑑-

electrons of Co ions [25]. In addition, strong spectral absorption in the range of 500 to 

750 nm was detected in both the CT600 and CT700 photocatalysts, which is related to 

the characteristic absorption band of the CoTiO3 phase arising due to Co2+ to Ti4+ 

charge transfer interaction [26]. However, this wide range spectral response was 

decreased significantly in CT700, ascribing the dominance of the rutile structure at high 

calcination temperature. The bandgap values of all the materials were obtained by 

extrapolating the absorption band to the hυ axis from the (hυ vs. (F(R).hυ)2 graph 

(shown in Figure 3.5(b)). The graph exploits equation (2.7) as it relates the bandgap Eg 

of the materials with hυ. However, the value of 𝑛 has to be known beforehand to plot 

the graph as shown in Figure 3.5(b). In this regard, n was determined by taking the 

logarithm of equation (2.6) [27] as follows: 

ln(α. hν)  = ln A + n ln(hν − E୥)                    (3.1) 
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By plotting ln(hν − E୥) vs. ln(α. hν) graph, the slope n was obtained to be ~0.5 for all 

the photocatalysts (shown in Figure 3.6), which suggests the direct band transition 

(𝑛 = 1/2) of the materials. As shown in Figure 3.5(b), the bandgap of the pristine T400 

was found to be ~3.24 eV that concurs to the electronic transition between the primary 

energy bands of the anatase phase of titania. The bandgap of CT400, CT600, and 

CT700 photocatalysts are reduced to 3.08, 3.01, and 2.90 eV. This bandgap reduction 

was due to the formation of defect sites in the forbidden locality of titania by Co2+ ion 

substitution in the TiO2 matrix [25, 28]. Notably, two additional bandgaps were 

obtained for each cobalt-doped titania CT400, CT600, and CT700, shown in Figure 

3.5(c) (enlarged scale of Figure 3.5(b)).  

 

Figure 3.5. (a) Optical absorbance spectra, (b) bandgap determination, and (c) 

magnified y-axis data of T400, CT400, CT600, and CT700 photocatalysts. 
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The bandgap values are mentioned in Table 3.1. The bandgap of CT400, CT600, and 

CT700 was estimated to be 2.44, 2.45, and 2.33 eV, which were related to the CoTiO3 

phase arising due to the Co2+ → Ti4+ charge transfer (octahedral coordination Co2+) 

[29]. Additionally, the optical transitions corresponding to the energy 1.54, 1.64, and 

1.85 eV are associated with the 4A2(F) to 4T1(P) transition in the tetrahedrally 

coordinated Co2+ or Co3+ [25]. The above results and discussion indicate the formation 

of the Co-doped TiO2 and CoTiO3 phases in the matrix (Co-TiO2/CoTiO3). The narrow 

TiO2 bandgap occurred due to Co doping improved visible light absorption, and the 

interfacial junctions minimized the recombination rate and prolonged the charge carriers 

for photocatalytic reactions. 

 

 

Figure 3.6. Determination of n value by plotting  ln(α. hν)  vs.  ln(hν − E୥) graph. 
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Table 3.1. Transitional energy and crystallite size of the as-prepared photocatalysts. 

Photocatalyst Energy of transitions (eV) Crystallite size (nm) 

T400 3.24 ~11 

CT400 3.08, 2.44, 1.54 ~10 

CT600 3.01, 2.45, 1.64 ~25 

CT700 2.90, 2.33, 1.85 ~29 

3.3.3. SEM and TEM analysis 

SEM images were examined to understand the morphological structure of the 

photocatalysts. Figure 3.7(a) and Figure 3.7(b) depict the SEM images of pristine titania 

(T400) and Co-doped titania (CT600). 

 

Figure 3.7. SEM images of (a) T400 and (b) CT600, along with their magnified view of 

the selected area. EDX of (c) T400, and (d) CT600 with atomic composition. 

