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ABSTRACT: 

The formation of heterostructure nanocomposite has been demonstrated to be an effective route 

to enhance the photocatalytic efficiency. Ternary chalcogenides (TC) with remarkable visible 

light absorption, are identified as an ideal candidate to form heterostructure with classical 

semiconductors such as TiO2. In the current investigation, novel heterojunctions of the AgBiS2-

TiO2 composite were synthesised using a solvothermal technique. Computational analysis was 

utilised to study the electronic and optical properties of the pristine parent samples. The XRD 

results show the formation of the cubic phase of AgBiS2 and TiO2 is in tetragonal phase. The 

XPS and the TEM results illustrate the heterostructure formation. The UV-DRS pattern for all 

the composites shows enhanced visible light absorption due to the coupling of TC. The band 

gaps of the composites were decreased with increased doping levels. These materials were 

further studied for their photocatalytic efficiency, by photocatalytic degradation of 

Doxycycline, photocatalytic hydrogen generation and photocatalytic antimicrobial 

disinfection. The composite samples illustrated more than 95% degradation results within 180 

minutes and showed about 3 log reductions of bacterial strains (E. coli and S. aureus) within 

30 minutes of irradiation. The hydrogen production results were interesting as the AgBiS2 
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based composites illustrated a 1000-fold enhanced output. The enhanced photocatalytic 

activity is attributed to the decreased rate of recombination of the photogenerated excitons, as 

validated in the PL measurements. The scavenging experiments along with the theoretical 

analysis are used to define a plausible photocatalytic mechanism. 

Keywords; Ternary chalcogenides; Photocatalysis; Water splitting; Antimicrobial disinfection; 

Degradation.  

1. Introduction 

Environmental pollution and the ever increasing demand for energy has resulted in the search 

for efficient sustainable technologies.[1, 2] Hydrogen is identified as the fuel for the 

forthcoming decades, while at present steam reforming is the major industrial route for 

synthesising H2 gas.[3-6] Alongwith energy, the need for safe water for the rising earth 

population has turned to be a foremost crisis.[7, 8] The existing water treatment plants employ  

conventional methods such as sedimentation, flocculation, adsorption and even the use of 

membrane technologies for secondary treatment plants.[9, 10] This often results in release of 

additional chemicals into the ecosystem, moreover, the threat of the presence of industrial 

effluents and pharmaceutical waste has reached to its epitome.[11] Therefore, effective 

renewable sustainable technologies is of paramount importance. [7, 8]  Solar energy conversion 

utilising semiconductor photocatalysis obtained after appropriate band structure alteration is 

one of the vital strength for green energy and environmental remediation. In order to attain 

appreciable photocatalytic efficiency, the factors to be considered in design and development 

are (a) improving the visible light absorption (b) promoting the separation of photogenerated 

excitons and (c) promotion of these excitons transfer to the surface, where the reaction 

occur.[12, 13] As a vital approach, to improve the visible light absorption can be achieved by 

utilising novel semiconductor materials such as ternary chalcogenide (TC) compounds.[14, 15] 

TC are an interesting class of materials, these multicomponent chalcogenides have garnered 

enough attention in recent years for their effective electro-optical properties, and used for 

potential applications in biomedical imaging, photovoltaic devices, LEDs, phase change 

memory devices.[16-18] Among them, the family of I-V-VI has gained significant interest 

because of their wide band gap and high visible light absorption. 

AgBiS2 (I-V-VI), a ternary semiconductor material is a very common mineral sulfbismuthide 

in nature (matildite). It exists in two phases, namely, the low-temperature phase β-AgBiS2 with 

a hexagonal structure and the elevated temperature phase α-AgBiS2 with a cubic structure. The 
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phase transition temperature is 195 °C.[19] The nanocrystals of AgBiS2 are reportedly 

synthesised through various methods such as solid-state reaction, solid solution technique, flux 

technique, microwave-assisted method, hydro/solvothermal procedure, polyol route and 

sonochemical techniques.[20-25] The narrow band gap and the high visible light absorption 

benefits in different functional applications. However, these semiconductor exhibits low 

quantum efficiency and strong light etching which restricts its large-scale applications.[26, 27]  

In order to promote the separation of photogenerated excitons, the visible light absorption, 

alone cannot promote high photocatalytic efficiency, thereby there requires possible structural 

or morphological manipulation.[28] Hence, heterostructure formation with other classical 

semiconductors such as TiO2 can possibly aid in delaying the excitons recombination.[27] TiO2 

due to its high structural and photostability along with facile synthesis process makes it an ideal 

photocatalytic candidate.[29] However, the poor visible light absorption and wide band gap 

decrease their catalytic efficiency.[30, 31] Therefore, the formation of heterostructure 

composite with AgBiS2 could potentially increase the photocatalytic efficiency by decreasing 

the composite bandgap and by enhancing the charge transfer. Finally, the challenge to 

overcome the lack of exciton population on the photocatalytic surfaces could be possibly 

evaded by structural manipulations.[32] The staggered band alignment of a possible 

heterostructure would promote the delaying of the photogenerated electron-hole pair 

recombination, which effectively enhances the interfacial charge transfer.[29, 33]  

AgBiS2-TiO2 heterostructure for solar cell application has been reported. Zhou et al. reportedly 

synthesised AgBiS2 quantum dots (QDs) and assembled onto TiO2 nanorods film for QD-

sensitized solar cell (QDSSC).[34] However, there exists a definite paucity in correlating the 

theoretical concepts on the structural details of the semiconductor materials with the 

experimental process. There are no reports of these novel composites with a complete 

understanding and evaluation of their photocatalytic behaviour by various functional 

applications.  

Therefore, in this present study, a solvothermal technique was utilised to synthesize AgBiS2-

TiO2 composite.  Stable and visible light improved effective heterojunctions of AgBiS2- TiO2 

at different weight percent loading were developed (0.5, 1, 2 and 5 wt%) and further evaluated 

for photocatalytic degradation of Doxycycline, photocatalytic hydrogen generation and 

photocatalytic antimicrobial disinfection. Computational analysis of the structural, electronic 

and optical properties of the pristine parent samples (TiO2 and AgBiS2) were studied.  The as 
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prepared composites illustrated homogeneous distribution as observed in TEM images and 

showed composite formation through Raman and XPS analysis. The composites of AgBiS2-

TiO2 displayed 1000-fold enhanced photocatalytic H2 production compared to AgBiS2 and 

TiO2 samples. Similar results were also observed for bacterial disinfection activity, where the 

AgBiS2-TiO2 exhibited better results compared to its pristine counterparts. Furthermore, the 

degradation results were also impressive as the composites exhibited more than 95% activity 

within 180 mins of visible light irradiation. A plausible photocatalytic mechanism based on the 

computational results, PL measurements and the scavenger experiments have been proposed. 

