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Chalcogenides are narrow-band gap semiconductors that have been widely used as photocatalysts.
These narrow-band gap materials allow more efficient absorption of over 40% of solar energy in the
visible light range, which will eventually improve its photocatalytic properties. Under visible light
irradiation, these materials generate electron and hole (e /h*) pairs. Photo-generated e /h* pairs have
been utilized to split water into hydrogen and oxygen and to remove and degrade industrial,
pharmaceutical and agricultural organic/inorganic/biological pollutants that have been accumulated in
the environment. In this perspective review, different types of chalcogenides, namely, binary, multinary
(ternary and quaternary) and chalcogenide-based heterostructures are presented briefly. This perspective
review also highlights the mechanisms involved and remarkable photocatalytic activity enhancement
under visible light irradiation that has been widely researched such as the photocatalytic degradation of
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industrial pollutants and photocatalytic inactivation of bacteria. Lastly, future prospects for the use of

rsc.li/njc chalcogenides as photocatalysts and chalcogenide-based heterostructures were discussed.

widely reported because of their narrow band gap energy which
enables them to utilize light in the visible region."?

Introduction

Semiconductors are materials whose conductivity lies between
those of conductors (such as metals) and non-conductors/
insulators (such as ceramics). Metal oxides and chalcogenides
are two of the widely researched semiconductor materials. TiO,
and ZnO metal oxides are mainly used as photocatalysts due to
their non-toxicity, low cost, stability and resistance to photo-
corrosion." Despite their stability, the major drawback of using
metal oxides as photocatalysts is their wide band gap energy.
The wide band gap energy enables them to absorb only ultra-
violet light (around 4% of the solar energy), which limits their
wide practical applications.** Many approaches have been were
employed to develop materials with a narrow band gap energy.*

Chalcogenides are well known for their narrow band gap
energy. Chalcogenides are compounds consisting of at least
one chalcogen anion (S*~, Se>” or Te*”) and at least one electro-
positive element.” Chalcogenides have drawn significant atten-
tion due to their great and highly demanded properties including
narrow band gap energy, non-toxicity, bio-compatibility, low
cost and facile synthesis.®” Researchers have developed differ-
ent synthesis routes including solvothermal,® hydrothermal,’
hot injection,'® and sol-gel'* methods for the preparation of
chalcogenides. The utilization of novel semiconductors such
as chalcogenides and chalcogenide-based materials has been
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Photocatalysis is the most effective and cleanest way in
coping with environmental and energy issues. Hence, develop-
ing suitable photocatalysts that could respond to visible light is
highly necessary. Fig. 1 shows the examples of photocatalytic
activities.

This mini review will assist the readers to obtain and overview
the classification of chalcogenides (namely, binary, multinary and
chalcogenide heterostructures) and the recent progress in the
application of chalcogenides as visible light-driven photocatalysts.
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Fig. 1 Examples of different photocatalytic activities using chalcogenides.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021



Perspective

In addition, a review of the complex processes/mechanisms
involved, in particular, in some complicated ternary or quaternary
photocatalysts is also proposed, and this will undoubtedly pro-
mote the further development and research in this area. Finally,
the future prospects and conclusion are also highlighted.

Chalcogenide-based photocatalysts are narrow-band gap
semiconductors, which upon irradiation with light, generated
e /h" and reactive oxygen species that could degrade organic/
inorganic pollutants or biological pollutants such as microor-
ganisms (listed in Table 1).

There are several factors to be considered in the fabrication
of chalcogenide-based photocatalysts in order to achieve appre-
ciable photocatalytic efficiency, which are as follows:

(1) Light harvesting capability of the synthesized materials:
the materials should be designed to absorb light in the visible
light region by tuning the band gap energy.

(2) High separation efficiency of the photo-generated charge
carriers.

(3) Better migration of these photo-generated charge carriers
to the surface, where the reaction occurs.

(4) Controlled growth and assembly of the materials with
high surface area-to-volume ratio: this will increase the reactive
sites of the synthesized materials and, therefore, improve the
photocatalytic activities.

(5) Stable under prolonged exposure to light: the stability of
the materials should be high in order to prevent the materials
from photo-corrosion.

Photocatalytic mechanisms of
different types of chalcogenides
Binary metal-based chalcogenides

Chalcogenide compounds falling into this category consist of
only one chalcogen and one electropositive atom. Based on the
literature review, binary chalcogenides have been successfully
prepared and used for photocatalysis. For instance, Ain et al.
have successfully synthesized hexagonal CuS nanoplates using
copper(u) dithiocarbamate as a precursor and octylamine as a
decomposing solvent."® The synthesized CuS nanoplates exhib-
ited a band gap energy of 2.1 eV and showed enhancement up
to 100% degradation of Congo red under irradiation of light
within 40 min. In another study, Cu,Se with a band gap energy
of 2.25 eV was able to degrade up to 98.2% of methylene blue
within 1 h under irradiation of visible light. Khan et al. have
prepared Ag,Se sonochemically, capped it with starch and
functionalized it with folic acid.>® The synthesized materials
showed high affinity towards A549 tumor cells (it targeted the
tumor cells selectively), and the materials successfully reduced
the tumor volume in mice within 30 days. Moreover, the
utilization of hydrothermally synthesized In,S; for visible
light-driven photocatalytic inactivation of E. coli has been reported
by Qiu et al.** In,S; with a narrow band gap of 2.25 eV have shown
remarkable inactivation efficiency toward E. coli under fluorescent
tube irradiation. Furthermore, the mechanism involved in binary
metal-based chalcogenides is shown in Fig. 2. When photons with