The homogeneous distribution was confirmed in T400 and CT600 having average 

particle sizes of ~20 and ~23 nm, respectively. Figure 3.7(c) and 3.7(d) represent the 

EDX spectra of the T400 and CT600 photocatalysts with their atomic compositions. 
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EDX results confirmed the existence of Ti, O, and Co in the CT600 sample. Both T400 

and CT600 photocatalysts exhibited mesoporous structures with no major aggregation 

of larger-size clusters.  

To study the particle size distribution and microstructure of the photocatalysts, the 

TEM and HR-TEM images were analyzed. Figure 3.8(a-b) and 3.8(c-d) depict the TEM 

and HR-TEM images of T400 and CT600, respectively. The particle size homogeneity 

in T400 and CT600 is evident in Figure 3.8(a) and 3.8(c). The interplanar d-spacing of 

T400 was calculated to be 3.4 Å, which is the typical value of the anatase phase of TiO2 

(Figure 3.8(b)). The HR-TEM image of CT600 in Figure 3.8(d) shows d-spacing values 

of 3.4 Å and 3.2 Å corresponding to the anatase and rutile phases, respectively. 

Additionally, CT600 exhibits an interplanar gap of d = 2.7 Å, which was attributed to 

the CoTiO3 crystal. This result further indicates the coexistence of CoTiO3 crystal in the 

matrix along with the anatase and rutile phases. 

 

Figure 3.8. TEM and high-resolution TEM (a, b) T400 and (c, d) CT600. (e) SAED 

pattern with the lattice planes and (f) particle distribution of CT600. 

The selected area electron diffraction (SAED) pattern of the CT600 photocatalyst is 

presented in Figure 3.8(e). The concentric rings reveal the polycrystalline nature of the 
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photocatalyst [30]. The d-spacing (radius calculated from the central spot of the 

Scherrer’s ring) of the anatase phase corresponding to (101) and (200) planes agree with 

the calculated values from XRD. The concentric rings of (101), (211), and (310) planes 

are assigned to the d-spacings of the rutile phase. In addition, the d-spacing 

corresponding to the CoTiO3 phase was indexed with the (104) designated ring. The 

mean particle size distribution of CT600 is illustrated in the bar diagram of Figure 

3.8(f), showing a mean value of ~22 nm. 

3.3.4. ESR analysis 

Photocatalysts under light irradiation generate electron-hole pairs that interact with H2O 

and dissolved oxygen, producing radicals such as •O2
‒, h+, and e‒, which perform the 

redox reactions. The number of free electrons and oxygen vacancies within the 

photocatalyst can be obtained from ESR. Figure 3.9 shows the ESR results of T400, 

CT400, and CT600 photocatalysts measured at room temperature using microwave 

frequency of 9.44 GHz. The Lande g-factor of the electrons are calculated from 

g =  ℎ𝜈
𝛽𝐻௢

ൗ , where ℎ, 𝜈, 𝛽 , and 𝐻௢ represent Planck constant, frequency, Bohr 

magnetron, and resonance magnetic field, respectively [31]. The broad anisotropic 

resonance peak observed at g = 2.06 and 2.03 in T400 and CT400 is assigned to the 

surface Ti3+, where the atmospheric O2 gets adsorbed and consequently reduced to O2‒ 

[32]. The anisotropic nature of the spectra are assigned to altered distribution of 

paramagnetic species in the system. The ESR peak intensity significantly increased after 

Co incorporation in TiO2, indicating the formation of additional Ti3+ species. The ESR 

resonance signal at g = 2.23 in CT600 was attributed to Co2+ ions associated with 

oxygen vacancies in the octahedral sites of CoTiO3 [32, 33]. Additionally, a hump in the 

ESR curve was seen at g = 2.51 in CT400 and g = 2.67 in CT600, which was attributed 

to the tetrahedrally coordinated high-spin state of Co2+ ions [25, 33].  

