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A B S T R A C T

A two-step solvothermal synthesis was adopted to prepare AgXSe2-TiO2 (X = In, Bi) composites. DFT study of
the pristine parent samples showed the formation of the hexagonal phase of AgBiSe2, and tetragonal phase of
AgInSe2 and TiO2, which corroborated the experimentally synthesised structures. Both the AgBiSe2-TiO2 and
AgInSe2-TiO2 composites displayed enhanced visible light absorption and reduced band gap in the UV-DRS
patterns. The XPS results exhibited a shift in binding energy values and the TEM results showed the formation of
spherical nanoparticles of both AgBiSe2 and AgInSe2. The PL signals displayed delayed recombination of the
photogenerated excitons. The as synthesised materials were studied for their photocatalytic efficiency, by hy-
drogen generation, degradation of doxycycline, and antimicrobial disinfection (E. coli and S. aureus). The
composite samples illustrated more than 95 % degradation results within 180 min and showed 5 log reductions
of bacterial strains within 30 min of light irradiation. The hydrogen production outcomes were significantly
improved as the AgBiSe2 and AgInSe2 based composites illustrated 180-fold and 250-fold enhanced output
compared to their parent samples. The enhanced photocatalytic efficiency displayed is attributed to the delayed
charge recombination of the photogenerated electron-hole pairs in the AgXSe2-TiO2 interface. Formation of a p-n
nano heterojunction for AgBiSe2-TiO2 and type II heterojunction for AgInSe2-TiO2 composite are explained.

1. Introduction

The ever-increasing need for energy for a growing population
amidst depleting natural resources has resulted in the search for
cleaner, greener and cheaper energy alternatives. Photocatalysis is one
of the central alternatives in this regard. The distinct advantage of this
process is that is does not requiring any complicated systems or ac-
cessories. [1–3] It only requires a potential photocatalyst which is
dispersed in water and irradiated under visible light or sunlight.
However, for any good process there exist certain disadvantages [4].
The search for an optimum catalyst that could be commercialised in
large scale for various photocatalytic applications is yet to be achieved

[5]. Quicker recombination, poor light-harvesting ability and recovery
of the catalyst after use are some of the major challenges. Hence, there
is a research drive to seek out for new generation materials to enhance
the reported efficiency [6]. Semiconductor photocatalysis has emerged
as an exciting solution lately, as reports of new hybrids and na-
noarchitectures has resulted in several functional applications, such as
sensors, CO2 reduction, hydrogen generation, degradation and anti-
microbial disinfection etc [7]. These nanomaterials show characteristic
absorptions, in the ultra-violet region, visible and some instances of the
near-infrared region [8,9]. Semiconductor materials such as TiO2 and
ZnO are stable, non-toxic and easy to synthesise. However, these ma-
terials have a wide band gap which result in absorption of light at the
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UV region of the electromagnetic spectrum. The absorption of UV light
which accounts for only a small portion is a severe concern to these
traditional semiconductor nanomaterials. In contrast, metal chalco-
genides have shown exciting applications across photochemistry.
However, the search for new, less toxic, narrow band gap semi-
conductor materials has resulted in the formation of ternary and even
quaternary combination of elements to form multi-class chalcogenide
compounds. [10–12]

Ternary chalcogenides (TC) are a fascinating class of semiconductor
nanomaterials with narrow band gaps suitable for light-harvesting
ability in the entire domain of visible and small region of infrared band
of the electromagnetic spectrum. [8,13,14] In a ternary combination of
ABX, where X denotes the chalcogens (S, Se and Te), B is the lattice
forming elements with their oxidation states denoted beside and A is a
variable metal, that could be of +1 (Cu/Ag) or +2 (Zn/Cd) oxidation
states resulting in the formation of ABX2 or AB2X4 compounds respec-
tively. [15,16] The presence of multiple probabilities for chemical
substitutions amongst the three-element combination (ternary chalco-
genides) and the structural modifications (formation of rods, needles,
tubes and flowers etc.) provides substantial opportunity to tune the
essential properties for desired applications. [17,18] Along with the
versatility of stoichiometric compositions, TCs also exhibits a vast range
of stable and metastable nanocrystalline compounds. The stoichio-
metric composition and the size of the nanoparticles of the TC influ-
ences in broad variability of the light absorption. The optical properties
are modified by the quantum size effects, which results in enhanced
absorption. Numerous approaches such as solid-state sintering, solid
solution technique, flux technique, microwave-assisted method, hydro/
solvothermal procedure, polyol route and sonochemical techniques are
used to synthesise TCs. [18–21] The use of deposition techniques has
been widely observed to be successful and effective in controlling the
stoichiometric ratios of the elemental combination [22]. However,
colloidal chemistry has proven equally efficient in controlling the
stoichiometric ratios of the atomic combination in these TC compounds.
Interesting morphologies and nanoarchitectures have been observed as
a result of tweaking multiple factors. Selection of the organic solvent,
the temperature and the use of any surfactant/ligand is vital in devel-
oping the synthesis [23,24]. Nevertheless, the absence of a standard
protocol for such synthesis is one of the significant hurdles to replicate
the process in synthesising various other binary and ternary chalco-
genide compounds. Reports of the use of these multicomponent ele-
mental compounds as potential materials for heterojunction formation
with traditional semiconductor nanomaterials such as metal oxides and
other two-dimensional nanomaterials is relatively new. The narrow
band gap of these compounds with a combination of wide band gap
semiconductors has resulted in efficient heterostructures for multi-
functional applications. Silver-based ternary compounds are not new to
the research realm [20,25–27]. Ag-X-Se compounds with X (lattice
forming elements) atoms with +3 (In) and +5 (Bi) oxidation states, are
reported for various multifunctional applications such as for solar cell
applications, high thermoelectric performance, dye degradation, as
quantum dots for bioimaging etc. [18,19,28]

AgBiSe2 exists in three crystalline phases. The commonly synthe-
sised crystal structure is the hexagonal phase (space group Pm3¯1),
transitions to a rhombohedral phase (space group R3¯m). [29] The
rhombohedral phase is the intermediate phase (transition at 137 °C)
which finally leads into a cubic phase at 297 °C (space group Fm3¯m)
[30]. In the rhombohedral phase, the silver and the bismuth cations
occupy ordered positions, while in the cubic phase, these atoms get
disordered. The hexagonal and rhombohedral nanomaterials are
narrow band gap semiconductors, whereas the cubic phase behaves as
metal. Similarly, AgInSe2 exists mostly in two different crystalline
phases. The thermodynamically stable tetragonal phase (space group
I42D), which transitions into a metastable orthorhombic phase at a
higher temperature (space group Pna21). [15,31]

Studies on heterostructure formation with AgBiSe2 nanoparticles

are yet to be reported. Whereas, AgInSe2 based composites have dis-
played numerous applications. [32,33] Chen et al. reported the de-
position of AgInSe2 nanoparticles onto TiO2 films for solar cell appli-
cation. The films of the composite displayed a significant increase in
efficiency. [34] In a different study, Li et al. reported the synthesis of
functionalised quantum dots with different types of organic molecules.
The functionalised quantum dots displayed potential applications as
light harvesters in quantum dot sensitised solar cell (QSSC) [35]. In a
recent report, Kshirsagar et al. reported the composite of AgInSe2 na-
noparticles with TiO2 for photocatalytic dye degradation. The AgInSe2
nanoparticles were synthesised using microwave and thermal irradia-
tion. The composite displayed enhanced degradation result compared
to their parent samples.[36] Thus, it shows the enormous potential of
these composites and ushers the importance of their untapped potential
for various other applications.