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021

NJC

enough energy (hv > E,) hit a photocatalyst, the photo-generated
e~ /h" pairs will promptly appear. The photo-generated e~ will be
promoted to the conduction band (CB) leaving behind h* in the
valence band (VB). From the reaction of the e~ in the CB and
adsorbed O, molecules on the surface of the photocatalyst, super-
oxide (O, *) will be generated. Simultaneously, the reactive
hydroxyl radicals (OH®) will also be produced via the reaction
with h" in the VB.*®

The conduction band of binary metal-based chalcogenides
is mainly affected by the orbitals of the metal (for example, if
the metal used is a transition metal, then the conduction band
is mainly caused by the d-orbitals of the transition metal),
whereas the valence band will be mainly affected by the
p-orbitals of chalcogens (sulfide, selenide and telluride).

However, the studies of binary chalcogenides have been
declining in popularity in recent years, mainly due to the
difficulties in simultaneously obtaining favorable energy band
alignments and recombination of charge carriers. Nonetheless,
common strategies for enhancing the performance of binary
photocatalysts under visible light irradiation are worth men-
tioning, which involve the manipulation of native defects, the
optimization of surface area, morphology and crystal structure
or the introduction of dopants in order to tune their optical and
electronic properties. For instance, Yanalak et al. have success-
fully synthesized Ni, Co, Zn and Mn-doped Ag,S nanocrystals
via a hot-injection route. The band gap energies of Ag,S,
Zn-doped Ag,S, Mn-doped Ag,S, Ni-doped Ag,S and Co-doped
Ag,S were found to be 2.23, 2.20, 2.13, 2.12 and 2.12 eV. After
8 h of irradiation under visible light, the average amount of
hydrogen produced increases in the order of Ag,S < Mn-doped
Ag,S < Zn-doped Ag,S < Ni-doped Ag,S < Co-doped Ag,S with
the highest hydrogen production of 5314 pmol g~ *.>*

Multinary metal-based chalcogenides (ternary and quaternary
chalcogenides)

The research on ternary and quaternary chalcogenides is an
efficient strategy to overcome the intrinsic limitations of binary
chalcogenides. It is suitable to improve the separation of photo-
generated e /h" pairs, hindering their recombination. Multin-
ary chalcogenides exhibited higher photocatalytic performance
than that of binary chalcogenides because of the presence of
three (ternary) or four (quaternary) elements, which enable
them to delay the recombination of photo-generated e /h"
pairs. For instance, Li and co-workers have prepared Zn,sCd, 5S
by a thermolysis method and reported that the synthesized
ternary chalcogenides exhibited the highest H, evolution rate of
7.42 mmol h™" g, exceeding that of pristine CdS and ZnS by
more than 24 and 54 times, respectively, and even much higher
than that of optimal Pt-loaded CdS (4.70 mmol h™" g™ ).>®
Multinary metal-based chalcogenides could be further
divided into ternary and quaternary chalcogenides. Ternary
chalcogenides may be a combination of: (1) one electropositive
atom and two chalcogens either S~ or Se®>~ or Te*>~ and (2) two
electropositive atoms and one chalcogen either S>~ or Se>~ or
Te>~. However, quaternary chalcogenides may be a combi-
nation of (1) one electropositive atom and three chalcogens
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Table 1 Use of chalcogenides as photocatalysts