 

2. Materials and method 

2.1. Chemicals and Reagents 

All the materials used were of analytical grade. Silver nitrate (AgNO3), Bismuth(III) nitrate 

pentahydrate (Bi(NO3)3·5H2O), Thiourea (CH4N2S), Titanium(IV)isopropoxide (C12H24O4Ti), 

Ethanolamine (NH2CH2CH2OH), Benzoquinone (C6H4O2), Isopropanol ((CH3)2CHOH), 

Ethanol (CH3CH2OH), Methanol (CH3OH), Doxycycline hyclate 

(C22H24N2O8·HCl·0.5H2O·0.5C2H6O) were purchased from Sigma-Aldrich. Triethanolamine 

(C6H15NO3) was bought from PanReac AppliChem ITW reagents. Distilled water was used in 

all experiments. For Antimicrobial studies, strains of Staphylococcus aureus (ATCC-25923) 

and Escherichia coli (ATCC-25922) were purchased from LGC Standards. Agar nutrient, 

Nutrient broth No.2, and 90 mm Petri dishes were bought from Cruinn Diagnostics. Phosphate-

buffered saline tablets were supplied from VWR. 

2.2. Synthesis 

TiO2 was synthesized using a sol-gel method. The required amount of titanium isopropoxide 

(TTIP) was stirred in isopropanol for 15 min. The water was added dropwise to the previous 

solution under vigorous stirring. The ratio of water and isopropanol was kept constant (1:1) 

and the resultant solution was kept for gelation for 2 hrs. Furthermore, the gel was dried in an 

oven at 100 °C for 12 hrs followed by calcination at 500 °C, at a ramp rate of 10 °C/min for 2 

hrs. 

The AgBiS2-TiO2 heterostructure composites were prepared by a simple solvothermal 

technique. In this process, AgNO3, Bi(NO3)3.5H2O and thiourea at a ratio of 1:1:2 was weighed 

and mixed in 30 mL of ethanolamine under vigorous stirring. The stirring was continued for 
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one hour and the as-synthesised TiO2 was added into the above solution. This mixture was 

further ultra-sonicated for another 30 mins, such that the final composites result in the ratio of 

0.5/1/2 & 5 wt % AgBiS2 with remaining TiO2. The above mixture solution was placed in a 50 

mL steel Teflon vessel (from Parr instruments) and heated up to 180 °C for 24 h for AgBiS2-

TiO2 composites. The resultant solid product was washed multiple times with water and ethanol 

to remove the solvent residue and later dried overnight at 60 °C. The dried powder obtained 

was used for further characterisation and applications. The same protocol was used for 

synthesising parent sample (AgBiS2) without adding TiO2. 

      2.3. DFT/ Computational calculations 

Density Functional Theory (DFT) as implemented in the all electron code, Fritz Haber Institute 

Ab Initio Molecular Simulations (FHI-AIMS) package was used to obtain the structural, 

electronic and dielectric properties of TiO2 and AgBiS2.[35] The Perdew-Burke-Ernzerhof 

(PBE) generalised gradient approximation (GGA) was used in all the calculations.[36] The 

basis sets used in all the calculations were the ‘tight’ high accuracy all-electron numerical 

atomic orbitals (NAO) basis sets provided by the FHI-AIMS by default. To account for the 

long range van der Waals interactions, the Tkatchenko and Scheffler (TS) correction scheme 

was also applied in the calculations involving structural relaxation.[37]  Broyden-Fletcher-

Goldfarb-Shanno (BFGS) algorithm was used to relax the atomic positions and lattice vectors 

of the structures under consideration.[38] The reciprocal space integration was performed over 

the 8x8x8 grid. The convergence criteria used for the structural relaxation includes the 

eigenvalues, total energies and forces which were set to 10-3, 10-4 eV and 10-3 eV/Å 

respectively. Furthermore, the calculation of the electronic and dielectric properties was carried 

out by including the effect of Spin-Orbit Coupling (SOC).[39] The initial geometries of TiO2 

and AgBiS2 were obtained from the Materials Project Library.[40] 

      2.4. Characterisations 

X-ray diffraction (XRD) was used to analyse the crystallinity and phase of the prepared 

samples.  In Siemens D500 X-ray powder diffractometer, the diffractograms were produced 

using Cu Kα radiation (λ= 0.15418 nm) at 40 kV and 30 mA. The diffraction was examined in 

the range of 10°- 80° with the constant scan rate at 0.2°/s. 

The phase transformation was analysed using Raman spectroscopy (Horiba Jobin Yvan 

LabRAM HR 800) with a grating of 300 gr/mm. A solid-state diode laser (660 nm) standard 
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bandwidth version with double edge filter upgrade was used with the acquisition time of 3 

seconds. 

The bonding interactions and oxidation state of elements were studied with the help of X-

ray photoelectron spectroscopy. XPS analyses were performed on a ThermoFisher Scientific 

Instruments (East Grinstead, UK) K-Alpha+ spectrometer. XPS spectra were acquired using a 

monochromated Al Kα X-ray source (h = 1486.6 eV). An X-ray spot of ~400 μm radius was 

employed. Survey spectra were acquired employing a Pass Energy of 200 eV. High resolution, 

core level spectra for all elements were acquired with a Pass Energy of 50 eV. All spectra were 

charge referenced against the C1s peak at 285 eV to correct for charging effects during 

acquisition. Quantitative surface chemical analyses were calculated from the high resolution, 

core level spectra following the removal of a non-linear (Shirley) background. The 

manufacturers Avantage software was used which incorporates the appropriate sensitivity 

factors and corrects for the electron energy analyser transmission function. 

The characteristic absorptions of the as prepared samples were measured using a Perkin- Elmer 

Lambda 35 UV-Vis Spectrophotometer equipped with reflectance measuring attachment. 

Barium sulphate (BaSO4) was used as a reference and slit width was set to 1 nm. Band gaps 

were calculated using both Kubelka-Munk function and Tauc equation. Where Kubelka-Munk 

function F(R); 

                            𝐹(𝑅) =  
(1−𝑅)2

2𝑅
 (Equation 1) 

 

Where R is the absolute reflectance of the sample. 

And Tauc equation is; 

(ℎ𝜗𝛼)1/𝑛 = 𝐴(𝐸 − 𝐸𝑔) (Equation 2) 

  Where A = Constant depending on the properties of the material. 

               E = Energy of the incident photon. 

    Eg = Band gap of the material. 

    h = Planck's Constant. 

   ν = Frequency of the incident photon. 

              n = Constant that depends on the type of electronic transition, where; 
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   n= ½ for permitted direct transition 

   n = 3/2 for prohibited direct transition 

   n = 2 for permitted indirect transition 

   n = 3 for prohibited indirect transition. 

The obtained diffused reflectance of the sample is converted to Kubelka-Munk function as 

F(R) is proportional to the absorption coefficient. The α in the Tauc equation is substituted with 

F(R). Hence, the equation becomes; [41] 

(ℎ𝜗𝐹(𝑅))1/𝑛 = 𝐴(𝐸 − 𝐸𝑔) (Equation 3)  

 The morphology and microstructure of the samples were imaged using a JEOL 2100 

Transmission Electron Microscope (TEM) at an accelerating voltage of 200 kV with 

Lanthanum Hexaboride emission source.  

Photoluminescence (PL) spectra were obtained using a Perkin-Elmer LS55B luminescence 

spectrometer with a pulsed Xenon discharge lamp. The measurements were recorded using an 

excitation wavelength set at 320 nm and emission measured from 330 nm to 800 nm. 