Compared to other synthesis procedures, the reported synthesis
method is found to be inexpensive and evades any kind of complicated
deposition or precursor injection methods. This study provides a di-
rection for optimising the process conditions such as the time and
temperature of the solvothermal synthesis. Composites of titania with
these two different TC are formed at different weight ratios (0.5, 1, 2, 5
wt %). The as prepared composites are analysed using structural, ele-
mental and morphological characterisation techniques. Furthermore,
the efficiency of these composites is studied using three different pho-
tocatalytic applications; hydrogen generation, Doxycycline (DC) de-
gradation and antimicrobial disinfection. The results of all the char-
acterisations and the applications are compared to their parent
nanostructures.

2. Synthesis and method

2.1. Computational details

All the computational calculations were performed using the Vienna
Ab initio Simulations Package (VASP) based on Density Functional
Theory (DFT). [37] Standard generalized gradient approximation
(GGA) within the Perdew-Burke-Ernzerhof (PBE) was used as the ex-
change-correlation functional to relax the geometries of TiO2, AgInSe2
and AgBiSe2 [38]. It is known that PBE reproduces these structures
well, but at the same time, it is affected by the self-interaction correc-
tion leading to the systematic underestimation of the band gap of these
materials [39]. The projector-augmented wave (PAW) method with the
plane-wave basis-set cut-off of 520 eV and a Monkhorst-Pack (MP) grid
of 8 × 8 × 5 k-points were used [40–42]. The convergence criterion is
that the forces on individual atoms are less than 0.001 eV/ Å and the
total energy of 1 × 10−7 eV per atom. The ground-state electronic
structure calculations have been carried out using 4 × 4 × 3 MP k-grid
and the hybrid Heyd-Scuseria-Ernzerhof (HSE06) exchange-correlation
functional. [43,44] HSE06 is a nonlocal, range separated, screened
Coulomb potential density functional that provides accurately the
electronic properties that match the experimental results [45].

The position of conduction band minima (CBM) and valence band
maxima (VBM) were determined by the calculated HSE06 band gap (Eg)
using the following equations;[46]

= ++ +E E E( ) 1
2CBM A

x
B
y

C
z x y z g

1
0 (1)

= +E E EVBM CBM g (2)

in which ,A B and C stand for the absolute electronegativities of
A B, and C atoms respectively where the compound under considera-
tion has the chemical formula A B Cx y z . E0 is 4.5 eV for the normal hy-
drogen electrode (NHE) and it relates the reference electrode redox
level to absolute vacuum scale. From the Pearson electronegativity
table, the values of , , , ,Ti O Ag In Bi and Se were obtained as 3.45,
7.54, 4.44, 3.10, 4.69 and 5.89 eV respectively.
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2.2. Synthesis of AgXSe2-TiO2 (X = In, Bi) composite

Synthesis of AgXSe2 – TiO2 (X = In, Bi) composite was prepared
using sol-gel method and solvothermal synthesis subsequently. Firstly,
the TiO2 was synthesised using the sol-gel method, taking titanium
isopropoxide (TTIP) as the precursor. The water was added dropwise to
the TTIP taken in isopropanol under vigorous stirring. For the gel for-
mation, the water and TTIP ratio was considered 1:1 in an isopropanol
solution mixture. The resultant solution was kept for gelation for 2 h.
Then it was dried in an oven for 12 h at 100 °C to remove the excess
solvent. The resultant xerogel was calcined at 500 °C, at a ramp rate of
10 °C/min for 2 h to get anatase TiO2.

Secondly, the AgXSe2-TiO2 heterostructure composites were pre-
pared by using the solvothermal method. Where X is the lattice forming
elements (In or Bi). 30 mL of ethanolamine was taken in a beaker and a
definite amount of AgNO3, In(NO3)3.xH2O and SeCl4 at a ratio of 1:1:2
was added under vigorous stirring. The solution was kept stirring for 1
h at RT, and formerly prepared TiO2 was added to this mixture. This
mixture was ultra-sonicated for another 30 min. The amount of TiO2

was added, in such that the final composites result in the desired ratio
of 0.5, 1, 2 & 5 wt % AgInSe2 with TiO2. The resultant mixture solution
was placed in a 50 mL steel Teflon vessel (from Parr instruments) and
heated for 24 h at 180 °C. The solid product formed was washed with
water and ethanol multiple times to remove the solvent residue and
kept for drying overnight at 60 °C. The resultant product was used for
further characterisation and applications. The similar procedure was
repeated for synthesising AgBiSe2 – TiO2, by taking Bi(NO3)3.5H2O as
the precursor. The parent samples (AgInSe2 and AgBiSe2) were syn-
thesised without adding TiO2. The materials, characterisation details
and all the photocatalytic experimental process is provided in sup-
porting information.

3. Results and discussions

3.1. Structural properties

After the structural optimization using DFT studies, the space
groups of anatase TiO2, AgInSe2 and AgBiSe2 were found to be I amd4 /1
(space group number: 141), I d42 (space group number: 122) and P m3 1
(space group number: 164), respectively. TiO2 and AgInSe2 were found
to crystallize into a body-centred tetragonal crystal system upon re-
laxation while AgBiSe2 was found to be stable in a hexagonal lattice.
The lattice parameters and volume of the three compounds obtained
after structural optimization are tabulated in Table S1, and the opti-
mized structures are presented in Figure S2 and Fig. 1. The lattice
parameters of these compounds obtained after structural optimization
are consistent with the reported ones. They are arranged well within the
expected error range when compared to the experimental values ob-
served in section 3.3 [39,47,48]. Octahedral molecular geometry con-
nects Ti and O in the case of anatase TiO2. These octahedra are con-
nected to each other by edge sharing at the centre of the unit cell and
corner sharing elsewhere in the unit cell. There are two different Ti-O
bond lengths present in the compound. The in-plane Ti-O bond length
was found to be 1.94 Å and the out-of-plane Ti-O bond length was 2.00
Å which are well consistent with the ones that could be obtained from
the literature. [39,49]

In the case of AgInSe2, In and Se are connected to each other in a
tetrahedral molecular geometry. These tetrahedra are connected to
each other through corner sharing, and Ag is found to occupy the in-
terstitial sites of these tetrahedra. In-Se bond lengths are isotropic in
this compound and yields a value of 2.65 Å. AgBiSe2 is a layered ma-
terial where Ag intercalates the Bi-Se octahedra. The Bi-Se bond length
is found to be 2.99 Å and is isotropic within the octahedral molecular
geometry. The octahedra are connected to each other through edge
sharing.

3.2. Electronic properties

Since the HSE calculations has been known to reproduce the elec-
tronic properties of materials accurately, it has been adopted to in-
vestigate the electronic properties of these compounds. Starting with
anatase TiO2, its band structure and corresponding partial density of
states (PDOS) are presented in Figure S3. Ti d-orbitals dominate the
lower CB while the O p-orbitals are found to dominate the upper VB of
TiO2. The HSE06 calculation returns the band gap of 3.35 eV for TiO2,

which is consistent with the experimentally observed value (Section
3.4) and in the reported literature. [39,49] Anatase TiO2 is an indirect
band gap material with its CBM positioned at the centre of the Brillouin
zone, Γ and the VBM between P and Y.