3.3.5. Photoluminescence spectra analysis 

Figure 3.10(a) shows the room temperature PL spectra of T400, CT400, and CT600 

photocatalysts at an excitation wavelength of 320 nm. The emission peak at 385 nm in 

T400 is ascribed to the TiO2 onset band transitions with a bandgap of ~3.2 eV. 
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Figure 3.9. ESR spectra of (a) T400, (b) CT400, and (c) CT600 photocatalysts at room 

temperature. 
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The PL intensity was observed to be quenched in both CT400 and CT600, indicating a 

lower recombination rate of photogenerated charge carriers. Figure 3.10(b-d) shows the 

Gaussian fitting of the PL spectra of T400, CT400, and CT600 photocatalysts. The PL 

peaks at 440, 441 and 454 nm in CT400 and CT600 correspond to the defect state 

transitions due to Co2+ ion substitution in the TiO2 matrix [25]. The low-intensity 

emission peaks at around 472 - 485 nm correspond to the self-trapped excitons 

generated due to the transition from Ti3+ 3d states to the deep acceptor levels near the 

valence band maximum [34, 35]. The emission at around 521 nm, corresponding to an 

energy gap of ~2.4 eV, originated from the transition of electrons from the lower level 

of oxygen vacancies to the ground state [35]. 

 

Figure 3.10. (a) Photoluminescence spectra of T400, CT400, and CT600 photocatalysts 

at room temperature, (b-d) Gaussian fitting of each PL spectrum of T400, CT400, and 

CT600. 
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3.3.6. XPS analysis 

The oxidation state and chemical composition of the prepared photocatalyst were 

studied using XPS. The full survey spectra of T400, CT400, and CT600 are shown in 

Figure 3.11(a). The presence of Ti, O, and Co on the surface of CT400 and CT600 

catalysts was confirmed. A peak attributed to extraneous carbon contamination was 

observed at a binding energy (BE) of 285.5 eV [36], likely arising from carbon 

compounds adhered to the photocatalyst surface. XPS spectra of Ti 2p and O 1s for 

T400, CT400, and CT600 are presented in Figure 3.11(b) and 3.11(c). The O 1s peaks 

are found to be slightly shifted towards higher binding energies in Co-doped TiO2. The 

high-resolution Ti spectra of T400 reveal the presence of Ti4+ state identified with two 

prominent peaks at BE 458.2 and 464.0 eV, corresponding to Ti (2p3/2) and Ti (2p1/2) 

doublets [37]. After Co doping, the Ti 2p peaks are shifted towards higher BE by ~0.3 

and ~0.6 eV in CT400 and CT600, respectively.  

The positive shift observed in the binding energy values of O 1s peaks of CT400 

and CT600 in comparison to T400 indicates lower electron density of oxygen species of 

TiO2 formed in CT400 and CT600 than in T400 [38]. Again, the positive shifts observed 

in the binding energy values of Ti 2p peaks of CT400 and CT600 in comparison to 

T400 suggest the presence of higher electron density at Ti sites. This implies the 

existence of surface defects due to Co doping in CT400 and CT600, which in turn 

reduces the Fermi level [38-40]. However, the Ti 2p doublet is separated by 5.8 eV 

representative of the standard value of TiO2 [41, 42]. The Ti (2p3/2) and Ti (2p1/2) peaks 

appear at 458.5 and 464.3 eV in CT400, respectively, whereas in CT600 they are shifted 

to 458.8 and 464.6 eV. 

For T400, the Ti 2p spectrum was deconvoluted into four peaks at 457.7, 458.2, 

463.5, and 464.0 eV (shown in Figure 3.12(a)). The shoulder peaks at 457.7 and 463.5 

eV correspond to the Ti3+ (2p3/2) and Ti3+ (2p1/2), respectively. Likewise, the Ti 2p 

spectra of Co incorporated catalysts were deconvoluted into four peaks. They were 

positioned at 457.8, 458.5, 463.6, and 464.3 eV in CT400 (Figure 3.12(b)) and at 458.2, 

458.8, 464.0, and 464.6 eV in CT600 (Figure 3.12(c)). The deconvoluted peaks at 457.8 

and 463.6 eV in CT400, and at 458.2 and 464.0 eV in CT600, are ascribed to the Ti3+ 