The photocatalytic degradation of Doxycycline and microbial disinfection experiments 

were performed inside a weathering and corrosion photo-reactor from Q-Labs (Q-sun Xe-1-S) 

using a Xenon lamp source (500 W), equipped with a window glass filter. The irradiation 

intensity is fixed at 1.1 W/m2 and the chamber temperature was maintained at 38°C. 

2.5. Photocatalytic degradation reaction 

The photocatalytic activities of as-synthesized AgBiS2-TiO2 composites were evaluated by 

photodegradation of doxycycline (DC) under visible light illumination using a photochamber 

unit. In a typical photocatalytic experiment, 0.08 g of photocatalyst was dispersed in 80 ml of 

aqueous DC (10−5 M) solution. Prior to irradiation, the resultant suspension was magnetically 

stirred for 60 min in dark to attain absorption-desorption equilibrium. After every 15 minutes 

of illumination period, aliquots were withdrawn to measure the concentration of DC with a 

UV-Vis spectrophotometer in the spectral range of 200 to 800 nm. Doxycycline exhibits strong 

characteristic absorption peaks at 278 and 357 nm. The reduction in intensity of the peak at 

357 nm is monitored with time for the degradation profiles. For comparative assessment, 

photocatalytic degradation of pristine parent samples (TiO2 and AgBiS2) were also carried out 

under identical conditions. After every experiment, the photocatalysts were centrifuged, 
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washed, dried, and reused to evaluate the recyclability of the samples. The degradation ratios 

were calculated by the equation; 

%𝐷𝐶 𝑑𝑒𝑔𝑟𝑎𝑑𝑒𝑑 =  (
𝐶0−𝐶𝑡

𝐶0
) × 100 (Equation 4) 

Where C0 (mg L-1) and Ct (mg L-1) correspond to the DC concentration at the initial and after 

contact time t (min) respectively. 

 

Scavenging Experiment 

In order to evaluate the reactive oxygen species generated in the reaction system, different 

scavenger tests were performed. 10 mM isopropanol [a quencher of hydroxyl radicals (OH-)], 

6 mM AgNO3 (a quencher of electron), 6 mM benzoquinone [a quencher of superoxide radicals 

(O2
∙)] and 10 mM triethanolamine (a quencher of holes) are added respectively in 4 different 

photocatalytic systems, with 0.08 g of photocatalyst dispersed in 80 ml of aqueous DC (10−5 

M) solution. These systems were further subjected to light irradiation for 180 mins, prior to the 

illumination they were kept for 60 min in dark to achieve the adsorption-desorption 

equilibrium. Aliquots after every 15 min were taken and estimated for DC concentration as 

explained above for the photocatalytic experiments.  

 

2.6. Photocatalytic hydrogen generation 

Photocatalytic runs have been carried out in an annular glass batch reactor (V =300 mL) 

covered with a layer of aluminium foil. On the top of the reactor, an inlet has allowed to feed 

reactants and nitrogen gas, and an outlet has been used to collect liquid and gaseous samples 

at different reaction times. 

The reactor has been endowed with a high-pressure mercury vapour lamp by Helios Italquartz 

(power input: 125 W) and a high-pressure sodium vapour lamp by (power input: 150 W), both 

of which are from Helios Italquartz. The reactor has been cooled at 25 °C during each run by 

means of a thermostatic bath (Falc GTR 90). 

The pH of the solution has been monitored by means of an Orion 420Aþ pH-meter (Thermo). 

In order to avoid the undesired reaction of dissolved oxygen with photogenerated electrons, 

before starting the photocatalytic runs, a nitrogen stream has been bubbled into the solution for 

30 minutes for removing atmospheric oxygen. Moreover, throughout the experiments, nitrogen 

has been continuously fed at a flow rate (𝑄𝑁2
) of 0.3 L/min to prevent any entrance of air into 

the reactor. For each run, fixed amounts of catalyst and methanol have been added to 300 mL 
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of aqueous solution; the resulting suspension has been fed into the batch reactor under magnetic 

stirring.  

The liquid samples, collected at different reaction times, have been quickly filtered on 

regenerated cellulose filters (pore diameter 0.20 μm, Scharlau) and the filtrate has been used to 

measure pH. The gaseous samples have been recovered from the reactor outlet in Tedlar gas 

sampling bags and then used to evaluate hydrogen concentration. 

Hydrogen concentration has been measured by a gas-chromatograph (Agilent 7820A) equipped 

with a HP–PLOT Molesieve 5A column (Agilent) and a TCD detector using argon as carrier 

gas. 

During the experiments, the radiation emerging from the reactor has been measured on the 

external walls of the reactor by means of proper radiometers (not shown in Figure 1) in the 

wavelength ranges of 315-400 nm and 400-1100 nm.  

In the same experimental runs, at a fixed reaction time (60 minutes) a solution of sodium nitrite 

(1 M) has been introduced inside the cooling jacket for controlling the temperature (25°C) and 

for cutting-off UVA radiation emitted by the lamp ( < 400 nm). 

 

Figure 1. Schematic illustration of the photocatalytic reactor (A) outlet and (B) inlet. 

2.7. Photocatalytic antimicrobial activity 

All the glassware used for the photocatalytic disinfection experiments were autoclaved prior to 

their use. Two strains of bacteria, one gram-negative (E. coli) and the other gram-positive (S. 

aureus) were utilised to evaluate the light induced disinfection ability of the as prepared 

AgBiS2-TiO2 composites and further compared with their pristine parent samples (TiO2, and 

https://www.sciencedirect.com/science/journal/09263373
https://www.sciencedirect.com/science/journal/09263373/253/supp/C


Applied Catalysis B: Environmental; Volume 253, 15, 2019, Pages 401-418 
 
 

AgBiS2). 25 g of nutrient broth No.2 (10 g peptone, 5.0 g NaCl, 10 g beef extract) was dissolved 

in 1 L of distilled water to make the nutrient broth culture medium, which is further sterilized 

at 121 °C using an autoclave. 28 g nutrient agar (5 g peptone, 8.0 g NaCl, 3.0 g beef extract, 

Agar No.2) was dissolved in 1L of distilled water and further autoclaved at 121 °C for 15 mins 

and later poured into 90 mm agar plates. The strains were inoculated in 20 ml of nutrient broth 

and incubated for 24 h at 37 °C. A certain volume of the grownup culture was transferred to 

the cylindrical glass vessel to make the working solution of 104 CFU/mL (colony forming 

unit/ml). The reaction suspension was placed inside the photo test chamber for visible light 

illumination. The photocatalyst concentration was fixed at 1 g/L and illuminated for an overall 

3 h. Additionally, aliquots of 1 mL were removed out from the reaction suspension at a regular 

time interim of 15 mins. In order to achieve a countable CFU the bacterial solution was diluted 

once in 9 ml PBS solution and later 100 μL of the diluted solution was plated. Lastly, the plates 

were incubated at 37 °C for 24 h. The colonies developed on the agar plates were calculated 

and recorded as CFU/mL. Control experiments were also performed in the absence of the 

photocatalyst. The same set of samples were tested simultaneously under dark conditions to 

understand the importance of light in the experiment. The antimicrobial efficiency was 

calculated using 2 methods; i) log reduction and ii) N/N0% vs time.[42, 43] Where, 

 log reduction = 𝑙𝑜𝑔10
(𝐴)

(𝐵)
 ⇒ log10 (A) – log10 (B)      (Equation 5) 

Where A = initial number of viable microorganisms 

        B = number of viable microorganisms at any time “t”. 