AgBiSe2 presents a band gap of 0.55 eV. Other works have reported
values ranging from 0.6 eV to 0.8 eV. [47,50] It should, however, be
noted that the experimentally observed value is 1.22 eV, which is ∼0.4
eV more than the reported values in the literature. It is worth men-
tioning that the HSE functional has been reported to underestimate
experimental bandgaps in some systems [51]. The difference in band
gap can be attributed to different cell volumes of the computed and
experimental unit cells, and the possible site-occupation disorders
present in the experimental sample [52]. The HSE06 band structure and
PDOS are presented in Fig. 2. AgBiSe2 is an indirect band gap material
with its CBM placed at the high symmetry point, A and the VBM be-
tween K and Γ of the Brillouin zone. The upper VB is dominated by the
Ag 4d and Se 4p states. The lower CB of AgBiSe2 is dominated by the
combination of Bi 6p and Se 4p states.

AgInSe2, in its tetragonal lattice, is found to have an HSE06 band
gap of 1.2 eV, which matches the reported values in the literature.
[48,53] The electronic structure and the PDOS of AgInSe2 are shown in
Fig. 3. AgInSe2 is a direct band gap material at Γ. Interestingly, Ag 4d
states and Se 4p states dominate the upper VB while In 5s and Se 4p
states contribute to the lower CB of AgInSe2.

The band edge values of TiO2, AgInSe2 and AgBiSe2 are presented in
Table S2. The reference scale was NHE which keeps the hydrogen
evolution reaction (HER) potential at 0 eV and the oxygen evolution
reaction (OER) potential at 1.23 eV. Looking into the band edge posi-
tions of the pristine compounds, it could be observed that AgInSe2
could aid the HER and AgBiSe2 on its own fails to aid either of the
reaction paths.

3.3. Synthesis and structural analysis by X-ray diffraction

The synthesis process of the AgXSe2-TiO2 is displayed in Fig. 4. As
explained in section 2.2, AgXSe2 nanoparticles were synthesised using a
solution-based technique. Organic solvents such as oleylamine, die-
thanolamine has been used previously to produce various types of TCs.
In this study, ethanolamine was used as the solvent for the solvothermal
synthesis. Ethanolamine (EA) has a high boiling point and act as a
stabilising agent in the synthesis process, hence making it a perfect
choice of solvent. Unlike the sintering technique, with long annealing
times and need for high temperatures, in the solvothermal process, this
is easily evaded. Amine based solvents usually lower the temperature
for thermal decomposition of the precursors and aid in the formation of
nanoparticles at a lower temperature. [54] They are often used as a
potential reagent for anisotropic growth of nanoparticles as well as
surfactants for a possible stabilising agent [15]. At the start, the Ag+,
In3+ and Bi3+ ions react with the solvent molecules (ethanolamine) to
form a covalent complex as given below (where x and y are positive
integers). [55,56]

+ ++AgNO EA Ag EA NO( )x3 3 (3)

+ ++Bi NO EA Bi EA NO( ) ( ) 3y3 3
3

3 (4)

+ ++In NO EA In EA NO( ) ( ) 3y3 3
3

3 (5)
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Furthermore, the silver complexes react with the Se2− ions to form
binary compound; [57]

+ ++Ag EA Se Ag Se EA( )x
2

2 (6)

As explained by Bai et al., the initial species formed in the process

Fig. 1. The optimised structures of (a) AgBiSe2, (b) AgInSe2.

Fig. 2. The HSE06 (a) band structure and (b) PDOS of AgBiSe2. The PDOS plot is split into two to describe the Ag, Bi and Se states separately. Ag 4d and Se 4p states
dominate the upper VB while the Se 4p and Bi 6p states are dominating the lower CB.
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Fig. 3. The HSE06 (a) band structure and (b) PDOS of anatase AgInSe2. The PDOS plot is split into two to describe the Ag, In and Se states separately. Ag 4d and Se 4p
states dominate the upper VB while the Se 4p and In 5s states are dominating the lower CB.

Fig. 4. Schematic illustration of the synthesis process of AgXSe2-TiO2.
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are the orthorhombic phase of Ag2Se spherical nanoparticles [58]. The
fluid-like nature of the silver and fast conducting behaviour of silver
chalcogenides result in the creation of various cationic vacancies in the
orthorhombic crystal structure. This results in fast diffusion of Bi3+ and
In3+ ions to form heterostructures of AgBiSe2-Ag2Se and AgInSe2-
Ag2Se, respectively. As the synthesis progresses, the diffusion phe-
nomenon continues, until all the Ag2Se seeds are exhausted. This could
also be observed in the temperature and the time study graphs of the TC
(Figure S4 and S5). The peaks of Ag2Se are present at lower reaction
time and temperature, and as the reaction progresses the intensity of
the peak starts to diminish, leaving a residue of a small percent of
impurity. The XRD of the as synthesised AgBiSe2 and AgInSe2 is com-
pared with the JCPDS patterns of the hexagonal structure of AgBiSe2
[ICDD card no: 04-010-1589] and the tetragonal structure of AgInSe2
[ICDD card no: 00-035-1099] in Figure S6 of the supporting informa-
tion [15,58,59].

+ ++Ag Se Bi EA AgBiSe EA( ) y2
3

2 (7)

+ ++Ag Se In EA AgInSe EA( ) y2
3

2 (8)

Ethanolamine (EA), with a single amine and N-chelating atom, act
as a potential structure directing agent [60]. The inbuilt pressure and
the appropriate temperature supports the formation of unique phases
and morphology. This results in the formation of spherical nano-
particles of AgInSe2 in tetragonal phase and AgBiSe2 in hexagonal
phase, respectively.

The nanoparticles (AgXSe2) and the composites with titania were
examined using X-ray diffraction. Formation of hexagonal phase
AgBiSe2 and tetragonal phase of AgInSe2 nanoparticles are observed in
Fig. 5a and b [ICDD card no: 04-010-1589 and 00-035-1099]. The in-
fluence of the solvothermal duration and the temperature to identify
the optimised experimental parameters were also studied (Figure S4
and S5). As observed, the intensity (100 %) of the peaks at 30.62° for
AgBiSe2 and 25.68° for AgInSe2 are found to be sharp and well defined.
This infers the formation of crystalline structures at 200 °C and 12 h of
solvothermal duration. Hence, 200 °C and 12 h is the optimal tem-
perature and time for the synthesis process and henceforth used for
composite preparation with titania nanoparticles. The sol-gel synthesis
of TiO2 and its further calcination at 500 °C leads to the formation of
the anatase phase. Defined peaks at 25.1° corresponding to the tetra-
gonal structure of the anatase phase are observed [ICDD card no: 00-
021-1272]. The lattice parameter of the parent samples were estimated
to be; hexagonal phase of AgBiSe2 with a = b =4.17 Å, c = 19.72 Å
and α = β= 90˚ and γ = 120˚. While the tetragonal crystal structure of
AgInSe2 displayed a = b =6.41 Å, c = 12.25 Å and α = β = γ = 90˚.
Pristine titania [tetragonal phase] have lattice parameter estimated to
be a = b =3.71 Å, c =9.43 Å and α = β = γ = 90˚. These values are
similar to the values obtained through the computational study, as
explained in section 3.1.