Classification of ~Chalcogenides Band gap
No. chalcogenides used energy (eV) Photocatalytic activities Source of light Results Ref.
1 Binary CuS 2.1 eV Photocatalytic degradation of Solar light Complete degradation within 80 min 13
Congo red
2 Binary Sb,S; Indirect = 1.54 eV Photocatalytic degradation of UV lamp (4 W) visible light Dark = 7.4% 14
Direct = 1.72 eV methyl orange (under direct sunlight) UV light = 22%
Visible light = 47%
3 Ternary (Mo-Bi)S, supported Not mentioned Photocatalytic reduction of CO, Xe lamp equipped with an Formation rate of HCOOH reached 208 pmol 15
on mesoporous CdS to HCOOH optical filter (4 = 420-780 nm) g ' h™" with a 72% faradaic efficiency
4 Ternary AgBiSe, Not mentioned Photoelectric conversion Under simulated sunlight with ~ AgBiSe, exhibited a reduced resistance of 16
efficiency an intensity of 100 mW cm™>  0.53 Q m and markedly 50% improved
absorption efficiency under monochromatic
light
5 Ternary Ba,ZnSe; 2.75 eV Photocatalytic degradation of Xe-lamp Ba,ZnSe; exhibited photocatalytic degrada- 17
rhodamine B tion about 20% rhodamine B within 240 min
6 Ternary BaAu,S, 2.49 eV Photocatalytic degradation of 1000 W Xe lamp coupled with  45% of rhodamine B degraded after 240 min 18
rhodamine B 420 filters (4 > 420 nm)
7 Ternary Bi-doped CuGas, CuGas, = 2.3 eV Photoelectrocatalytic reduction 100 mW cm™ > Xe lamp 83% of nitrobenzene were photoelec- 19
Bi-doped CuGaS, = of nitrobenzene trochemically converted into aniline
1.7 eV
8 Ternary Citrate-modified Not mentioned Photocatalytic degradation of 4 W six fluorescent lamps Exhibited high photocatalytic degradation of 20
CuFeS, bisphenol A bisphenol A up to 97.4% within 60 min
9 Ternary Cu,SnS; and Cu,SnS; = 1.52 €V Photocatalytic degradation of 300 W Xe lamp equipped with a Photocatalytic degradation of rhodamine B: 21
Cu,SnSe; quantum rhodamine B and methyl orange 400 nm cutoff filter was used as TiO, P25 (Degussa) = 23.1%
dots were grown Cu,SnSe; = 1.31 eV the visible light source Cu,SnS; = 65.1%
in situ on reduced Cu,SnSe; = 49.3%
graphene oxide (rGO) Cu,SnS;/rGO = 96.3%
Cu,SnSe;/rGO = 88.7%
Photocatalytic degradation of methyl orange:
TiO, P25 (Degussa) = 10.3%
Cu,SnS; = 57.3%
Cu,SnSe; = 45.1%
Cu,SnS;/rGO = 94.3%
Cu,SnSe;/rGO = 84.5%
10  Ternary Cu,SnSe;-Au — Photocatalytic degradation of Xe lamp equipped with cut-off Cu,SnSe;-Au exhibited up to 80% photoca- 22
methylene blue filter 400 nm talytic degradation of methylene blue after 90
min under visible light
11  Ternary Cu, WS, 2.15 eV Photocatalytic removal of Cr(vi) 250 W Xe lamp and 4 > 420 nm Exhibited high removal of Cr(vi) up to 99% 23
cut-off filters after 150 min
12 Ternary CuFeS, Not mentioned Photocatalytic degradation of 85 W fluorescent lamp Decolorization efficiency: 99.1% after 40 min 24
tartrazine dye Mineralization efficiency: 87.3% after 150
min
13 Ternary Fe-doped ZnIn,S, ZnIn,S, = 2.12 eV Photocatalytic degradation of UV light (20 W Hg lamp with Pseudo-first-order constants were in the order 25
2,4,6-tribromophenol the light intensity of 297 W of TiO, (0.022 min™") < 0.5 wt% FeTiO,
em” (0.0369 min~") < ZnIn,S, (0.362 min ")
Fe-ZnIn,S, = 2.05 Visible light (100 W, tungsten- < 0.5 wt% Fe-ZnIn,S, (0.436 min )
ev halogen and the light intensity
was 1925 mW cm’ )
14  Ternary Ru-loaded Cu,WS, Cu,WS, = 2.1 eV Photocatalytic hydrogen 300 W Xe lamp combined with The highest activity for H, evolution reached 26

production

a 430 nm cutoff filter

up to 135 pmol h™*
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Table 1 (continued)
Classification of ~Chalcogenides Band gap
No. chalcogenides used energy (eV) Photocatalytic activities Source of light Results Ref.
15 Quaternary Cu,FeSnS, At different sub- Photocatalytic degradation of Under sun and Xe light Cu,FeSnS, thin film grown at temperature of 27
strate temperature  methylene blue 240 °C exhibited the highest photocatalytic
160 °C = 1.62 eV degradation rate of methylene blue under sun
200 °C = 1.05 eV light = 81%
240 °C = 1.46 eV
280 °C = 1.58 eV
16  Quaternary Cu,ZnSnSe, ~14 eV Photocatalytic degradation of 300 W Xe lamp equipped witha ~90% rhodamine B degraded within 28
rhodamine B 420 nm cutoff filter 120 min
17  Heterostructure  Ag/Ag,S/CuS Not mentioned Photocatalytic degradation of 300 W Xe lamp with a 420 nm  Exhibited up to 82% degradation after 29
2,4-dichlorophenol cutoff filter 240 min
18  Heterostructure  Ag,S/AgInS, AgInS, = 1.73 eV Photocatalytic degradation of Visible light Ag,S = 8% 30
Ag,S =1.10 eV methyl orange AgInS, = 45%
Ag,S/AgInS, core— Ag,S/AgInS, = 80%
shell heteronano-
flowers (In/Ag
=1:1, molar ratio)
=1.46 eV
19  Heterostructure  AgInS, quantum Not mentioned Photon-to-current conversion INumination of simulated Maximum photon-to-current conversion 31
dots/In,S; efficiency sunlight (100 mW ¢cm™2) pro- efficiency of about 37%
vided by a solar simulator
20  Heterostructure  AgInS,/SnIn,Sg AgInS, = 1.69 eV Photocatalytic degradation of 2- Visible light 65.98% mineralization efficiency 32
SnIn,Sg = 1.75 eV nitrophenol and tetracycline
(0.2:1) AgInS,/ hydrochloride
SnIn,Sg = 1.86 eV
(0.4:1) AgInS,/
SnIn,Sg = 1.79 eV
(0.6:1) AgInS,/
SnIn,Sg = 1.65 eV
(0.8:1) AgInS,/
SnIn,Sg = 1.77 eV
(1:1) AgInS,/
SnIn,Sg = 1.81 eV
21  Heterostructure  AgInS,/TiO, AgInS, = 1.75 eV Photocatalytic degradation of 500 W Xe lamp equipped with a  AgInS,/TiO, exhibited the highest photo- 33
composites TiO, = 3.30 eV gaseous o-dichlorobenzene UV-cut off filter (1 > 400 nm) catalytic degradation up to 50.4% after 8 h
AgInS,/TiO, =
2.75 eV
22 Heterostructure  AgInS,-TiO, TiO, = 3.18 eV Photocatalytic degradation of 125 W high-pressure mercury  95% of doxycycline degradation was achieved 34
0.5% AgInS,-TiO,  doxycycline vapor lamp within 180 min
=3.14 eV
1% AgInS,-TiO, =
3.04 eV
2% AgInS,-TiO, =
2.94 eV
5% AgInS,-TiO, =
2.58 eV
23  Heterostructure  CdS/Au/TiO, Not mentioned Photocatalytic degradation of 35 W Xe lamp After 60 min of visible light irradiation 35