 Now, 

      log10 (A) → N0  

      log10 (B) → N for any time “t”. 

 

3. Results 

3.1. Computational analysis 

The crystal structures of TiO2 and AgBiS2 have been fully relaxed. TiO2 crystallises into the 

tetragonal crystal structure and shown in Figure 2. Ti and O are connected to each other in 

octahedral molecular geometry and the octahedra are connected to each other by the alternate 
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edge and corner sharing. The lattice parameters of the relaxed structure of tetragonal TiO2 

crystal are a = b = 10.1621 Å, c = 2.9605 Å and α = β = γ = 90˚.  

 

Figure 2. (Colour Online) Optimised structure of TiO2.  Fully relaxed tetragonal crystal 

structure of TiO2. Colour code: blue = Ti and yellow = O. 

AgBiS2 is layered and found to be stable in trigonal crystal structure and is given in Figure 3. 

BiS6 octahedra are separated by AgS6 tetrahedra in its unit cell. In the relaxed structure, the 

lattice parameters of trigonal AgBiS2 are a = b = 4.0817 Å, c = 19.3362 Å, α = β = 90˚ and γ = 

120˚.  
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Figure 3.  (Colour Online) Optimised structure of Silver Bismuth Sulphide (AgBiS2). Fully 

relaxed trigonal structure of AgBiS2. Colour code: grey = Ag, light pink = Bi, red = S. 

The band structure and the partial density of state (PDOS) of TiO2 are shown in Figure 4. The 

system has a computed indirect band gap of ~ 2.7 eV. The valence band maxima (VBM) lies 

between Z and P k-points and the conduction band minima (CBM) lie between the Γ and X k-

points in the reciprocal space. The upper valence band (UVB) is dominated by O p-states and 

the lower conduction band (LCB) is dominated by Ti d-states. There is the presence of Ti p-

states also near the UVB. 
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Figure 4. Optimised electronic structure of TiO2. Calculated band structure for TiO2. The 

valence band top is aligned at 0 eV (horizontal line) with the corresponding PDOS. 

Figure 5 shows the computed band structure and the PDOS of AgBiS2. The system has an 

indirect bandgap of ~0.7 eV. The VBM lies between the H and A k-points and the CBM lies 

between the Γ and A k-points of the Brillouin zone. The calculated electronic structure around 

UVB can be attributed to the electronic states of AgS4 tetrahedra and the region around the 

LCB can be attributed to the electronic states of BiS6 octahedra. The S p-orbitals and Ag d-

orbitals dominate the UVB and the Bi and S p-states dominates the LCB, respectively. As 

mentioned earlier, the forbidden transitions hints that the actual energy required for the electron 

to move from the VB to CB will be more than the computed bandgap value.  
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Figure 5. Optimised electronic structure of Silver bismuth sulphide. Calculated band structure 

for AgBiS2. The valence band top is aligned at 0 eV (horizontal line) with the corresponding 

PDOS. 

The imaginary part of the dielectric function was calculated using PBE-GGA to find out the 

energy value at which the actual electron transition starts. The calculations carried out using 

FHI-AIMS package were for an input light of energy range 0 to 7.5 eV that includes the 

infrared, visible and ultraviolet region of the electromagnetic spectrum. The first peak of the 

imaginary part of the dielectric spectra gives us the energy value at which the actual absorption 

takes place. The first peaks in the imaginary part of the dielectric function of TiO2 and AgBiS2 

were found at 3.87 eV and 2.57 eV respectively and is shown in Figure 6. In the case of TiO2 

and AgBiS2, the light absorption spectrum is isotropic along the x and y directions. 
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Figure 6. Imaginary part of the frequency-dependent dielectric function of (a) TiO2, (b) 

AgBiS2. Optical isotropy was found in the case of TiO2 and AgBiS2. 

3.2. X-ray diffractogram (XRD) 

The crystal structure of as synthesised AgBiS2-TiO2 composites was examined using XRD. 

Figure 7 shows the formation of the cubic phase of AgBiS2 with a lattice constant of a= 5.64 

Å is distinctly observed without formation of any impurity phase.[44] Well defined peaks at 

27.5˚, 31.70˚, 45.79˚, 54.2˚, 56.4˚, 66.22˚ corresponding to (111), (200), (220), (311), (222) 

and (400) respectively is observed [JCPDS- 00-004-0699]. Figure S1 compares the as prepared 

AgBiS2 with other standard peaks of Bi2S3 [JCPDS - 00- 017-0320] and Ag2S [JCPDS- 00-

033-0624]. This confirms the formation of a pure phase of silver bismuth sulphide without any 

impurities. In order to understand the optimum parameters for the solvothermal synthesis of 

AgBiS2, different temperature and time studies were completed. Figure S2a and S2b illustrate 

the diffractograms obtained after synthesis at different temperatures and time respectively. As 

observed, in Figure S2a the crystallinity of the signature peak of AgBiS2 at 31.7˚ increases with 

increase in temperature from 160 ˚C to 180 ˚C for a time of 24 h. The intensity of the same 

peak dampens on enhancing the temperature beyond 180 ˚C (at 200˚C). Similarly, in Figure 

S2b shows a similar pattern, on synthesising at 180 ˚C for different time periods, on increasing 

the time from 6 h to 24 h, the signature peak emerges gradually, while increasing it up to 48 h, 

decreases the crystallinity. The optimum solvothermal synthesis parameter for AgBiS2 is 180 

˚C at 24 h. 

Additionally, Figure 7 exhibits the formation of pristine anatase phase of TiO2 [a=b= 

3.7821 Å and c= 9.5 Å] with sharp peaks at 25.4˚, 38.5˚, 48.0˚, and 55.0˚ owing to (101), (112), 

(200) and (211) respectively.[45] The figure also illustrates the diffractograms of AgBiS2-TiO2 

composites. As observed the peaks of AgBiS2 is not evident at lower dopant percent (0.5 to 2 
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wt %). However, a small peak at 31.7˚ is observed in the case of 5 wt% AgBiS2-TiO2 

composite.  

 

Figure 7. XRD patterns of as prepared TiO2, AgBiS2 and AgBiS2-TiO2 composites. 

The most notable fact about the composites structures as observed in Figure 7 is that on the 

introduction of TiO2 by solvothermal synthesis to form a possible heterojunction did not tamper 

the anatase phase of the sample and the crystallinity of the composite remained unaltered. The 

lattice constant obtained for pristine parent samples showed good agreement to the theoretically 

calculated values.  

Similarly, as observed from the XRD diffractograms the formation of the metastable cubic 

phase of AgBiS2 could be attributed to the choice of solvent used in the synthesis process. 