Fig. 8a and b further display the composites prepared at various
weight ratios (0.5, 1, 2 and 5 wt%). This study particularly aims in
understansing the effect of TC at lower weight ratios(< 5 wt%) to a
wide band gap semiconductor such as titania. Understanding of TC
nanomaterials at higher weight ratios and its optimisation will be car-
ried out in future studies. The higher content will lead to various
composite combinations and would be difficult to compare with the
existing line of discussions. Peaks at 25.1° of titania in the anatase phase
are observed for all the composite structures irrespective of the weight
ratios. The broadening of the peaks demonstrates that the crystalline
size of the sample is minimal. Peaks of TCs are not observed promi-
nently in any of the diffractograms, except for the 5 wt% AgBiSe2-TiO2,
where a small peak at 30.6° is detected. The incorporation of TCs in
very small weight ratios and the crystalline nature of the titania na-
noparticles makes it difficult to observe any distinct peaks of TCs in the
diffractograms. Furthermore, it also validates that the structure of TiO2

remains unaltered even after the solvothermal reaction for the com-
posite formation.

3.4. Absorption properties

UV–vis DRS measurements were taken of the as prepared samples to
study their light absorption characteristics. As shown in Fig. 6a and b,
the pristine TiO2 displays its signature absorption at 320 nm in the UV
region, and the absorption edge steeps at 400 nm. Fig. 6a also displays
the absorption spectra of the AgBiSe2-TiO2 composites. The absorption
pattern displays a combination of both the parent samples. All the
samples show the signature hump of titania at 320 nm, with absorption
extending throughout the visible region, typical to the pattern as ob-
served for AgBiSe2 (Figure S7a). [19] Increase in the content of TC in
the sample resulted in increased absorption in the visible region. Si-
milarly, Fig. 6b shows the absorption spectra of the AgInSe2-TiO2

composites. Like the previous composite samples, they also displayed a
common pattern. All the samples carried the signature profile of titania.
In contrast, an increase in the content of the TC in the prepared sample,
resulted in an increase in absorption in the visible region as defined by
its parent AgInSe2 (Figure S7b). [58] This was further reflected in the
change in the colour of the samples, varying from white to brown and
further black. This demonstrated the coupling of TCs with titania to
construct AgXSe2-TiO2 composites.

Band gap engineering of the semiconductors is the prime aspect of
the heterojunction construction. Thus, the influence of the TC addition
to TiO2 could be further observed by the changes in the band gap of the
composite sample. The Kubelka-Munk (K-M) function is utilised to
convert the functionality to energy (Figure S8a and S8b). [61] The
extrapolation of the lines in the plots enables to evaluate the absorption
onset for these samples and further estimate the band gap. The band
gap of the pristine TiO2 sample was estimated to be 3.2 eV, while the

Fig. 5. The XRD patterns of (a) AgBiSe2, AgBiSe2-TiO2 composites and (b) AgInSe2, AgInSe2-TiO2 composites.
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parent TC samples showed 1.23 eV and 1.33 eV for AgBiSe2 and
AgInSe2, respectively. The values obtained are nearly close to the
computationally calculated values, as explained in section 3.2. The
band gap of the composite samples showed a decline in value with the
increase in the content of TC (Figure S9 and S10). Table S2 and Table S3
tabulate the band gap value of all the samples.

The strong interaction of the composite samples results in increased
interfacial charge transfer and the decrease in the band gap. The
computational analysis of the optical and the electronic properties of
the parent samples shows that the band edge of the parent AgBiSe2 is
dominated by the contribution of Ag 4d and Se 4p states. The lower CB
of AgBiSe2 is dominated by the combination of Bi 6p and Se 4p states.
While AgInSe2 displayed the contribution of Ag 4d states and Se 4p
states which dominated the upper VB while In 5s and Se 4p states
contributed to the lower CB of AgInSe2. Whereas, TiO2 displayed a
contribution from Ti 3d-orbitals in the lower CB while the O 2p-orbitals
are found to dominate the upper VB. Hence, the composite samples
have a combined influence of the parent samples, which is observed
experimentally in the enhanced absorption edge as well as the de-
creased band gap values. This infers the positive hybridisation of the
parent samples and construction of heterostructure composites. [25,26]
The enhanced absorption properties and in turn, the declined band gap
proves to be effective in multifunctional photocatalytic applications
(Section 4). The 5 wt% composites of both the TC displayed the best
photocatalytic results, as discussed in section 4. Hence, here onward
only these two composites are assessed for their morphological and
elemental analysis along with their pristine parent samples unless
otherwise stated.

3.5. XPS analysis

The elemental states and the chemical composition of the prepared
pristine parent and the composite samples were investigated by XPS
measurements. The survey scans of TiO2, AgBiSe2, AgInSe2, AgInSe2-
TiO2 and AgBiSe2-TiO2 are displayed in Figure S11. Peaks of Ti 2p and
O 1s are found for TiO2, while AgInSe2 and AgBiSe2 samples displayed
common peaks of Ag 3d and Se 3d and additional peaks of In 3d and Bi
4f respectively. The composite samples showed all the combined peaks
of the parent samples. In all the samples, a small percentage of C 1s and
O 1s peaks were observed, these impurity peaks were acquired during
the sample preparation process. To further investigate the charge
transfer at the heterojunction interface between TiO2 and the TC na-
noparticles, the high resolution XPS of the composites were also ex-
amined. Figure S12(A) displays the Ti 2p patterns of TiO2 (a), AgBiSe2-
TiO2 (b) and AgInSe2-TiO2 (c). The characteristic peaks at 458.84 eV (Ti
2p3/2) and 464.60 eV (Ti 2p1/2), ascribed to Ti4+ state was observed for
TiO2 sample. [62] In the case of composite samples, the signature
profile of Ti in the +4 state did not show any changes. However, both

the doublets of Ti 2p in composite samples displayed a small shift in
binding energy values. A shift of ∼0.3 eV and ∼0.4 eV was observed
for AgBiSe2-TiO2 and AgInSe2-TiO2 respectively. This shift in the
composite samples to lower binding energy value compared to the
parent sample constitutes the change in the chemical environment of
TiO2 nanoparticles in the due presence of the small amount of TC in-
troduced [25,26]. In all the three samples, the spin-orbit splitting dif-
ference for Ti 2p remained consistent (5.7 eV). Figure S12(B) displays
the deconvoluted O 1s patterns of TiO2 (a), AgBiSe2-TiO2 (b) and
AgInSe2-TiO2 (c). The characteristic peak at 530.20 eV observed for
pristine titania sample is assigned to Ti-O bonds [63]. As similar to the
Ti 2p patterns, the peaks of O 1s also displayed a small shift for the
composite sample (∼0.3 eV and ∼0.4 eV for AgBiSe2-TiO2 and
AgInSe2-TiO2 respectively). Deconvoluted O 1s spectrum also displayed
a peak above 531 eV for all the three samples, which is assigned to the
hydroxyl molecules adsorbed or the water molecules [64,65].