norfloxacin

CdS/Au/TiO, = 64.67%

CdS/TiO, = 55.94%

Au/TiO, = 50.60%

TiO, = 42.04% norfloxacin degraded
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Table 1 (continued)
Classification of ~Chalcogenides Band gap
No. chalcogenides used energy (eV) Photocatalytic activities Source of light Results Ref.
24  Heterostructure CdS@MoS, CdS =2.18 eV Photocatalytic degradation of 300 W Xe lamp was used asa  79.60% 36
core@shell MoS, = 1.61 eV rhodamine B light source with a 420 nm light
filter to obtain visible light 5(4
> 420 nm)
25  Heterostructure  CdSe/rGO CdSe = 2.3 eV Photocatalytic oxidative desul-  Visible light was illuminated by CdSe = 40% 37
heterojunction CdSe@5% rGO = furization of thiophene a 125 W medium pressure Hg  CdSe@5% rGO = 50%
1.95 eV lamp with an optical filter
CdSe@10% rGO = blocks the light of wavelengths CdSe@10% rGO = 79%
1.81 eV <420 nm
CdSe@15% rGO = CdSe@15% rGO = 100%
1.78 eV
CdSe@20% rGO =
1.77 eV
26  Heterostructure CdX(X=S§,SeandTe) TiO, = 3.11 eV Photocatalytic degradation of 300 W Xe-arc lamp as a source  CdS-TiO, = 95% 38
quantum dots/TiO, CdS-TiO, = 2.20 eV  benzene of visible-light irradiation CdSe-TiO, = 90%
CdSe-TiO, = 2.48 CdTe-TiO, = 86%
ev
CdTe-TiO, = 2.81
ev
27  Heterostructure  Coz;0,/CoTe Co;0, = 1.5-2.5 eV Photocatalytic degradation of 300 W Xe arc lamp having a UV Co;0, and CoTe (1:1) composite = 96% 39
CoTe = 2.24 eV Congo red cut-off filter was used as light
source
28  Heterostructure  CuCaAg,Se/gra- CuCaAg,Se = 2.76  Photocatalytic reduction of CO, 500 W metal halide lamp Yielded 12.68 and 16.84% of methanol under 40
phene/TiO, ev to methanol irradiation of visible and UV light, respec-
Graphene/TiO, = tively after 48 h
2.97 eV
CuCaAg,Se/gra-
phene/TiO, = 2.79
ev
29  Heterostructure  CuCo0,S,/RGO 1.5 eV Photocatalytic degradation of 500 W tungsten halogen lamp 3% of RGO loaded on CuCo,S, exhibited the 41
nanocomposites malachite green highest degradation up to 92% of the dye in
360 min
30 Heterostructure  CuS, Ag,S and MoS,  ZnIn,S, = 2.64 eV Photocatalytic water splitting 300 W Xe arc lamp equipped Photocatalytic water splitting: CuS loaded 42
loaded on ZnIn,S, and photocatalytic degradation  with a cut-off filter (4 > ZnIn,S,: 14.95, umol h™*
of methyl orange 400 nm) Ag,S loaded ZnIn,S,: 15.86 umol h™*
MoS, loaded ZnIn,S,: 47.71 umol h™*
Photocatalytic degradation of methyl orange:
MosS, loaded ZnIn,S, exhibited up to 84%
degradation of methyl orange
31  Heterostructure  CuS/NiO CuS = 1.58 eV Photocatalytic production of H, Natural sunlight CuS@30% of NiO =52.3 mmol h™ " g~ H, gas 43
NiO = 3.2 eV in the presence of different from lactic acid-based electrolyte
organic substances dispersed in
water (alcohols, amine and
organic acids)
32  Heterostructure  CuS@rGO 1.97 eV Photocatalytic degradation of 300 W Xe lamp with 4 < Complete degradation after 20 min 44
atrazine, toxic herbicide 410 nm cut-off sieve
33 Heterostructure = MoS,/Cu-ZnIn,S, — Photocatalytic H, production 300 W Xe lamp quipped with an 5463 pmol h™! g~ ! H, evolution rate under 45