2p3/2 and Ti3+ 2p1/2 states, respectively [40, 43].  The XPS peak area corresponding to 

Ti3+ 2p3/2 increased by ~7% and ~21% in CT400 and CT600, respectively, compared 
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with the pristine T400 photocatalyst. Similarly, the peak area corresponding to Ti3+ 2p1/2 

increased by ~47% and ~12% in CT400 and CT600, respectively, compared with 

pristine T400. Consequently, the area of the peaks corresponding to Ti4+ 2p1/2 and Ti4+ 

2p3/2 decreased significantly in both CT400 and CT600. This indicates the generation of 

more oxygen vacancies after Co incorporation into TiO2, consistent with the ESR 

analysis. The deconvoluted XPS peak areas of the photocatalysts are summarized in 

Table 3.2. 

 

Figure 3.11. XPS spectra of T400, CT400, and CT600. (a) Full survey profile, (b) Ti 2p 

spectra, (c) O 1s spectra, and (d) Co 2p spectra. 

The high-resolution O 1s XPS peaks of pristine TiO2 (T400), located at binding 

energies (BE) of 529.2 and 531.5 eV, are imputable to the lattice-oxygen (Ti-O) and the 

bridging hydroxyl groups (Ti-OH) on the surface, respectively (shown in Figure 

3.11(c)) [40]. A slight positive shift in the O1s peaks was observed at 529.4 and 531.7 

eV for CT400; and at 529.7 and 532.0 eV for CT600. 
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Figure 3.12. XPS peak fitting: Ti 2p spectrum of (a) T400, (b) CT400 and (c) CT600. 

O1s spectra of (d) T400, (e) CT400 and (f) CT600. Co 2p spectra of (g) CT400 and (h) 

CT600. 
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The broad O 1s spectra were deconvoluted into three peaks with BE positions of 529.2, 

529.7, and 531.5 eV for T400 (Figure 3.12(d)); and 529.4, 530.3, and 531.7 eV for 

CT400 (Figure 3.12(e)); and 529.7, 530.4, and 532.0 eV for CT600 (Figure 3.12(f)). 

The well-fitted peaks at 529.7, 530.3, and 530.4 eV in T400, CT400, and CT600, 

respectively, are associated with the formation of Ti2O3 and CoTiO3 in the matrix [44]. 

The slight reduction in the peak area of Ti2O3 in CT400 and CT600 suggests the 

formation of CoTiO3. 

The well-resolved Co 2p spectra of cobalt-doped CT400 and CT600 are shown in 

Figure 3.11(d). The XPS peaks at 780.7 and 796.4 eV, in CT400, are ascribed to the Co 

2p3/2 and Co 2p1/2 core level transitions, respectively. Strong satellite peaks at 785.7 and 

802.2 eV reveal the presence of a high spin Co2+ state in the TiO2 matrix and the 

formation of mixed metal oxides (CoTiO3) [40]. In CT600, the core level and satellite 

peaks are located at BE 780.8 (Co 2p3/2), 785.4 (satellite), 796.6 (Co 2p1/2), and 802.3 

eV (satellite). The deconvoluted Co 2p spectra of CT400 and CT600 are shown in 

Figures 3.12(g) and 3.12(h). In CT600, the areas of the satellite peaks at 785.4 and 

802.3 eV were larger than those in CT400 by ~74% and ~55%, respectively. 

Table 3.2. XPS peak positions and areas of Ti 2p, Ti O1s, and Co 2p for T400, CT400 

and CT600 photocatalysts. 

Catalyst Peak position (eV) Area under the curve (a.u.) 