Fig. 7(A) displays the high-resolution spectra of Ag 3d patterns of
AgBiSe2 (a) and AgBiSe2-TiO2 (b). Sharp and symmetric peaks of Ag 3d
were observed for both the samples. Characteristic peaks of Ag+ were
observed at 367.78 (Ag 3d5/2) and 373.80 (Ag 3d3/2) for AgBiSe2
sample. The composite sample with titania displayed a shift (∼0.8 eV)
in both the peaks to 367.03 (Ag 3d5/2) and 373.05 (Ag 3d3/2). The
doublet separation remained consistent for the Ag 3d patterns for both
the samples (6 eV). As shown, Fig. 7(B) displays the deconvoluted high
resolution spectra of Bi 4f patterns of AgBiSe2 (a) and AgBiSe2-TiO2 (b).
Peaks corresponding to Bi3+ state were observed at 159.03 eV (Bi 4f7/2)
and 164.36 eV (Bi 4f5/2) for AgBiSe2 sample. Moreover, doublets of Bi
in the elemental state were also observed in the spectra (157.91 eV and
163.23 eV). In the case of the composite samples, the doublet peaks
corresponding to the Bi3+ state showed a shift to lower binding energy
(∼0.6 eV). Apart from that, the peak intensity of elemental Bi reduced
and displayed a similar shift in the peak values. In all the cases, the
spin-orbit splitting difference of 5.31 eV remained constant. Fig. 7C)
displays the deconvoluted high resolution spectra of Se 3d patterns of
AgBiSe2 (a) and AgBiSe2-TiO2 (b). Peaks at 53.38 eV (Se 3d5/2) and
54.27 eV (Se 3d3/2) were observed for AgBiSe2 sample attributed to
Se2− state. The doublet splitting difference was observed to be 0.86 eV,
consistent to Se2−. The composite sample did not show any symmetric
peaks of Se; however, a small pattern was observed [19,66].

Fig. 8(A) displays the high-resolution spectra of Ag 3d patterns of
AgInSe2 (a) and AgInSe2-TiO2 (b). Well defined and symmetric peaks of
Ag 3d were observed for both the samples. Characteristic peaks of Ag+

were observed at 367.70 eV (Ag 3d5/2) and 373.70 eV (Ag 3d3/2) for
AgInSe2 sample. The composite sample with titania displayed a shift
(∼0.8 eV) in both the peaks to 366.96 eV (Ag 3d5/2) and 372.98 eV (Ag
3d3/2). The doublet separation remained consistent for the Ag 3d pat-
terns for both the samples (6 eV). As given, Fig. 8(B) displays the high-
resolution spectra of In 3d. Signature peaks of In3+ state were observed

Fig. 6. The absorption patterns of (a) TiO2, AgBiSe2-TiO2 composites and (b) TiO2, AgInSe2-TiO2 composites.
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at 444.65 (In 3d5/2) and 452.24 eV (In3d3/2) for AgInSe2 sample. The
composite sample, as similar to the other profiles, displayed a shift of
∼0.3 eV to lower binding energy value. The spin-orbit splitting dif-
ference of 5.31 eV remained the same for both the samples. In case of Se
3d patterns, the high-resolution spectra of AgInSe2 sample displayed
deconvoluted peaks at 53.67 eV (Se 3d5/2) and 54.56 eV (Se 3d7/2) as
shown in Fig. 8C(a). The peaks of Se 3d in the composite sample
(Fig. 8C(b)) are not so well defined [54,67,68].

Table S4 and S5 summarise the peak position of all the samples. As
observed from the above peak patterns were displayed of the pristine
parent sample and the composite structures. All the composite patterns
displayed a shift in the peak values to lower binding energy values. The
change in the chemical environment by the introduction of TC nano-
particles showed the change in the Ti 2p and O 1s patterns. Similar
changes were also observed for pristine AgBiSe2 and AgInSe2 samples.
A difference in comparative shift is observed for composite samples
between Bi3+(∼0.8 eV) while In3+ (∼0.3 eV) is evident from the
spectra. In case of In3+ it displays an electronic configuration of [Kr]
4d10. While Bi3+ displays an electronic configuration of [Xe] 4f14 5d10

6s2. The shift in the binding energy, especially to lower energy values
signifies the change in the chemical environment due to the effective
charge transfer between AgXSe2 and TiO2 components. The computa-
tional study provides an understanding of the density of states. In case
of AgBiSe2 the conduction band is dominated by Bi 6p orbitals while
AgInSe2 shows concentration of In 5s orbitals. The move of electrons
from the VB to the CB results in the change in the effective nuclear
interactions between each of those atoms, which could effectively result
in the variation to the shift observed. It crucially varies depending on
the combination of element in a ternary chalcogenide molecule.
Composites of AgBiS2-TiO2 and AgInS2-TiO2 showed similar attribute in
the difference between the binding energy shift from the parent sample
and the composite sample of Bi3+(∼1.1 eV) and In3+(∼0.5 eV) spectra
was also observed [25,26].

The above-mentioned shift demonstrates the efficient charge
transfer at the heterojunction interface and establishes the creation of
effective heterostructure for multifunctional applications.

3.6. TEM analysis

Fig. 9a and b show typical TEM images of the as-prepared AgBiSe2
with the particles being nanosheets of average width ranging 50−70
nm. The SAED pattern (Fig. 9c, inset) is consistent with the XRD pattern
with the major diffractions of (104), (012), (110) and (018) crystal
planes of hexagonal AgBiSe2. Meanwhile, the HRTEM image (Fig. 9c)
showed high crystallinity for AgBiSe2 nanocrystals, and the adjacent
atomic lattice fringes showed a distance of about 0.293 nm, which is in
agreement with the calculated fringe width of 0.291 nm for (104)
planes of AgBiSe2 [69]. TEM and HRTEM (Fig. 9d, e, and f) images of 5
wt% AgBiSe2-TiO2 composite revealed that larger AgBiSe2 particles are
covered with smaller titania nanoparticles. HRTEM well matched with
fringe width of 0.293 nm corresponding to (104) plane of hexagonal
AgBiSe2 for the larger particles in addition to a fringe width of 0.354
nm indicating (101) plane of anatase titania for the smaller particles.
SAED pattern (Fig. 9f, inset) again supports the presence of both na-
noparticles and is also consistent with XRD obtained.

Fig. 10a and b showed AgInSe2 nanoparticles exposing a quasi-
spherical morphology. The HRTEM image (Fig. 10c) showed clear and
prominent lattice fringes of 0.34 nm width consistent with the calcu-
lated fringe width of 0.346 nm corresponding to (112) crystal plane of
tetragonal AgInSe2 (at 2θ = 25.68° from XRD). 5 wt% AgInSe2-TiO2

composite showed nano titania is well accumulated around AgInSe2
having a good interaction between them. The presence of lattice fringe
widths of 0.354 nm and 0.235 nm attributing to the (101) crystal planes
and (004) planes respectively of anatase titania, along with fringe width
of 0.34 nm fitting to (112) plane of tetragonal AgInSe2. Both HRTEM
and SAED pattern reflected the high crystallinity of the sample. Both

Fig. 7. High resolution XPS spectra of (A) Ag 3d (a) AgBiSe2 and (b) AgBiSe2-TiO2; (B) Bi 4f (a) AgBiSe2 and (b) AgBiSe2-TiO2; (C) Se 3d (a) AgBiSe2 and (b) AgBiSe2-
TiO2.
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Fig. 8. High resolution XPS spectra of (A) Ag 3d (a) AgInSe2 and (b) AgInSe2-TiO2; (B) In 3d (a) AgInSe2 and (b) AgInSe2-TiO2; (C) Se 3d (a) AgInSe2 and (b) AgInSe2-
TiO2.

Fig. 9. TEM and HRTEM images of AgBiSe2 (a,b,c) and 5 wt% AgBiSe2-TiO2 composite (d,e,f). Inset of (c) and (f) are the SAED patterns of the samples with red colour
markings corresponding to TC and white to TiO2.
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SAED patterns of AgInSe2 and the composite (Fig. 10c and f, inset)
obtained are again consistent with the XRD pattern of the samples.

