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Band-structure tunability via the modulation of
excitons in semiconductor nanostructures:
manifestation in photocatalytic fuel generation

Srabanti Ghosh, (2 **® Dipendu Sarkar,® Sweta Bastia® and
Yatendra S. Chaudhary (& °<

Understanding the energetics of electron transfer at the semiconductor interface is crucial for the develop-
ment of solar harvesting technologies, including photovoltaics, photocatalysis, and solar fuel systems.
However, modern artificial photosynthetic materials are not efficient and limited by their fast charge recom-
bination with high binding energy of excitons. Hence, reducing the exciton binding energy can increase the
generation of charge carriers, which improve the photocatalytic activities. Extensive research has been dedi-
cated to improving the exciton dissociation efficiency through rational semiconductor design via hetero-
atom doping, vacancy engineering, the construction of heterostructures, and donor—r—acceptor (D—-n—A)
interfaces to extend the charge carrier migration, promoting the dissociation of excitons. Consequently,
functionalized photocatalysts have demonstrated remarkable photocatalytic performances for solar fuel
production under visible light irradiation. This review provides the fundamental aspects of excitons in semi-
conductor nanostructures, having a high binding energy and ultrafast exciton formation together with
promising photo-redox properties for solar to fuel conversion application. In particular, this review high-
lights the significant role of the excitonic effect in the photocatalytic activity of newly developed functional
materials and the underlying mechanistic insight for tuning the performance of nanostructured semi-
conductor photocatalysts for water splitting, CO, reduction, and N fixation reactions.

on low-dimensional semiconductor materials and the influence
of heterostructures; however, the progress on the impact of exci-

Solar to fuel conversion is one of the well-recognized energy
conversion technologies, where solar radiation delivers energy
in the form of heat, electricity, or photons to convert H,O and
CO, into fuels."™ Materials with ultrahigh photocatalytic
efficiency may sustainably enhance the solar-to-chemical con-
version but are limited by their sluggish redox reactions. Thus,
significant effort has been devoted to optimizing the photo-
catalytic activities and electronic structures of semiconductors,
which play a pivotal role in driving solar-to-chemical conversion
reactions, such as water reduction into hydrogen, CO, reduction
into C1 and C2 products, dinitrogen reduction into ammonia,
and H,0, from O, and H,0.*® There are many reviews in litera-
ture, which excellently summarize the development of photoca-
talysts for various redox reactions, such as water splitting, CO,
reduction, and N, fixation.”™® To date, many reviews focused

“Energy Materials & Devices Division, CSIR - Central Glass and Ceramic Research
Institute, Raja S. C. Mullick Road, Jadavpur, Kolkata 700032, India.

E-mail: ghosh.srabanti@gmail.com, srabanti@cgcri.res.in

bAcademy of Scientific & Innovative Research (AcSIR), Ghaziabad, India
“Materials Chemistry Department, CSIR-Institute of Minerals and Materials
Technology, Bhubaneswar 751013, India

This journal is © The Royal Society of Chemistry 2023

tonic processes involved in photocatalysts has rarely been
summarized.'®*® Excitons are distinct electron-hole pairs gen-
erated by the photoexcitation process and bound together by
Coulomb interaction. To acquire completely dissociated
charges, the exciton activation energy (E,) must be higher than
the exciton binding energy (E, order of 0.1 eV to 0.5 eV), which
contributes to outstanding efficiency for solar fuel production.
Hence, a deep understanding of the modulation of band struc-
tures and charge separation, the development of models of
material behaviour, and optimizing their active functions
during photocatalytic applications are highly required. Notably,
the dissociation of excitons occurs at the interface of the semi-
conductor heterojunction due to the presence of a built-in elec-
tric field, which further prevents the recombination of excitons
and promotes photocatalytic redox reactions. For example,
2D-2D p-MoS,/n-MgIn,S,, which is a Type II heterojunction,
demonstrated improved exciton dissociation as electrons
migrates from the more negative potential of p-MoS, to the less
negative potential of n-MgIn,S, and the holes migrate to the
opposite direction under irradiation.”® Homojunctions follow a
similar trend in promoting exciton dissociation and suppres-
sing exciton recombination.>® For example, Wang et al.>' pro-
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posed that both singlet and triplet excitons dissociate into elec-
trons and holes at the order-disorder interfaces of the homo-
junction-like structure. In another approach, the selective extrac-
tion of electrons and lowering of charge recombination were
observed in an ordered graphitic carbon nitride (g-C3N,) chain.
The ordered g-C;N, possesses lower HOMO and LUMO energy
levels, which promote electron injection in comparison to dis-
ordered structures, as validated by density functional theory
(DFT) simulations.*** This review aims to highlight the funda-
mental understanding of electron behaviours of photocatalysts
and recent impressive progress in electronic structure-property-
function relationship in photocatalysis. The present review pro-
vides a detailed description of the diverse approaches such as
surface modification, heteroatom doping, vacancy engineering,
band structure tuning, and heterostructure engineering to regu-
late the electronic structures of semiconductors. Furthermore,
we correlate the advantages of electronic-structure engineering
and highlight various excitonic processes in several photocata-
lysts including metal oxides, metal sulfides, oxyhalides, metal
nitrides, metal carbides (2D layered structures and bismuth-
containing materials), organic semiconductors (COF, g-C3;Ny,
etc.) and heterostructures for various photocatalytic reactions by
combining experimental results with fundamental DFT
analysis.>*° Recently, the photocatalytic nitrogen reduction
reaction has been considered as an alternative route to realize
the green synthesis of NH;. However, its insufficient conversion
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with a low NH; yield remains a significant challenge. The nitro-
gen reduction reaction (NRR) performance is intrinsically
related to the electronic structure of catalysts, and thus the con-
version efficiency can be improved via rational catalyst design,
such as introducing vacancies, constructing a heterointerface
and exciton modulation.”’™" A summary of the recent develop-
ment of photocatalysts through the modulation of excitons is
presented in Fig. 1a. Moreover, a correlation with the function
of excitons in photocatalysis and solar fuel production is estab-
lished. Considering the significance of the excitonic effect in
photocatalysis and the potential of newly developed functional
materials, a comprehensive review on evaluating excitonic
effects to study the mechanism of nanostructured photocata-
lysts is urgently needed. Finally, insights into the challenges
and opportunities of the excitonic effect in photocatalytic
materials are presented.