Ethanolamine (EA), with a single amine and N-chelating atom, has been used as a potential 

structure directing agent.[46] The inbuilt pressure and the appropriate temperature supports the 

formation of such unique phases. The growth mechanism of AgBiS2 in a solvothermal 

technique could be explained as below; 

𝐴𝑔𝑁𝑂3 + 𝐸𝐴 → 𝐴𝑔(𝐸𝐴)𝑥
+ +  𝑁𝑂3

− (Equation 6) 

 𝐵𝑖(𝑁𝑂3)3 + 𝐸𝐴 → 𝐵𝑖(𝐸𝐴)𝑦
3+ +  3𝑁𝑂3

− (Equation 7) 
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At the beginning of the reaction, the use of EA as solvent results in coordination with Ag+, 

and Bi3+ ions to form a covalent complex as given above (where x and y are positive 

integers).[47, 48]  Furthermore, these complexes react with thiourea (TH) to form complexes 

as;[49] 

𝐴𝑔(𝐸𝐴)𝑥
+ + 𝑥𝑇𝐻 → [𝐴𝑔(𝑇𝐻)𝑥]+ + 𝐸𝐴 (Equation 8) 

𝐵𝑖(𝐸𝐴)𝑦
3+ + 𝑦𝑇𝐻 → [𝐵𝑖(𝑇𝐻)𝑦]3+ + 𝐸𝐴 (Equation 9) 

The solvent ethanolamine in the reaction aids in the formation of complexes in the first half 

of the reaction and also preserves thiourea from dissociation to form any free radicals of S2-. 

This mechanism prevents the formation of any other impurity phases (binary compounds) such 

as Bi2S3 or Ag2S. As the temperature enhances, the stability of the thiourea decreases to yield 

AgBiS2, since the ternary chalcogenide is the more stable phase in that reaction atmosphere. In 

the meantime, thiourea in the reaction mixture plays a dual role in forming a complex and also 

being the source of sulphur.[50, 51] 

[𝐴𝑔(𝑇𝐻)𝑥]+ + [𝐵𝑖(𝑇𝐻)𝑦]3+ → 𝐴𝑔𝐵𝑖𝑆2(Equation 10) 

The 2 wt% AgBiS2-TiO2 composite illustrated the best photocatalytic results (discussed in the 

rest of the sections) among their parent and sister samples (of other dopant %) and hence 

hereafter are used for further characterisations unless otherwise stated.  

3.3. Raman Spectroscopy 

Figure 8 illustrates the Raman peaks of TiO2, AgBiS2 and AgBiS2-TiO2. In the case of AgBiS2, 

a peak around 147 cm-1 is observed, which is assigned to the Ag lattice vibrations. A small 

peak at 238 cm-1 is attributed to the Ag-S lattice vibrations.[52, 53] Meanwhile, the typical 

active modes for anatase are observed at 147, 197, 396, 516 and 638 cm-1 for A1g, 2B1g and 

3Eg respectively.[54, 55] On the other hand, for the composite samples, the peaks of anatase 

appears to be sharp and symmetric. A minor red shift is observed (as given in the inset of Figure 

8a), as the peak maxima for the composite sample shift towards lower wavenumbers. This is 

considered to be the positive note of successful composite formation.[56, 57]  
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Figure 8. Raman spectra of TiO2, AgBiS2 and AgBiS2 –TiO2 composite. 

 

3.4. X-ray Photoelectron Spectroscopy (XPS) 

The chemical states and the nature of the bonds are detected by XPS. The survey spectra of 

TiO2 and AgBiS2-TiO2 are given in Figure S3. Peaks of Ti 2p and O 1s are observed for TiO2. 

Additional peaks of Ag 3d and Bi 4f are observed in AgBiS2-TiO2. Small peaks of C 1s and N 

1s is also observed in all the samples which are presumably contaminants acquired during the 

synthesis or characterisation process. 

Figure 9A shows the Ti 2p spectra of TiO2 (a) and the composite sample (b). As observed, Ti 

2p spectrum illustrates peaks of Ti 2p3/2 at 457.8 eV, which is consistent with Ti being in the 

+4 oxidation state. Similarly, Figure 9B illustrates the O 1s spectra of TiO2 (a) and composite 

(b) sample. Peaks at 528.59 eV and 530.40 eV corresponding to the crystal lattice oxygen (O-

Ti4+) and for hydroxyl molecules respectively are observed. There is no evident shift in peaks 

of Ti 2p and O 1s of the composite sample.[45, 58, 59] Figure 9C exhibits the high-resolution 

spectra of Ag 3d spectra of AgBiS2 (a) and composite (b) sample. Characteristic peaks of Ag 

3d3/2 and Ag 3d5/2 are observed at 373.9 eV and 367.9 eV respectively for AgBiS2.[60, 61] A 

shift of approximately -1.8 eV is observed in the peaks of Ag 3d3/2 and Ag 3d5/2 [372.03 eV 

and 366.04 eV respectively] of AgBiS2–TiO2 composite sample. Similarly, Figure 9D 
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illustrates the high-resolution spectra of Bi 4f and S 2p spectra for AgBiS2 (a) and composite 

(b) sample. The characteristic peaks at 163.66 eV and 158.28 eV corresponding to the Bi 4f5/2 

and Bi 4f7/2 respectively is observed for AgBiS2 with a doublet separation of 5.38 eV.[60-62] 

The S 2p peaks of the pristine AgBiS2 sample is assigned at 161.12 eV.[19, 60] The composite 

sample illustrates the presence of Bi in +3 and elemental oxidation states. The peaks at 155.24 

eV and 160.60 eV corresponds to the Bi in elemental state, while the peaks at 157.13 eV and 

162.57 eV corresponds to the Bi in +3 oxidation states of AgBiS2.[62, 63] The doublet splitting 

remained consistent (~5.4 eV) for both the oxidation states. Moreover, as in the case of Ag 3d, 

the peaks of Bi 4f of the composite also exhibited a considerable shift of -1.1 eV. The 

summarised glance of the position of all the elements is tabulated in Table S1. As observed in 

the case of the composite structure, the shift in the peaks of Ag and Bi compared to their pristine 

samples is evident. The binding energy shifts of the heterostructure components is explained 

by the strong interaction between AgBiS2 and TiO2. The increase in electron concentration due 

to strong electron screening effect results to the decrease in binding energy. Whereas the 

decreased electron concentration by the weakened electron screening effect leads to increase 

in binding energy. Therefore, in the current aspect the increase in electron concentration due 

to the interfacial charge transfer between heterostructure components result in the shift of the 

peak observed.[64-67] 
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Figure 9. Deconvoluted spectra (A) high resolution spectra of Ti 2p (a) TiO2 and (b) AgBiS2-

TiO2; (B) high resolution spectra of O 1s (a) TiO2 and (b) AgBiS2-TiO2; (C) high resolution 

spectra of Ag 3d (a) AgBiS2 and (b) AgBiS2-TiO2 and (D) high resolution spectra of Bi 4f and 

S 2p (a) AgBiS2 and (b) AgBiS2-TiO2. 