3.7. Photoluminescence analysis

The photocatalytic efficacy is largely governed by the ability of the
composite structure to migrate the photogenerated exciton to various
reaction sites. [70] Figure S13 presents the mass normalized photo-
luminescence spectra of TiO2 and its 5 wt% composites with AgBiSe2
and AgInSe2. The spectra clearly portray the effect of heterojunction
formation on the recombination of excitons in parent TiO2. The emis-
sion intensity of both composites of TCs with TiO2 is quenched. Since PL
emission has resulted from the recombination of photogenerated elec-
tron-hole pairs, the reduction in the PL intensity for the composites
indicates that recombination rate is very much diminished, resulting in
their high photocatalytic efficiencies compared to parent TiO2. The
emission peaks at 365 nm displayed a small red shift in the composite
samples compared to the pristine parent sample. This is attributed to
the change in the local chemical environment of the sample and this
further validates the positive heterojunction creation [71].

4. Photocatalytic applications

4.1. Photocatalytic hydrogen generation

Hydrogen is considered as a clean source of fuel having heat value
120–142 MJ kg−1 [72]. There exist several methods currently used to
produce hydrogen such as thermolysis, photolysis, hydrolysis etc [72].
The use of photocatalysis for H2 generation is a promising alternative to
accomplish the global need for clean energy. In this following section,
the results of photocatalytic hydrogen generated for AgBiSe2-TiO2 and
AgInSe2-TiO2 was examined at different weight percentage and com-
pared to the results observed for their parent samples. In particular, the
possibility to adapt the materials prepared to produce hydrogen

through the photocatalytic reforming of an organic species was ex-
amined.

As shown in Fig. 11a, no catalyst revealed hydrogen generation
under visible light irradiation (first 60 min of reaction). After 60 min,
by removing the UVA-cut off filter, an increasing value of hydrogen
production rate for the AgBiSe2-TiO2 materials was observed with
raising the co-catalyst weight percentage up to 5 wt %. No hydrogen
production was detected at all by adopting bare AgBiSe2 and TiO2

samples.
As reported in Fig. 11b, no substantial changes in solution pH were

recorded for the AgBiSe2-TiO2 samples throughout the reaction, with an
average value of 8.5. A slight decrease in pH was observed upon UV-A
irradiation, due to the occurrence of the photoreforming process.

In the first 60 min of reaction, the irradiance values (Fig. 11c) re-
corded in the UV range (λ = 315-400 nm) on the external wall of the
reactor were negligible due to the UVA-cut off filter. An immediate
increase in the irradiance values was detected after removing the UVA-
cut off filter. A slight decrease in irradiances was then observed at T =
120 min, due a higher suspension absorption related to photocatalyst
activation. As concerns irradiance values collected on the external walls
of the reactor in the visible range (λ = 400-1100 nm), no significant
changes before and after removing the UVA-cut off filter were observed,
as clearly shown in Fig. 11d. Even in this case, a mild decrease in ir-
radiances was observed at T = 120 min.

Also, in the case of AgInSe2-TiO2, as shown in Fig. 12a, all the
catalyst tested displayed negligible hydrogen production under UV light
irradiation only. As the UV cut-off filter was removed (T = 60 min),
increasing hydrogen production was observed with enhancing the co-
catalyst weight percentage in the range 1%–5%. Scarce photoactivity
for hydrogen evolution was recorded upon UV-A irradiation of the 0.5
wt.% AgInSe2-TiO2 composite. As regards to the solution, no significant
changes concerning the starting pH values were recorded under visible
light irradiation only (Fig. 12b). A moderate decrease in solution pH
occurred upon UV-A irradiation of AgInSe2-TiO2 samples at T = 120

Fig. 10. TEM and HRTEM images of AgInSe2 (a,b,c) and 5 wt% AgBiSe2-TiO2 composite (d,e,f). Inset of (c) and (f) are the SAED patterns of the samples with red
colour markings corresponding to TC and white to TiO2.
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min.
The irradiance values collected in the UV and the visible wavelength

range on the external wall of the reactor for the various the AgInSe2-
TiO2 samples tested are reported in Fig. 12c and d, respectively. An
instantaneous increase in UV irradiance values was observed after re-
moving the UVA-cut off filter. The higher irradiance values herein re-
corded for the 0.5 wt% AgInSe2-TiO2 material suggest a smaller sus-
pension absorption. As regards irradiance values collected on the
external walls of the reactor in the visible range (λ = 400-1100 nm), no
significant changes before and after removing the UVA-cut off filter
were noticed. Comparable irradiance values have been recorded in such
range for 2 wt% and 5 wt% AgInSe2-TiO2 samples, which exhibited a
higher visible light absorption with respect to samples with lower co-
catalyst percentage.

Thus, both the composites displayed a relative hydrogen generation
compared to their parent samples within 120 min of light irradiation. It
can be thus concluded that both AgBiSe2-TiO2 and AgInSe2-TiO2 ma-
terials exhibited a more efficient absorption and use of the incident
light irradiation over a co-catalyst weight percentage of 5 wt.%.
However, AgInSe2-TiO2 (241 μmol/min) composites outperformed the
AgBiSe2-TiO2(180 μmol/min) in a slight margin. While all the pristine
samples displayed no hydrogen output. As explained in section 3.2, the
band edge estimation displays the potential for HER and OER only for
TiO2 and AgInSe2, while AgBiSe2 did not display any significant po-
tential. However, the quick recombination and the values of the band
gap could be the potential causes for zero hydrogen generation. On the
other hand, both the composite samples displayed enhanced H2 gen-
eration, which portrays the significance of the heterojunction creation
and the enhanced charge separation by delaying the rate of re-
combination [73].

4.2. Photocatalytic degradation of Doxycycline (DC)

Further, to the hydrogen generation study, the composites of
AgXSe2-TiO2 were examined for Doxycycline degradation. Antibiotics
such as Doxycycline are one of the major pharmaceutical products used
widely. The estimated annual consumption of antibiotics is
100,000–200,000 tons. Amongst which 30%–60% is expelled out in the
environment, due to incomplete metabolism. A good share of the ex-
pelled antibiotics leads its way to pollute several water resources. Long
term exposure to even small measures of antibiotics, could eventually
result in the development of antibiotics resistance and even cause da-
mage to the nervous system and the kidneys of the human body.
Advanced oxidation processes (AOP), biological degradation and
membrane filtration are some of the commonly utilised methods of DC
removal. Photocatalytic degradation has lately turned out to be an ef-
fective alternative to alleviate the current problem [74,75].

Hence, in this study, the composites of AgBiSe2-TiO2 and AgInSe2-
TiO2 were examined for DC degradation at different weight percentage
and compared to the results observed for their parent samples. Fig. 13a
displays the change in concentration of DC with time for AgBiSe2-TiO2

samples. The samples kept in the dark for 30 min did not show any
change in concentration; this proves the significance of light irradia-
tion. On exposure to solar light for a period of 180 min, samples dis-
played a significant reduction in the initial concentration of DC by the
composite samples. Parent samples, TiO2 and AgBiSe2, displayed a
degradation percent less than 50 %. The increase in the loading of TC in
TiO2 showed gradual improvement in the degradation process. Towards
the end, the 2 wt% and the 5 wt% samples displayed a nearly similar
trend of 98% degradation. Hence, this proves the efficiency of the
composite formation and the enhanced charge separation built up.

Fig. 11. H2 production rate (a); pH of the solution (b); Irradiance measured on the external walls of the reactor between 315-400 nm (c) and 400-1100 nm (d) at
varying weight percentage of AgBiSe2, TiO2 and AgBiSe2-TiO2 catalysts. [CH3OH] = 10 vol.%; Catalyst load = 500 ppm; Temp = 25 °C; P = 1 atm.
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The DC degradation of AgBiSe2-TiO2 samples observed to follow
pseudo-first-order kinetics and can be determined by Eq. (9) [61].