2 Excitonic modulation in
semiconductors for photocatalytic
activity

2.1 Role of excitons in photocatalysis

Excitons are photoexcited electron and hole pairs, which are
formed when light is absorbed by semiconductors and play a

Heptazine,
BiOX,
Metal

Chalcogenides

CPs, g-C5N,
BiOX,
CFT, COF,
Mxene, 2D-
Porphyrin

EEEEEEEEEE -----l.lllll.llllll.llllll

=Donor/acceptor Order-disorder Vacancies

: interface interface == = Defect state
. Doping Doping HE T

! *Vacancy P YACRNY et

: * Donor-acceptor :
interface :
H 'Hetero_|unctlons

*Donor—n—acceptor
: = Interfacial electric field
= Heterojunctions
: = Tuning local charge
distribution

P,HT- 3-hexylthiophene

PMI- Perylene Monomimide

BiOX (X= Cl, Br, F, I) — Bismuth oxyhalides
COF- Covalent organic frameworks

CFT- Covalent triazine frameworks

g-C;N, — Graphitic carbon nitrides

= Vacancy

: = Heterojunction

i = Dipole control

= Tunable binding energy

: = Regulating dielectric
constant

= Edge & bridge cngmurmg

Fig. 1 Timeline showing the development of photocatalysts through the modulation of excitons for photocatalytic applications.
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crucial role in photocatalytic applications. The first question
that arises is why excitons play a role in semiconductors? This
is because the importance of the excitonic effect on semi-
conductors has not been fully studied to date. Generally, the
efficiency of photocatalysis is considered in terms of the separ-
ation and transfer of photo-generated charge carriers during
the reduction and oxidation of water (water splitting) and CO,
reduction, neglecting excitonic effects. Notably, the binding
energy of photo-generated excitons strongly depends on the
corresponding energy states due to the quantum confinement
effect in low-dimensional (0D, 1D, and 2D) semiconductors.
To achieve high photocatalytic activity, excitons must be disso-
ciated into electron-hole pairs, which occurs when the
binding energy of the excitons (Ey) is less than TASg;ss, where
T is room temperature and ASg;s is the increase in entropy
due to exciton dissociation.”® In the quasi-equilibrium
process, the relationship between excitons (7,) and dissociated
photogenerated electron-hole pairs (n. = ny, = n.) is as follows

(eqn (1)):*?
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where T is the temperature, E;, is the exciton binding energy,
and Kp is the Boltzmann constant. When the other parameter
are constant, the number of available free carriers () may be
reduced by a factor with an increase in Ep,. Consequently, the
reduction in n. directly reduces the photocatalytic efficiency of
a semiconductor. Moreover, an additional limitation of low-
dimensional semiconductors is their fast recombination of
electron-hole pairs, which can be defined by the Auger recom-
bination process (Rauger)y Where the rate of recombination is
Hence, it is important to consider the exciton
effect in low-dimensional semiconductors to achieve high
photocatalytic activity. It is noteworthy that excitons are situ-
ated just below the bottom of the conduction band (CB),
which may be labelled by the principal quantum number n =
1, 2, 3, etc. due to the lower energy of excitons than conduction
electrons. As n increases, the excitonic energy increases with a
shift in its energy level towards the bottom of the CB (Fig. 2a).
Now, considering the low-dimension of semiconductors, the
photo-generated free electrons at the bottom of the CB and
holes at the top of the valence band (VB) are bound by releas-
ing extra energy, which are called “quasiparticles” or “exci-
tons”. Nevertheless, the electrons in the CB are termed “CB
energy (Ec)”, and similarly the holes in the VB are named “VB
energy (Ey)”. Thus, the wavefunctions of electrons and holes
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Fig. 2 (a) Illustration of excitonic energy levels. (b) Electrons and holes