3.5. UV-Vis absorption and bandgap estimation 

The optical absorption, corresponding electron transition and the band gap of the as prepared 

samples were studied using UV-Vis spectra. On exposing semiconductor material with photons 

having energy greater than its band gap, an electron from the valence band (VB) transfers to 

the conduction band (CB).  Hence, we observe an increase in absorbance at a corresponding 

wavelength (λ). The nature of the absorption coefficient (α), with the incident light, depends 

on the electronic transitions. During the electron transfer, if the momentum of the electron is 

conserved, then it is defined as a direct band semiconductor. While, if the momentum of the 

electron is not conserved, then there involves phonon in the process and defined as indirect 

band semiconductor.[68, 69]  

On plotting [hνF(R)]1/n against hν, the tangent line is drawn along the slope of the spectra which 

intersects the horizontal axis provides the band gap value Eg. However, it should be noted that 

absorption is determined by low and high energies, when the photon energy is greater to the 
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band gap (Eg) of the semiconductor, the absorption increases linearly with increase in photon 

energy.[70] While, the photon energy is lower than Eg, then the absorption observed deviates 

from linearity and exhibits photonic absorption corresponding to the defect levels present in 

between the VB and CB of the sample.[71] 

Figure 10 shows the diffuse reflectance spectra and band gap estimation of TiO2 and AgBiS2-

TiO2 composites. A sharp absorption at UV region (350 nm) is observed by TiO2 while a 

significant enhancement in the visible light absorption is observed for the composite samples 

(Figure 10a). As observed, all the composite samples exhibit the absorption shoulder at 380 

nm, the signature peak of TiO2 but the absorption edge of all the spectra are enhanced up to 

800 nm. This shows the improved visible light absorption observed in composites samples at 

a very small addant levels. Meanwhile, Figure 10b illustrates the corresponding indirect band 

gap energies of the samples. As perceived, the band gap values of TiO2, and AgBiS2- TiO2 is 

estimated as 3.18 eV and further decreases with increase in AgBiS2 content (as given in the 

inset of Figure 10b).  

 

Figure 10. (a) DRS spectra and (b) band gap estimation of TiO2 and AgBiS2-TiO2 composites. 

In the case of pristine AgBiS2, a defined absorption peak is observed around 380 nm (Figure 

11a). Apart from that, Figure 11b illustrates the direct band gap calculated from the Kubelka-

Munk plot.[72] The Table S3 tabulates the obtained band gap values of TiO2 and AgBiS2-TiO2 

composites. 
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Figure 11. (a) DRS spectra and (b) band gap estimation of AgBiS2. 

The absorption edge of the pristine TiO2 nanoparticles in the DRS spectra is observed around 

415 nm while the AgBiS2 shows an absorption edge around 400 nm. However, a strong visible 

light absorption extending up to 800 nm is observed in case of AgBiS2. The composite samples, 

exhibits strong absorption of TiO2 and illustrates an enhanced absorption edge garnered by the 

increased visible light absorption due to the coupling with AgBiS2. It is in good agreement with 

the change in colour of the composite sample from white (TiO2) to dark grey (2 wt% AgBiS2-

TiO2). As observed in XPS results, the strong interaction between the heterostructure 

components leads to interfacial electron transfer which results to the enhanced absorption edge 

and decrease in the overall band gap.[64, 66, 67] 

3.6. Transmission Electron Microscopy (TEM) 

The morphology and the details of the microstructure formed are evaluated using transmission 

electron microscopy (TEM). Figure 12a illustrates the TEM image of TiO2 and its SAED 

pattern. The nanoparticles where spheroidal in nature and were of the average size of 25 to 40 

nm. The anatase phase of the nanoparticles formed is evident from the d spacing values 

calculated for different zones.[73] The TEM image of AgBiS2 is observed in Figure 12b, these 

nanoparticles also appeared to be spheroidal in nature. The lattice fringes of planes (111), (200) 

and (220) with corresponding d- values of 0.324 nm, 0.282nm and 0.198 nm is observed.[74] 

Meanwhile, Figure 12c and 12d show the TEM images of the AgBiS2-TiO2 composite. The 

image shows the presence of irregular particles identified as AgBiS2 (through lattice fringe 

identification).[44] The low dopant ratio of the ternary chalcogenides makes them difficult to 

be observed. However, the presence of the AgBiS2 nanoparticles demonstrates the successful 
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integration with the TiO2 nanoparticles firmly and hence forming heterojunction structures. 

Figure S4 in supporting information displays some additional TEM images of AgBiS2-TiO2 

composite structure. 

Figure 12. TEM images of (a)TiO2; (b)AgBiS2; (c) and (d) AgBiS2-TiO2 composite. 

3.7. Photodegradation 

The discharge of pharmaceutical effluents and hospital residues into the aquatic streams is 

considered as one of the major routes for the growth of drug-resistant bacteria and other 

organism.[75] The photocatalytic efficiency of the as synthesised TC composites with TiO2 

was evaluated by degradation of Doxycycline (DC) as a modal pollutant and compared with 

their pristine parent samples. The photocatalytic experiments were conducted under dark and 

light illumination respectively. The composites and their parent samples did not show any 

adsorption activity in all the cases. Figure 13 illustrates the degradation profile of AgBiS2-TiO2 

composites by showing the change in concentration of DC with time [C/C0 % vs time]. As 

observed, the parent samples AgBiS2 and TiO2 with higher band gap values show the least 

activity. On the other hand, the composites samples show more than 94% degradation within 
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180 min of irradiation. The 5 wt% composite exhibited the least and the 2 wt% composite 

showed the best degradation activity among the entire composite sample. This proves that the 

composites show better results only at lower dopant levels, and the activity decreases as the 

loading levels go higher than 2 wt%. a bandgap value of 1.95 eV was not efficient to show 

improved activity. This could be attributed to the high recombination of the photogenerated 

electron-hole pairs. These results could be further validated by the H2 production results as 

discussed in section 3.8. 

 

Figure 13. Change in concentration of DC with time TiO2, AgBiS2 and AgBiS2-TiO2 

composites. 

The photocatalysts after every single photocatalytic study were washed, dried and reused to 

evaluate the recyclability of the efficiency of the samples. Figure 14 illustrates the recyclability 

profiles of 2 wt% AgBiS2-TiO2. As observed, the efficiency of the samples remains consistent 

even after 4 cyclic runs.  
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Figure 14. Recyclability profiles of 2 wt% AgBiS2-TiO2. 

The scavenging experiment was also performed to evaluate the potential reactive oxygen 

species involved in the degradation process by adding AgNO3, triethanolamine, benzoquinone 

and IPA in the reaction mixture.[76] Figure S5 compares the degradation percent of all the 4 

set of systems with 2 wt% AgBiS2-TiO2 in the reaction mixture on exposed for 180 min of light 

irradiation. Electrons and holes are found to be the major reactive species in this case, as the 

reduction activity was affected significantly on the addition of AgNO3 and benzoquinone (BQ). 