=Log C
C

kt
t

0

(9)

Where C0 and Ct are the DC concentration (mg/L) at time zero and time
‘t’ respectively. ‘k’ in the equation is the kinetic rate constant (min−1).
Fig. 13b and c illustrate the kinetics for the DC degradation and sum-
marise the kinetic constants calculated for all the samples respectively.
A straight line was observed for all the cases, and this confirms the
presumed pseudo-first-order kinetics. The correlation coefficients (R2)
values for all the samples were found to be more than 0.98. The highest
kinetic constant for 5 wt % was observed to be 0.02663 min−1, and the
least was observed for AgBiSe2 (0.00316 min−1).

The recyclability of the catalyst and its effectiveness was evaluated
through the cyclic studies (Figure S14a). The 5 wt% composite samples
displayed similar results all the time with a slight decline in the de-
gradation efficiency by the end of the fifth cycle. To ascertain the re-
active oxygen species (ROS) participating in the degradation process,
the scavenging experiments were performed (Figure S14b). The use of
triethanolamine (TEA) and Silver nitrate (AgNO3) showed a serious
dampening in the degradation efficiency. Thus, holes and electrons
were found to be the major ROS in the DC degradation process. On the
other hand, a small portion of the decline in activity was observed in
the presence of benzoquinone (BQ). Thus, superoxide radicals also had
an effective share in the degradation process. The hydroxyl radicals
necessarily did not show any contribution, as observed by the addition
of the Isopropyl alcohol (IPA) in the reaction mixture.

The composites of AgInSe2-TiO2 were also examined for DC de-
gradation at different weight percentage and compared to the results

observed for their parent samples. Fig. 14 a displays the change in
concentration of DC with time for AgInSe2-TiO2 samples. In this case,
also, the samples kept in the dark for 30 min did not show any variation
in concentration; this reflects the consequence of light irradiation.
Under solar light irradiation for 180 min showed a substantial decrease
in the initial concentration of DC by the composite samples. Parent
samples, TiO2 and AgInSe2, showed a degradation percent less than
50%. As similar to the previous case, the increase in the amount of TC
in TiO2 presented steady improvement in the degradation method. In
the end, the 2 wt% and the 5 wt% samples exhibited a virtually similar
trend of more than 92% degradation. Henceforth, this demonstrates the
efficacy of the composite development and the improved charge se-
paration created.

The DC degradation of AgInSe2-TiO2 samples also observed to
follow pseudo-first-order kinetics and can be determined by Eq. (9).
Fig. 14b and c show the kinetics for the DC degradation and reviews the
kinetic constants calculated for all the samples respectively. The pre-
sumed pseudo-first-order kinetics was confirmed by observing the
straight line for all the cases. The correlation coefficients (R2) values for
all the samples were found to be more than 0.97. The maximum kinetic
constant for 5 wt % was calculated to be 0.02643 min−1 and the
minimum was observed for AgInSe2 (0.00317 min−1).

The cyclic studies of the catalyst were performed to evaluate the
recyclability and its effectiveness (Figure S15a). The 5 wt% composite
samples showed comparable results all the time with a small decrease in
the degradation efficacy by the end of the fifth cycle. The scavenging
experiments were performed, with the purpose to ascertain the ROS
contributing to the degradation procedure (Figure S15b). The use of
triethanolamine and silver nitrate showed a quick reduction in the
degradation efficacy; thus, holes and electrons were found to be the

Fig. 12. H2 production rate (a); pH of the solution (b); Irradiance measured on the external walls of the reactor between 315-400 nm (c) and 400-1100 nm (d) at
varying weight percentage of AgInSe2, TiO2 and AgInSe2-TiO2 catalysts. [CH3OH] = 10 vol.%; Catalyst load = 500 ppm; Temp = 25 °C; P = 1 atm.
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major ROS in the DC degradation process. Instead, a small portion of
decay in activity was observed in the presence of benzoquinone.
Therefore, superoxide radicals also had an active part in the degrada-
tion process. The hydroxyl radicals essentially did not demonstrate any
influence, as detected by the adding of the IPA in the reaction mixture
[25].

Hence, in this study of DC removal from aqueous environment, both
the composites of titania displayed reasonable efficiency. According to
the results observed, the 5 wt% composites of both the TC displayed
more than 98% decline of initial DC concentration of 100 ppm for a
catalyst dosage of 1 g/L. Pseudo-first order kinetics was observed for
both the composites (R2> 0.98) with the highest rate constant of 0.026
min−1. The efficiency did not change as observed through the recycl-
ability and the stability test and therefore, the catalyst might be used
regularly based on its possible retrieval. Thus, this catalyst could be
suitable for demineralisation of persistent pharmaceutical organic pol-
lutants.

4.3. Photocatalytic antimicrobial disinfection

Drinking of contaminated water results to the death of 1.5 million
children of age under five worldwide. The presence of E. coli and S.
aureus are considered as an index for water quality. Microbially con-
taminated water could result in the cause of several infections and even
death. Typical water treatment procedures include ozonation, UV dis-
infection technique, chlorination etc. These methods have displayed
several disadvantages, such as secondary contamination from the mi-
croorganisms left, even after primary treatments. Disadvantages of
chlorination processes are not new, as the formation of carcinogens like
trihalomethanes is reported widely. Thus, it is indeed necessary to find
effective microbial inactivation processes [74,75].

Titania and its composites have extensively been reported for self-
cleaning and degradation activities of several organic contaminants.
Extensive studies on the photoinactivation of microorganisms by TiO2

has been reported recently. The photocatalytic efficiency of the as
prepared composites was already analysed by studying for hydrogen
generation and DC degradation. In this study, a gram-negative (E. coli)
and a gram-positive (S. aureus) bacterium were chosen as a model mi-
croorganism to evaluate the efficacy of the composites and compare
their results with their parent samples. The best composite samples
from the previous two applications (5 wt%) and the pristine samples of
AgBiSe2, AgInSe2, TiO2 were studied. Fig. 15a and b display the change
in the number of bacteria grown over 120 min of light irradiation. The
dark experiment conducted displayed no change in the numbers; this
limit the possibility of dark inactivation caused due to the presence of a
catalyst. In the case of E. coli inactivation, complete death of the bac-
teria was observed within 45 min of solar light illumination by AgBiSe2-
TiO2 composite. A similar result was also displayed in the case of S.
aureus, where all the colonies cease to exist. An approximate log 6 and
log 5 reduction in bacterial growth was observed in the case of AgBiSe2-
TiO2 composite (Fig. 15c). The AgInSe2-TiO2 composite and TiO2, both
showed a complete inactivation within 60 min of illumination. The
pristine TC samples required nearly 120 min to display complete in-
activation. The change in bacterial density grown on agar plates before
and after illumination with AgBiSe2-TiO2 and AgInSe2-TiO2 composite
for both the bacterial strains are displayed in Fig. S16 and Fig. S17,
respectively.

Thus, both the composites of TC displayed a similar result; however,
AgBiSe2-TiO2 composites displayed superior inactivation performance.
The bacterial inactivation mechanism is established in previous other
literature. Disruption of the cellular membrane due to potential attack
by ROS generated during the irradiation process results in the leakage

Fig. 13. (a) Change in concentration (C/C0 vs time) of DC; (b) pseudo-first-order kinetic study of DC degradation; (c) Summary of the calculated pseudo-first-order
rate constants of AgBiSe2, TiO2 and AgBiSe2-TiO2 catalysts.
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of cellular components and results to the cause of inactivation [3].