UV cut-off filter (1 > 420 nm)

visible light irradiation
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Table 1 (continued)
Classification of ~Chalcogenides Band gap
No. chalcogenides used energy (eV) Photocatalytic activities Source of light Results Ref.
34  Heterostructure  SnS,/SnO, SnoO, = 3.59 eV Photocatalytic removal of Cr(vi) 250 W Xe lamp and / > 420 nm  SnS,/SnO,-B exhibited the highest photo- 46
Synthesized using cut-off filters catalytic activity of nearly 99% after 40 min
6 mmol thioaceta-
mide, SnS,/Sn0O,-A
=2.27 eV
7.5 mmol thioace-
tamide, SnS,/SnO,-
B=2.22eV
9 mmol thioaceta-
mide, SnS,/Sn0O,-C
=2.21eV
SnS, =2.19 eV
35 Heterostructure  TiO, wrapped (shell) — Photocatalytic generation of H, Xe arc lamp with UV cut off fil- TiO, shell wrapped on CdSe NC performed a 47
onto CdSe (core) ter 4 > 420 nm used for UV and four-fold high quantity of H, gas (21 mmol
nanocapsule visible light irradiation h™' g7') generation compared to pristine
CdSe (5 mmol h™" g™') with 12.9% visible
light to H, fuel conversion efficiency under
328 mW cm ™ light intensity of visible light
irradiation
36  Heterostructure  TiO,/Cu-In-S/ZnS Not mentioned Photoelectrochemical solar cell ~ LED light with an intensity of 3 The photocurrent density produced is nearly 48
quantum dots- mw cm™> 0.85 pA cm ™2
polysaccharide
nanohybrids
37  Heterostructure  ZnIn,S,/MoOj3 MoO; = 2.92 eV The photocatalytic degradation 500 W halogen lamp ZnIn,S,/MoO; composite exhibited 98% 49
heterojunction ZnIn,S, = 2.24 eV of methyl orange, rhodamine B degradation within 80 min
and paracetamol
38 Heterostructure  ZnO@Ag,S core/shell Ag,S =1.10 eV Photocatalytic antimicrobial Xe lamp (50 W) which was ZnO@Ag,S exhibited the best efficiency 50

ZnO = 3.20 eV

activities against selected B.
subtilis (ATCC 6633), E. coli
(ATCC 25922) and C. albicans
(ATCC 10231)

equipped with a UV cut-off filter
to provide light emission at
400-800 nm

against E. coli (Gram negative bacteria) with
the lowest MIC value of 25 pg mL™" as com-
pared to efficiencies against B. subtilis (Gram-
positive bacteria) and C. albicans (fungi)
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Fig. 2 Mechanism of photocatalysis for binary chalcogenides.

either S~ or Se>” or Te*, (2) two electropositive atoms and two
chalcogens either S~ or Se”>~ or Te’” and (3) three electro-
positive atoms and one chalcogen either S~ or Se*” or Te”".

In another study, Yuan et al. have reported that solvo-
thermal-assisted synthesis of MoS,/Cu-ZnIn,S, showed enhanced
transfer and separation of charge carriers based on the largely
increased photocurrent responses. MoS,/Cu-ZnIn,S, showed the
highest photocatalytic activity with a H, production rate 72 times
higher than that of bare Cu-ZnIn,S, under visible light
irradiation.”> Another approach to generate more photoelectrons,
improve the separation of e /h" pairs, and enhance the absorp-
tion of light into the visible region is by coupling the chalcogenide
with a noble metal. Wang et al. reported that Cu,SnSe;-Au
synthesized by a seed-mediated growth method showed a higher
rate of photocatalytic degradation of methylene blue than that of
pure Cu,SnSe;.”> After 90 min of irradiation under visible light,
Cu,SnSe;-Au was able to degrade 80% of methylene blue, whereas
pure Cu,SnSe; degraded only 50%. They reported that it may be
due to the synergetic effects of the Schottky junction and appro-
priate band alignment of the Cu,SnSe;-Au composite, which
promote efficient transfer and separation of the charge carriers.
An example of quaternary chalcogenide is Cu,FeSnS,. Nefzi and
co-workers have successfully synthesized Cu,FeSnS, by spray
pyrolysis technique on glass substrates at different substrate
temperatures (T = 160, 200, 240 and 280 °C). They reported that
a CuyFeSnS, thin film grown at 240 °C showed the highest
photocatalytic degradation rate of methylene blue (81%) under
sunlight irradiation for 4 h.*” Fig. 3 shows the interfacial separa-
tion of charge carriers in different types of chalcogenides when
used as photocatalysts.