However, the system with IPA showed a slight reduction, which apparently proves that 

hydroxyl radicals did not have a much significant role in the degradation reaction.  Hence, 

electron and holes could be found as the major species for AgBiS2-TiO2. The photocatalytic 

degradation and the possible intermediates (polar and non-polar) formed has been identified 

using GC-MS and HPLC-MS [77]. Based on the chromatograms obtained Zhu et al. proposes 

a degradation pathway (Figure 15).[77] The holes generated in the process accepts electrons 

from the pollutant molecules and results in formation intermediate products. The loss of N-

methyl group was observed at the very beginning, which resulted in an anion species of m/z 

431. Further degradation results in formation of intermediates at m/z 400. Additional 

mineralisation after a prolong irradiation results in the breakdown of the DC structure and 

results in generation of smaller fragments of complex structures. Further oxidation of these 
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complex structures leads to generation of shorter organic compounds such as acids and 

alcohols.[77-79]  

 

Figure 15. Schematic illustration of a plausible photocatalytic degradation pathway of 

Doxycycline.[77, 78] 

3.8. Photocatalytic H2 production 

In order to evaluate the photocatalytic efficiency, the as prepared composites of TC with TiO2 

was studied for hydrogen production. The use of photocatalytic water splitting and 

photoreforming has been considered as a vital process to convert solar energy into the chemical. 

The use of sacrificial organic agents in water splitting process can aid in photoreforming by 

simultaneously reacting with the photogenerated positive holes to oxidize organic species and 

produce hydrogen ions. The electrons photogenerated on the catalyst surface react with the H+ 
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ions to yield hydrogen gas. Thus, combining organic wastewater management and hydrogen 

production using solar energy could be a promising alternative strategy.  

The hydrogen production rate of AgBiS2-TiO2 composite samples along with their pristine 

parent materials was evaluated in the presence of methanol ([CH3OH] =10 vol.%) as sacrificial 

species. As it is clear from the figure illustrated (Figure 16a), all the catalyst tested showed an 

almost negligible hydrogen production in the first 60 minutes of reaction, during which the 

UVA-component of the light source was cut off by means of a proper sodium nitrite filter, as 

reported in Section 2.6. After removing the UVA-cut off filter, the highest values of hydrogen 

production rate for the AgBiS2-TiO2 materials were recorded over weight percentages of 0.5, 

1 and 2 wt%. Lower values of hydrogen production rate were recorded for the 5 wt% AgBiS2-

TiO2 sample, thus showing that on increasing the doping levels beyond 2%, the efficiency of 

the process decreases. The composite structures at lower weight percent exhibited H2 

production as high as 1310 μmole/min, compared to almost 0 μmole/min observed in case of 

the parent pristine samples (AgBiS2 and TiO2). With regard to the solution pH, no significant 

changes were recorded for the AgBiS2-TiO2 samples throughout the reaction time, with the 

exception of the 2 wt% AgBiS2-TiO2 sample, for which a moderate pH decrease was observed 

after removing the UVA-cut off filter (Figure 16b).  

 

Figure 16. (a) The H2 production rate and (b) pH of the solution at varying weight percentage 

of AgBiS2-TiO2 catalysts. [CH3OH] =10 vol.%; Catalyst load=500 ppm; T=25°C; P=1 atm. 

While Figure 17a shows the irradiance, values recorded in the UV range (λ=315÷400 nm) on 

the external wall of the reactor in the first 60 minutes of reaction are almost negligible due to 
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the presence of the UVA-cut off filter. After removing the UVA-cut off filter, an instant 

increase in the irradiance values was recorded, which was followed by a moderate lowering at 

t=90 min probably due to the photocatalysts activation resulting into a higher suspension 

absorption. No significant changes before and after removing the UVA-cut off filter were 

observed for the irradiance values collected on the external walls of the reactor in the visible 

range (λ=400÷1100 nm) as shown in Figure 17b. The higher values recorded for the 5 wt % 

AgBiS2-TiO2 sample indicate its lower capability to absorb the light irradiation in the visible 

range.   

 

Figure 17. Irradiance measured on the external walls of the reactor between (a) 315-400 nm 

and (b) 400-1100 nm at varying weight percentage of AgBiS2-TiO2 catalysts. [CH3OH]=10 

vol.%; Catalyst load=500 ppm; T=25°C; P=1 atm. 

3.9. Photocatalytic antimicrobial studies 

The evaluation of photocatalytic bacterial inactivation of E. coli and S. aureus to AgBiS2-TiO2 

samples was carried out by suspension test. The solutions of catalyst were prepared in distilled 

water, inoculated with bacterial strains and further subjected to dark and light conditions 

respectively. Control samples were prepared without the addition of catalysts. The obtained 

data were also compared with their parent samples. Exposing the bacterial cells with catalysts 

(1 g/L) under visible light, showed different results. The composite structure displayed a 

superior photocatalytic efficiency than that of pristine samples [AgBiS2 & TiO2], under light 

irradiation. In the absence of photocatalysts, the growth of both strains was the same under 

light and dark conditions. Graphical representation of the test results of AgBiS2-TiO2, AgBiS2 

& TiO2 against E. coli and S. aureus is given in the above Figure 18. 
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Figure 18. Photocatalytic inactivation of (a) E. coli and (b) S. aureus with TiO2, AgBiS2 and 

AgBiS2-TiO2. 

For both the strains, all the catalysts exhibited a similar pattern of photocatalytic activity. In 

the case of AgBiS2-TiO2, a visible decrease was observed in the bacterial growth for both the 

strains. Log 3 reduction was attained within 45 min of irradiation (Figure S6). While, for 

pristine AgBiS2, it required 90 mins of exposure to achieve the same result. Figure 19 illustrates 

the images of bacterial colonies grown on agar plates on various time intervals for AgBiS2-

TiO2. 

 

Figure 19. Images of (a) E. coli colonies and (b) S. aureus colonies on agar plates after various 

time intervals of AgBiS2-TiO2. 
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The close interface developed in the composite structure aided to the delayed charge 

recombination. Thus promoting the inactivation efficiency amongst the composite sample 

when compared to their parent samples. The charge carriers results in formation of potential 

reactive oxygen species which tampers the bacterial cell wall integrity. This results in outflow 

of intracellular materials and cell lysis. Moreover, the reactive species created in the 

photocatalytic process has the ability to cause gene alteration by oxidation of the DNA. 

Alteration in the genetic expression would affect the cellular functioning and could lead to cell 

lysis. [30, 80]  

3.10. Photoluminescence analysis 

The mass normalised photoluminescence spectrum of TiO2 and composites of AgBiS2-TiO2 is 

presented in Figure 20. It is used to demonstrate the effect of heterojunction formation on the 

exciton recombination rates. The emission peak of AgBiS2-TiO2 shows dampened intensity 

compared to TiO2. The lower PL intensity indicates the lower recombination of electron-hole 

pairs. The recombination of the excitons was inhibited by the heterostructure formation, 

resulting in high photocatalytic efficiency. On the other hand, the strong fluorescence signals 

observed in the case of TiO2 is due to the higher rate of recombination, which further explains 

the lower photocatalytic activity observed. 
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Figure 20. The photoluminescence spectra of TiO2 and composites of AgBiS2-TiO2. 

4. Photocatalytic Mechanism 

All the above applications demonstrated that the composite architecture of ternary 

chalcogenide with TiO2 showed impressive results compared to their pristine parent samples. 