T400 

457.7 (Ti3+ 2p3/2) 18076.5 

458.2 (Ti4+ 2p3/2) 55467.9 

463.5 (Ti3+ 2p1/2) 13577.4 

464.0 (Ti4+ 2p1/2) 26763.6 

CT400 

457.8 (Ti3+ 2p3/2) 19331.6 

458.5 (Ti4+ 2p3/2) 42997.2 

463.6 (Ti3+ 2p1/2) 20028.3 

464.3 (Ti4+ 2p1/2) 19147.3 

CT600 

458.2 (Ti3+ 2p3/2) 21794.3 

458.8 (Ti4+ 2p3/2) 49685.8 

464.0 (Ti3+ 2p1/2) 15228.0 

464.6 (Ti4+ 2p1/2) 16385.2 

T400 
529.2 (Ti-O) 60501.36 

529.7 (Ti2O3) 31703.28 

531.5 (Ti-OH) 3007.993 
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CT400 
529.4 (Ti-O) 57373.2 

530.3 (CoTiO3) 23096.4 

531.7 (Ti-OH) 6587.84 

CT600 
529.7 (Ti-O) 66089 

530.4 (CoTiO3) 20218.04 

532.0 (Ti-OH) 4384.933 

CT400 

780.7 (Co2+ 2p3/2) 22518.12 

785.7 (satellite) 19910.5 

796.4 (Co2+ 2p1/2) 15415.83 

802.2 (satellite) 7505.429 

CT600 

780.8 (Co2+ 2p3/2) 20977.9 

785.4 (satellite) 34755.62 

796.6 (Co2+ 2p1/2) 15589.91 

802.3 (satellite) 11682.63 

3.3.7. Kinetic study for degradation of MB 

Figure 3.13(a) shows the degradation trend of MB from 0 to 90 min using the 

synthesized photocatalysts under visible light illumination. For reference, control 

experiments were performed with fresh MB and pristine TiO2. The degradation of MB 

was confirmed from the absorbance spectra of the reaction solution. Among the 

photocatalysts, CT600 exhibited the most rapid degradation. The reduction in MB 

concentration was ~7%, 56%, 97%, and 31% for T400, CT400, CT600, and CT700, 

respectively. The optical density spectra corresponding to MB dye degradation are 

displayed in Figure 3.14(a-d). These results indicate that maximum photocatalytic 

efficiency was achieved at a calcination temperature of 600 ⁰C. This is attributed to the 

mixed phase of TiO2 at 600 ⁰C, where the homojunction between anatase and rutile 

enhances interfacial charge carrier transfer, and consequently minimizes the 

recombination rate [45].  

The rate constant (𝑘) of MB degradation was obtained from the linear fitting of  

ln(C/C୭)-Time plot, displayed in Figure 3.13(b). CT600 photocatalyst shows ~42 times 

higher degradation rate than pristine TiO2 (T400). This enhancement in the activity can 

be ascribed to (i) intermediate energy states due to Co2+ doping (bandgap reduction), (ii) 

homojunction between the anatase and rutile phase, and (iii) heterojunction between 

TiO2 and CoTiO3.  
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Figure 3.13. (a) Photocatalytic degradation profile (C/Co vs. time) of MB under visible 

light (0 to 90 min) using T400, CT400, CT600, and CT700 photocatalysts. (b) ln (C/Co) 

vs. time plot to measure the rate constant, (c) Optical images of MB degradation using 

T400, CT400, CT600, and CT700 photocatalysts, after visible light exposure for 90 

min. 
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Table 3.3 displays the rate constant of MB degradation using various photocatalysts. A 

slight improvement in the photocatalytic activity of CT400 and CT700 compared to 

pure TiO2 was observed, which could be ascribed to the light absorption due to 

Co2+→Ti4+ charge transfer bands [26, 46]. The absence of homojunction in CT400 and 

CT700 accounts for lower degradation rate. The optical images of MB degradation of 

T400, CT400, CT600, and CT700 photocatalysts are shown in Figure 3.13(c). 

 

Figure 3.14. Absorption spectra of MB degradation with time using (a) T400, (b) 

CT400, (c) CT600, and (d) CT700. The maximum absorption at wavelength 664 nm 

was recorded. About 97% degradation of MB by Co-TiO2/CoTiO3 photocatalyst 

(CT600) in 90 min was observed. 