Furthermore, in multinary chalcogenides, the orbitals that
are responsible for the conduction and valence bands are
different in comparison to the binary metal-based chalcogen-
ide. For example, the valence band of quaternary Cu,ZnSnS,
consists of hybridized sulfide-p and copper-d orbitals, while the
conduction band is derived from the hybridization of sulfide-s/
p and Sn-s orbitals.”®

Doping of chalcogenides

Doping is one of the strategies used to overcome the instabi-
lity problem upon light illumination, and photo-corrosion or

19628 | New J Chem., 2021, 45,19622-19635
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The photo-generated
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Fig. 3 Illustration of interfacial separation and transfer of charge carriers

(e~ and h*) in binary, ternary and quaternary chalcogenides.

photo-dissolution that may occur during photocatalytic reactions.
Both metals and non-metals can be used as dopants to
modify chalcogenides to overcome its drawbacks.’”®° Zhu
and co-authors have synthesized carbon nitride-derived carbon
and nitrogen co-doped CdS which has effectively promoted the
stability of the material hindering the photo-corrosion of CdS
under illumination of visible light.®' In some cases, doping is
also used to improve the ability of chalcogenides to harvest
visible light. For instance, ZnS is a wide band gap chalcogenide
(~3.6 eV) that requires UV light for its excitation. Gaikwa et al.
have reported that the doping of ZnS with Pd results in
increased photocatalytic activity of ZnS due to the improved
visible light absorption and increased surface area of the
synthesized materials.®> The authors also reported that the
doping of ZnS with Pd caused the generation of energy levels/
defect levels within the band gap of ZnS. The introduction of Pd
in the ZnS modified its band structure by strong hybridization
between Pd 4d and S 3p valence states, which results in the
widening of the valence band and narrows the band gap energy,
as shown in Fig. 4.

Metal ion dopants can also induce defects that can enhance
charge separation and transfer, thereby improving the photo-
catalytic performance. Moreover, the additional trap states
could prevent spontaneous recombination of the charge carriers,

I ] [ |
Modification
of VB by Pd
doping
s

3.34eV
Modified VB
[ VB |
ZnS Pd-ZnS

Fig. 4 lllustration of the modification of ZnS band gap energy when
doped with Pd.®?
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thus extending the lifetime of electrons and holes. Metal co-doping
in CdS with nickel and cerium, for example, shows enhanced
photocatalytic degradation of rhodamine B up to 90% within 2 h
upon exposure to visible light.®* The enhancement may be due to
generation of new trapping defect sites as a result of the incorpora-
tion Ni/Ce dopants, which lead to a reduction in the rate of e /h*
pair recombination. In another study, Yang and co-workers have
doped CdS with Zn by a hydrothermal method.** The 0.1 Zn/Cd
molar ratio exhibited the highest photocatalytic degradation
of methylene blue up to 92.8% within 240 min. They reported that
the incorporation of metal ions, in this case Zn>* may generate a
Schottky barrier, which acts as charge carrier trap. This prolongs
the life span of the charge carriers and ensures better utilization of
the charge carriers, thus improving the photocatalytic perfor-
mance. However, high doping percentages could create recombi-
nation centers that may decrease the number of active charge
carriers. The same research group reported that when the molar
ratio of Zn/Cd was higher than the optimal value, Zn doping
became detrimental. It may be because of the increase in the
recombination rate due to the decrease in the distance between
trapping sites in a particle.®” It has also been observed that
co-doping with different elements is often more effective than
single or mono-doping for improving the photocatalytic
performance.

Chalcogenide-based heterostructures

(a) Coupling of chalcogenides with metal oxides. The for-
mation of composites with a heterojunction interface between
the semiconductors with matching band potentials is another
approach to promote the separation of photo-generated charge
carriers and enhance their lifetime, improving the photocatalytic
efficiency. The presence of multicomponent heterojunctions
could possibly aid in the delaying/preventing recombination of
these photo-generated charge carriers by effectively enhancing the
interfacial charge transfer.®®

Owing to the multiple separation of photo-generated carriers
(due to the presence of multiple heterojunctions), the chalcogenide-
based heterostructures exhibited greater photocatalytic activity
in comparison to the binary and multinary chalcogenides.
The examples of chalcogenide-based heterostructures are the
coupling of chalcogenides with carbon-based materials (such
as graphenes and carbon nanotubes) or the surface modifica-
tion of chalcogenides with MXenes or with another semicon-
ductor, i.e. metal oxides or with noble metals. For instance, a
CuCaAg,Se-graphene-TiO, nanocomposite has been success-
fully synthesized by Otgonbayar et al. using a hydrothermal
method.”® These materials showed 6 times higher photo-
catalytic CO, reduction to methanol in comparison to TiO,,
graphene-TiO, and pure CuCaAg,Se nanomaterials under
irradiation of UV and visible light. Moreover, CuCaAg,Se-
graphene-TiO, displayed excellent stability with no obvious
loss in the production of methanol from a CO, recycling
photoreduction test.

In some cases, during irradiation, both photocatalysts can
be excited with photo-generated charge carriers depending
on the band gap energy. Usually under visible light irradiation,
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the e~ produced in narrow-band gap semiconductors with less
positive CB can be transferred quickly to the more positive CB
of the photocatalyst with the wider band gap semiconductor.
However, the photo-excited h* from wide-band gap semicon-
ductor could be shifted easily into the valence band (VB) of the
narrow-band gap semiconductor. As reported by Zhao et al., the
photocatalytic reduction of Cr(vi) up to 98.7% has been success-
fully carried out using a MoS,/ZnS/ZnO composite within
90 min.®® The excellent photocatalytic activity is attributed to
the presence of dual-type heterojunctions, which hinder the
recombination of e "/h" pairs, resulting in fast electron transfer
and high efficiency of e”/h" separation. As proposed, upon
irradiation of light, the photo-generated e~ of MoS, and ZnS
move to the CB of ZnO due to the difference in electronic
potentials (the CB position of ZnO is more positive/less nega-
tive than that of MoS, and ZnS), which also enables the h* on
the VB of ZnO to be injected to the VB of MoS, and ZnS,
respectively. The chalcogenide-based heterostructures have
shown a slightly different photocatalytic mechanism, and the
mechanism involved is shown in Fig. 5.