The theoretical study was important to understand the electronic and optical properties of this 

ternary chalcogenide along with TiO2. The TC exists in polymorphic states as discussed in the 

introduction and also found in theoretical studies. The computational analysis reveals the 

stability of trigonal crystal structure of AgBiS2, while positive formation energy is observed in 

the case of the cubic phase of the sample. The use of solvent like ethanolamine, as explained 

in section 3.2, plays crucial role in stability as well as the formation of such metastable phases. 

Moreover, the band structure and PDOS analysis reveal that the valence band of TiO2 is 

dominated by Ti 3d orbital and the CB is governed by the 2p orbital of oxygen. On visible light 

irradiation on AgBiS2-TiO2 composites, the electrons travel from the Ag 4d and S 3p orbitals 

to the Bi 3p orbital of AgBiS2 respectively, and further to the O 2p orbital of TiO2.  

The XPS results highlight the shift of the TC peaks in composite structure to lower binding 

energies. The strong interaction between the heterostructure components, resulted in the shift. 

However, the peaks of TiO2 remained unaltered, when compared with the parent and the 
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composite sample. In the composite sample, the presence of peak at 457.8 eV is the direct 

measure of the Ti in +4 state. It also indicates the absence of any increase in anionic oxygen 

vacancies in the heterostructure formed. The strong Ti+4 state reiterates the anatase phase of 

the sample in the composite architecture, which effectively contributes to the photocatalytic 

process.[32, 58] Apart from that, it is further observed in all the application results that the TC 

at lower dopant ratio effectually contributes to the degradation/disinfection and the H2 

production output. However, on enhancing the dopant concentration beyond an optimised limit, 

results in suppression of the effective interfacial charge transfer, as these dopant sites start to 

behave as potential recombination centres.[81-83] 

On the basis of the theoretical study, scavenger experiments, band gap values from UV-DRS 

and the PL results, a likely photocatalytic mechanism is illustrated for AgBiS2-TiO2. In order 

to understand the separation of photogenerated e-hole pairs over the two different 

nanocomposites, it is vital to calculate the CB and VB potentials of the components. The energy 

levels are calculated using the following empirical equations;[41] 

𝐸𝑉𝐵 =  𝜒 − 𝐸𝑒 + 0.5 𝐸𝑔 (Equation 11) 

𝐸𝐶𝐵 =  𝐸𝑉𝐵 − 𝐸𝑔 (Equation 12) 

 

Where, χ= Mulliken's electronegativity 

Ee= Energy of a free electron on hydrogen scale (ca. 4.5 eV) 

Eg= Band gap of the semiconductor  

EVB= Valence band potential of the semiconductor 

ECB= Conduction band potential of the semiconductor 

Now, according to Mulliken's electronegativity theory, electronegativity (χ) of any element is 

the arithmetic mean of the first ionisation energy (I.E) and the electron affinity (E.A) of an 

element:[84, 85]  

so, 𝜒 =  
1

2
[𝐼. 𝐸 + 𝐸. 𝐴] (Equation 13) 

and χ of any polyvalent molecule say AaBaCc is given as;  

𝜒𝐴𝑎𝐵𝑏𝐶𝑐 = [(𝜒𝐴)𝑎 × (𝜒𝐵)𝑏 × (𝜒𝐶)𝑐]
1

𝑎+𝑏+𝑐 (Equation 14) 

where a, b and c are the number of atoms of A, B and C respectively. 
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Thus, to estimate the ECB and EVB values of TiO2 and AgBiS2, it is important to estimate the 

χTiO2 and χAgBiS2. In order to do so, the E.A and the I.E values of constituent elements are 

provided in Table 1 

Table 1. I.E and E.A values of elements 

Elements I.E (eV) E.A (eV) 

Ti 6.82 0.079 

O 13.618 1.46 

Ag 7.576 1.301 

Bi 7.289 0.945 

S 10.36 2.07 

 

Hence, using equation 14, the χ values of TiO2 and AgBiS2 are calculated. Table 2 summarises 

the χ values calculated and the Eg values obtained from the UV-DRS plot in section 3.5. 

Table 2.  χ values and Eg values. 

Semiconductor χ (eV) Eg (eV) 

TiO2 5.805 3.18 

AgBiS2 5.1533 3.19 

 

Hence using equation 11 and 12, the ECB and EVB of the bare samples are estimated. Table 3 

summarises the values as obtained after calculation 

Table 3. EVB and ECB values. 

Semiconductor ECB (eV) EVB (eV) 

TiO2 -0.285 2.895 

AgBiS2 -0.9417 2.248 
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Thus, using the above calculated values, a possible photocatalytic mechanism is proposed 

below. In Figure 21, illustrates the band edge position of the CB and VB potentials of AgBiS2 

and TiO2, before and after the formation of a possible AgBiS2-TiO2 nanocomposite 

heterojunction. The Fermi levels of AgBiS2 and TiO2 is located at 0.65 eV and -0.1 eV 

respectively (Figure 21a). As the heterojunction is created, the Fermi levels of both the 

semiconductors reach a uniform level.[86, 87] In this case, the band positions of AgBiS2 is 

altered as it is in low dopant levels, so the Fermi level of AgBiS2 reaches -0.1 eV, which is 

identical to that of TiO2. Figure 21b shows the new band edge positions for AgBiS2 as the VB 

and CB moves to +1.49 and -1.6917 eV.  In this type-II heterostructure, on visible light 

illumination, electron hole pairs are generated on the surface of TiO2 and AgBiS2. The holes 

from the valence band of TiO2 migrate to the VB of AgBiS2 and the electrons migrate to the 

CB of titania. As explained in the XPS, the electronegativity difference between titania and 

AgBiS2 nanoparticles and the band alignment in the heterojunction, promotes the transfer of 

the flow of electrons to the CB of TiO2. These electrons react with the oxygen adsorbed in the 

catalyst surface to form superoxide radical and the holes participate in the reaction process 

directly. This explains the role of different ROS species, as suggested in the results observed 

in scavenger experiments. The scavenging results illustrated the superior role of superoxide 

radicals, electrons and holes in the enhanced photocatalytic applications. The ROS generated 

further undergoes the photocatalytic process. 

 

Figure 21. The photocatalytic mechanism for AgBiS2-TiO2. 
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5. Conclusions 

In this study, we successfully synthesised AgBiS2-TiO2 using a one-pot solvothermal 

technique. The as a prepared composite structure with a small dopant level was efficient in 

improved visible light absorption. The band gap of the composites decreased with the increase 

in the dopant levels. Moreover, the XPS analysis demonstrated the shift in the peaks 

corresponding to the change in the local environment of the composite structure. The 

degradation results of the composites showed improved efficacy. Similarly, a significant 

improvement for the light induced hydrogen generation is also observed. A log 3 bacterial 

reduction was attained within 30 minutes of visible light illumination. A plausible mechanistic 

understanding is proposed based on computational analysis, scavenger experiments and the 

band gap values derived from the DRS plot. Thus, the present study demonstrates the 

successful formation of photocatalytic heterostructure for environmental remediation. 
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