5. Photocatalytic mechanism

The photocatalytic results of the AgXSe2-TiO2 displayed enhanced
hydrogen generation, impressive degradation efficiency as well as an-
timicrobial properties compared to their pristine parent samples. The
structural analysis displays the stability of the hexagonal phase of
AgBiSe2 and the tetragonal crystal structure of anatase and AgInSe2,
which corroborated to the experimental observations. The computa-
tional analysis of titania and TC were crucial to comprehend the elec-
tronic and optical properties. The results from XPS analysis demon-
strates the shift in the binding energies of both the composite structures
to lower energies. This highlights the strong interaction between the
pristine titania and TC. On the other hand, the peaks corresponding to
Ti4+ state displayed a small shift to lower binding energy, which is
ascribed to the influence of TC. The peak value also confirms the ab-
sence of any oxygen vacancies and reiterates the anatase structure and
positive heterojunction formation. The TEM analysis also displayed a
positive heterojunction creation. At the same time, the PL emission
peaks displayed the delayed recombination by the composite samples.
The band gap estimation and the electronic properties aided in sum-
marising the band edge values for AgBiSe2, AgInSe2 and TiO2 (as given
in Table S1). A prospective electron-transfer mechanism is proposed
based on the computational, DRS and PL observations in order to un-
derstand the improved photocatalytic results displayed by the compo-
sites architectures.

Visible light irradiation on AgBiSe2-TiO2 composites results in the
electrons to jump from the upper VB of Ag 4d and Se 4p states to the

lower CB of Bi 6p and Se 4p states of AgBiSe2 respectively and further
travel to the O 2p-orbitals of titania. The improved photocatalytic ac-
tivity by the AgBiSe2-TiO2 composites could be described via con-
jecturing the formation of p-n heterojunction [76,77]. The band edge
positions of TiO2 and AgBiSe2 before and after having contact are
shown in Fig. 16. The Fermi level (Ef) of n-type TiO2 is present slightly
below the ECB of TiO2, and the Ef of p-type AgBiSe2 is slightly higher
than the EVB of AgBiSe2 (Fig. 16a) [65,66]. As the p-n junction is cre-
ated, the Fermi levels of both the semiconductors align themselves to a
new uniform level. Since the dopant amount in case of AgBiSe2 is low,
therefore the fermi level of AgBiSe2 bring into line with TiO2 (-0.1 eV).
This results in the formation of p-n heterojunction in the interface. The
new band alignment as shown in Fig. 16b displays the flow of the
electrons present in the CB potential of AgBiSe2, transfers to the more
negative CB of TiO2 resulting in a negative charge accumulation in the
CB of TiO2. Similarly, the diffusion of the holes from the VB of TiO2 to
the VB of AgBiSe2 results in positive charge accumulation. Hence, the
equilibration of the fermi levels of both the semiconductors results in
the creation of an internal electric field [61]. Therefore, the resultant
electric field prohibits the charge recombination in the junction and
thereby improving the charge separation. The electrons and holes ac-
cumulated at the VB of AgBiSe2 and CB of TiO2 respectively participate
in the oxidation and reduction processes [76,77]. The scavenging re-
sults, as shown in section 4.2, shows the contribution of both electrons
and holes to be dominant, which explains the improved photocatalytic
results observed for all the three different applications.

Similarly, in the case of AgInSe2-TiO2 composites, the visible light
illumination results in the migration of electrons to occur from the
upper VB of Ag 4d states and Se 4p states of AgInSe2 to the lower CB of

Fig. 14. (a) Change in concentration (C/C0 vs time) of DC; (b) pseudo-first order kinetic study of DC degradation; (c) Summary of the calculated pseudo-first order
rate constants of AgInSe2, TiO2 and AgInSe2-TiO2 catalysts.
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In 5s and Se 4p states of AgInSe2 and further migrate to the lower CB of
titania contributed by Ti 3d-orbitals O 2p-orbitals. The improved pho-
tocatalytic activity by the AgInSe2-TiO2 composites could be defined via
hypothesising the formation of type II heterojunction. The band edge
positions of TiO2 and AgInSe2 before and after having contact are
shown in Fig. 17. The Fermi level (Ef) of TiO2 is present slightly below
the ECB of TiO2, and the Ef of AgInSe2 is also lower than the ECB of
AgInSe2 (Fig. 17a). As the heterojunction is created, the Fermi levels of
both the semiconductors align themselves to a new uniform level. Since
the dopant amount in case of AgInSe2 is little, therefore the fermi level
of AgInSe2 bring into line with TiO2 (-0.1 eV). The new band alignment,

as shown in Fig. 17b, displays the flow of the electrons from the CB
potential of AgInSe2 to the CB of TiO2, resulting in a negative charge
accumulation in the CB of TiO2. The diffusion of the holes from the VB
of TiO2 to the VB of AgInSe2, which results in positive charge accu-
mulation. The heterojunction creation results in the delayed charge
recombination in the junction and thereby improving the charge se-
paration. The electrons and holes accumulated at the CB of TiO2 and VB
of AgInSe2 respectively participate in the oxidation and reduction
processes. The experimental results of the scavenging process, as shown
in section 4.2, displays the contribution of both the electrons and the
holes for the improved photocatalytic results observed for all the three
different applications.

Hence, the above electron transfer mechanism emphasises the

Fig. 15. Change in bacterial density (N/N0 vs time) by photocatalytic inactivation of (a) E. coli and (b) S. aureus; and (c) calculated log reductions of AgBiSe2,
AgInSe2, TiO2 and AgBiSe2-TiO2, AgInSe2-TiO2 catalysts.

Fig. 16. a) Band alignment of p-type AgBiSe2 and n-type TiO2 before junction
formation and b) band alignment and the photocatalytic mechanism of
AgBiSe2-TiO2 p–n nano-heterojunctions.

Fig. 17. The photocatalytic mechanism for AgInSe2-TiO2.
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influence of the lattice forming element in the ternary combination of
chalcogenides. The p-n heterojunction and the type II configuration
observed for AgBiSe2-TiO2 and AgInSe2-TiO2, respectively helps in ex-
plaining the increased efficiency observed for the composite samples.

6. Conclusions

The present study successfully demonstrates the synthesis of com-
posites of AgBiSe2-TiO2 and AgInSe2-TiO2. The influence of the lattice
forming elements (In/Bi) is extremely crucial. As observed in this study,
the In3+ and Bi3+ cations result in the formation of the body-centred
tetragonal crystal structure of AgInSe2 and hexagonal crystal structure
of AgBiSe2, respectively. The electronic properties of both the structures
show a significant influence of the In and Bi orbitals. An indirect band
gap was estimated for TiO2 and AgBiSe2 while direct band gap was
observed for AgInSe2. However, both the synthesised nanoparticles
displayed a narrow band gap and effectively improved the visible light
absorption of the composite architectures. The TEM images displayed
the formation of heterojunction and the PL peaks corroborated the
delayed recombination, observed for the composite samples compared
to the pristine titania. The band alignment of AgBiSe2 and AgInSe2
displayed a very different variation. However, both the heterojunctions
result in effective charge separation via delayed recombination of the
charge carriers, which contributes to the enhanced photocatalytic re-
sults.
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