(b) Coupling of chalcogenides with metals. The deposition
of metals onto the surface of chalcogenides could promote
efficient separation and transfer of photo-generated carriers to
the reaction sites, which could greatly reduce the chances
of recombination. The functions of deposited metals are to
provide a path to speed up the transfer of charge carriers.
Moreover, its surface could act as a charge trap center/sink to host
more active sites for photo-reaction. Fig. 6 shows the photo-
catalytic mechanism of metal@chalcogenide heterostructures.

For instance, Mao et al. have successfully prepared Pt-Ru bi-
metals synthesized via a two-step chemical reduction route on
CdS for the photocatalytic evolution of H,.%” They reported that
the H, evolution rate of Pt-Ru/CdS is 18.35 mmol h™" g, ',
which is 1.7 and 2.9 times higher than those of Pt/CdS and
Ru/CdS, respectively. These noble metals played an important
role in trapping the photo-generated e, which promotes the
separation efficiency of the photo-generated carriers. In another
study, Zheng and co-workers have prepared Ni/(Au@CdS) core-
shell photocatalysts via selective transformation of benzyl alcohol
to benzaldehyde and H, under visible light.®® The synthesized
materials exhibited excellent transformation activity under light
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Fig. 5 Mechanism of photocatalysis of chalcogenide-based heterostruc-
tures by coupling with metal oxides.
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and yielded H, and benzaldehyde with yields up to 3882 and
4242 pmol g~' h™", respectively. The enhanced activity is due to
the enhanced utilization efficiency of visible light and acce-
lerated separation of photo-generated e /h"* pairs, as a result of
plasmon-induced resonance energy of Au cores as well as the
ability of loaded Ni on CdS shells that could capture the e™ and
serve as the effective active sites for proton reduction and H,
evolution.

(c) Coupling of chalcogenides with carbon-based materials.
One of the key strategies to overcome rapid photo-generated
charge carrier recombination is the coupling of the narrow-band
gap chalcogenides with carbon-based materials. Examples of
the various carbon-based materials used in improving the photo-
catalytic activities of chalcogenides are shown below:

(i) Graphene and graphene oxide. Graphene has carbon hexa-
gons consisting of sp* hybridized C-C bonding with n-electron
clouds. Graphene exhibits large specific surface area, chemical
stability, excellent mechanical property and high charge carrier
mobility, making it a perfect base material. rGO is another
important variant of graphene, consisting of few-atom-thick 2D
sp® hybridized carbon layers with fewer oxygeneous function-
alities. It has been reported that rGO could help improve carrier
separation, charge transport, and stability in a photocatalytic
system. The general photocatalytic mechanism of chalcogenides
coupled with graphene-based materials is shown in Fig. 7.
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Fig. 7 Mechanism of photocatalysis of the chalcogenide coupled with
rGO.
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Alhaddad et al. have successfully utilized CuS@rGO hetero-
junctions to completely degrade atrazine herbicide after 20 min
under visible light irradiation.** The authors reported that the
photo-generated e~ from CuS was transferred to rGO, where it
acted as a sink and thus enhanced the separation of the charge
carriers. In addition, the formation of reactive oxygen species
(O, and °OH radicals) can react with the adsorbed atrazine
molecules on the photocatalyst active sites, generating harm-
less products; CO,, NO3;~, CI™ and H,0. Another example is
reported by Salarizadeh and co-workers, they have synthesized
MoS,/NiS/Co;3S,4/CoMo,S,/reduced graphene oxide by a hydro-
thermal method.®® This study demonstrated that the incorpora-
tion of reduced graphene oxide into MoS,/NiS/C03S,/CoMo0,S,
enhances the electrochemical surface area for urea electro-
oxidation, which resulted in a higher current density (18 mA cm™?)
than pure MoS,/NiS/C05S,/CoMo0,S, (3.7 mA cm™ ). Moreover,
Mkhalid et al. have showed the reduction of the band
gap energy of CdSe from 2.3 eV to 1.78 eV when 15 wt%
of rGO was coupled to CdSe.’” They showed that 15 wt%
rGO/CdSe material exhibited 100% photocatalytic oxidation of
thiophene after 90 min of light exposure. The excellent perfor-
mance may be due to the enhancement in visible light absorp-
tion and improvement of the separation of the photo-generated
charge carriers.