Figure 3.15(a) illustrates the degradation of MB with illumination time (C/Co vs. 

Time) for the T600 and T700 photocatalysts, and the corresponding rate constants are 

determined as shown in Figure 3.15(b). The existence of mixed polymorphs in T600 (as 
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confirmed by XRD analysis, Figure 3.3) leads to a slight enhancement (~1.2 times) in 

photocatalytic activity compared with T700 photocatalyst.  

 

Figure 3.15. (a) Photocatalytic degradation profile (C/Co vs. time) of MB using T600 

and T700 and (b) ln C/Co vs. time plot to measure the rate constant. 

Table 3.3. Rate constant of MB degradation using various photocatalyst. 

Catalyst Rate constant (𝑘) min-1 

T400 0.0009 

CT400 0.0089 

T600 0.01 

CT600 0.0378 
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T700 0.0085 

CT700 0.0035 

 

3.3.8. Photocatalytic mechanism and schematic representation 

The proposed photocatalytic mechanism of Co-TiO2/CoTiO3 (CT600) photocatalyst is 

illustrated in Figures 3.16(a) and 3.16(b). The photogenerated charge-carrier transfer 

occurs through interfacial junctions, comprising a Type I (straddling) heterojunction 

between TiO2 and CoTiO3 and Type II (staggered) homojunction between the anatase 

and rutile phases. The bandgap reduction of TiO2 after Co doping arises from the 

formation of impurity states near the upper edge of the valence band (VB). Two 

possible heterojunction configurations are proposed: (a) CoTiO3 with rutile-anatase and 

(b) CoTiO3 with anatase-rutile sites of TiO2, as shown in Figures 3.16(a) and 3.16(b). 

 

Figure 3.16. Photocatalytic mechanism of Co-TiO2/CoTiO3 (CT600) photocatalyst. 

Interfacial junctions between (a) CoTiO3-rutile-anatase phase and (b) CoTiO3-anatase-

rutile phase of TiO2. 
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In the first case, photoexcited electrons in the rutile phase readily migrate to the 

energetically lower conduction bands (CB) of anatase and CoTiO3. Likewise, holes 

move from the valence band (VB) of anatase to rutile and subsequently to the VB of 

CoTiO3. In the latter case, the photogenerated electrons migrate from the rutile phase to  

the CB of anatase and eventually to CoTiO3, while holes generated in the VB of anatase 

transfer to the VB of CoTiO3 and rutile phase. The localized electric field at the 

interface accelerates the charge-carrier transfer between the anatase-rutile homojunction 

and the TiO2/CoTiO3 heterojunction, thereby minimizing electron-hole recombination 

and ensuring the availability of charge carriers for photocatalytic reactions [7].  

3.4. Summary 

The interfacial junction between anatase-rutile TiO2 homojunction and CoTiO3 

heterojunction was tailored by employing a facile and cost-effective approach. The 

bandgap of TiO2 was reduced by Co2+ ion substitution and also increased surface 

oxygen vacancies that enhanced the photocatalytic reaction. The CT600 photocatalyst 

exhibited 97% degradation of MB dye within 90 min, which was 42-fold higher than 

that of pristine TiO2. The enhanced photocatalytic performance of CT600 can be 

attributed to two major aspects: strong absorption across the visible light range and 

swift separation of charge carrier via homo- and heterojunctions in the Co-

TiO2/CoTiO3. Importantly, this photocatalyst can effectively degrade MB in polluted 

water sources in a cost-effective and eco-friendly manner. The work presented in this 

chapter addresses two key objectives of the thesis: (i) fabricating a multi-junction 

photocatalytic system to enhance performance, and (ii) developing a viable 

photocatalyst through strategic bandgap engineering and surface modification. This 

material offers application for removal of water pollutants under natural solar light and 

represents a step forward toward sustainable water resources. Additionally, CT600 may 

also find application in water splitting for hydrogen production and as an electrode 

material in fuel cells.  
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