(ii) Graphitic carbon nitride. Graphitic carbon nitride (g-C3N,)
has gained much interest due to its thermal stability, chemical
resistance, biocompatibility, and visible light photocatalytic
and electro-catalytic properties. Balapure and co-workers have
reported the excellent antimicrobial performance of Ag,S/g-
C;3;N, nanocomposites against E. coli and S. aureus under visible
light.”® They reported that the synthesized nanocomposites
exhibited up to 99.9% of antimicrobial property against
E. coli after 40 min of light irradiation, and a similar trend in
the bactericidal efficacy was also observed against S. aureus
after 3 h. The high bactericidal activities under visible light
irradiation were majorly attributed to the formation of reactive
oxygen species (*OH and *O,  radicals). In another study, Zuo
et al. reported that Ag,S/g-C3N, p-n heterojunctions synthe-
sized via an in situ deposition approach exhibited notable
photocatalytic activities in the inactivation of E. coli and
S. aureus under visible light irradiation.”* The pristine single
Ag,S and g-C;N, showed a poor inactivation performance
for E. coli (only 1.8 and 1.1log of cells were inactivated,
respectively), while the composite could completely deactivate
7.0log of E. coli in 90 min. A similar trend was observed against
S. aureus. The enhanced bacterial inactivation activities were
also owing to the synergistic effect of the generated radicals.

(iii) MXenes. MXenes are 2D transition metal carbides or
nitrides (M1 X, T,) derived from ternary transition metal carbide
or nitride materials, the so-called MAX phase, (M,,1;AX,,), where M
represents an early transition metal. MXenes have received much
attention for their superior conductivity, better hydrophilicity and
quite strong interfacial synergistic effects. For instance, Chen and
co-workers have employed MXenes as media to transport e~
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between CdS and MoS, for the photocatalytic evolution of
hydrogen.”” The CdS/MoS,/MXene exhibited a H, generation rate
of 9679 pmol g ' h™! and showed enhancement up to 251.3% in
comparison to CdS/MoS,. This study showed the promotion
ability of the synthesized materials and it may be ascribed to
the increased transfer and separation of photo-generated e /h*
pairs. In another study, Liang and co-authors have constructed
2D/1D Ti;C,/CdS nanorod composites for photocatalytic reduction
of uranium(vi) with the highest removal of 97% with 5% Ti;C, after
40 min.”® They reported that TizC, plays an important role in
enhancing the photocatalytic activity as well as improving the
photocorrosion resistance of CdS due to the strong interaction
between MXenes and Cd>*, which prevents Cd** from leaching.

These materials (carbon-based materials, MXenes, metals
and other semiconductors) could act as electron traps, which
provide sites for the accumulation of electrons and then
improve the separation of e /h* pairs. The modification of
chalcogenides via surface modification is the effective way to
tune the band gap energy of chalcogenides, facilitate the
separation of photo-generated charge carriers, reduce the
recombination of these carriers and, thus, improve the photo-
catalytic activities.

To summarize, it is possible to fabricate chalcogenide-based
photocatalysts that provide excellent light-harvesting perfor-
mance and able to resist photo-corrosion. It is needed to
develop eco-friendly new materials that are resistant to photo-
corrosion and will not dissolve in water; specifically, toxic
metals such as Cd and Pb, or these unstable chalcogenides
will be impractical for real-life applications. Furthermore, there
is still lack of detailed studies in relation to reusing/recycling
chalcogenide-based photocatalysts. Moreover, the results from
the photolysis of pollutants under light conditions should
always be included in order to make a reasonably comparison
with actual photocatalytic activities. Besides these, external
factors could influence the photocatalytic performance of the
materials, which include the photo-reactor used, light intensity,
the distance between the set-up and the light, photocatalyst
dosage, concentrations and types of model pollutants, and
other experimental conditions.

Future outlook

Even though a steady progress in utilizing chalcogenides as
photocatalysts has been achieved, there are still a range of
challenges that need to be addressed in order to promote and
gain interests from other researchers in this area of study:

e Although many works on the use of chalcogenides as
photocatalysts have been reported, the photo-corrosion issue
is yet to be explored. The exact cause of photo-corrosion of
these materials should be thoroughly researched in order to
synthesize high-quality, high-stability and multifunctional
chalcogenides.

e Low-cost and large-scale synthesis methods of chalco-
genides also required attention. The optimization of different
parameters in the reaction synthesis such as different sources
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of precursors, temperature, pH, and reaction time should also
be studied for optimal yield in order to facilitate the production
of these materials at a commercial scale.

e An in-depth study to extend the life of photo-generated
carriers and mitigate the recombination of these charged
carries is still required in order to improve the photocatalytic
efficiency of these materials for broader applications. Several
approaches that could be employed include coupling with other
semiconductors, loading of noble metals, and doping with
metals.

Conclusion

Chalcogenides have been emerging as promising materials for
visible light-induced photocatalysis. These materials have been
synthesized and investigated thoroughly. Chalcogenides show
excellent properties for many potential applications such as water
splitting, hydrogen production, light harvesting, and photocatalytic
bacterial inactivation. Chalcogenide-based photocatalysts have
attracted the attention of researchers because of their narrow band
gap energy, visible light harvesting ability and various applications
including solar energy utilization, visible light-induced photocata-
lysis, visible light-assisted water splitting, optoelectronic devices and
removal of hazardous pollutants. Additionally, recent studies have
reported that the enhancement in the photocatalytic activities was
caused by the surface modification of these materials. The modi-
fication of chalcogenides provides multiple heterojunctions to
extend the life of photo-generated charge carriers and/or to provide
electron traps to reduce the recombination of e /h" pairs.
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