bound wave function in the CB and VB. (c) Diagram of discrete energy

levels. Electron transfer from degenerate VB energy levels to non-degenerate CB energy level (allowed transition, An = 0). Valence energy bands are
double degenerate with light holes and heavy holes. (d) PL spectra of MoS, from bulk to monolayer. Reproduced with permission from ref. 55.
Copyright 2010, the American Chemical Society. (e) and (f) Pathway for the generation of free charge carriers by exciton dissociation. Reproduced

with permission from ref. 58. Copyright 2022, Proc. Natl. Acad. Sci. U. S. A.
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are confined/localized/bound in the potential, which is called
quantum confinement, as shown in Fig. 2b. Fig. 2c shows the
discrete energy levels in both the VB and CB; however, the
presence of “light holes” and “heavy holes” creates doubly-
degenerate energy states with different wavefunctions. It
should be noted that An = 0 is the allowed transition but An =
1 is not forbidden (partially allowed). These excitonic tran-
sitions may generate sharp peaks in the absorption spectrum
and the two peaks observed correspond to the n =1 and n = 2
levels due to the presence of degenerate states. Fig. 2d presents
the photoluminescence (PL) peaks obtained for MoS, mono/
bi-layers, indicating the generation and recombination of exci-
tons in low-dimensional systems. In contrast, none of these
peaks were observed in their bulk counterpart at room temp-
erature.” When thermal energy (KzT) of a semiconductor is
higher than the exciton binding energy (KgzT > Eg), excitons
will dissociate into free electrons and holes. In general, the
thermal energy of semiconductors is around 25 meV at room
temperature; however, the Ey, of excitons is in the range of 0.1
eV-0.5 eV, which is significantly higher than thermal energy. If
Ey, is not high enough, then the dissociated charge carriers
become strongly attracted and recombine (Fig. 2e). Thus, to
overcome this obstacle, various strategies such as the appli-
cation of an external field including electric, magnetic, and
stress with varying strengths can be used as a driving force in
the opposite direction of the coulomb force between electron—
hole, reducing Ep, which leads to a lower excitonic binding
energy compared to the room temperature thermal energy, as
shown in Fig. 2f.>**’ Finally, excitons may dissociate to charges,
promoting their participation in photocatalysis (Fig. 2f).>®

2.2 Size- and dimensionality-dependence of excitonic effects

The size- and dimensionality-dependence of excitonic effects
in semiconductor nanostructures have been identified to be
important parameters to develop efficient nanoscale exci-
tonic photocatalysts.’*"®* Notably, the excitonic effects are
significantly enhanced with a reduction in the size of the
semiconductor nanostructure compared to the bulk exciton
Bohr radius. Furthermore, the lifetime of low-dimensional
excitons becomes longer in comparison to bulk excitons due
to the differences in the confinement dimensionality.
Subsequently, improved electron-hole exchange interactions
are expected in low-dimensional structures owing to the
enriched excitonic effects. Recently, several new 2D materials
have emerged, for example, interfacing semiconducting tran-
sition-metal dichalcogenide (TMD) monolayers with other
patterned 2D materials such as hexagonal boron-nitride
(hBN), which can effectively modulate the exciton energy
landscape without altering its properties.®®®> Conceptually,
low-dimensional systems can be identified as 0D (e.g,
quantum dots and nanoclusters), 1D (e.g., nanorods and
nanotubes) and 2D (e.g., sheets, plates, and layered struc-
tures). Considering multidimensional aspects, quantum dots
(QDs) do not possess any translational symmetry due to the
absence of dimensionality. In contrast, quantum wires and
quantum wells have translational symmetry in one or two
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dimensions; consequently, a large number of excitons can be
formed compared to QDs.®® The separation of quantized
energy levels strongly depends on the size of the QDs, for
example, smaller quantum dots show larger energy level sep-
aration. Alternatively, the band edge points of the CB and VB
of bulk materials are close enough to form a quasi-continu-
ous curve. Particularly, the non-zero value of the lowest
energy (i.e., the VB energy) of QDs suggests they possess a
larger electronic band gap than bulk systems, as shown in
Fig. 3a. The band gap of QDs represents the sum of the bulk
band gap confinement energy for electrons and holes (exci-
tons) and the coulombic attraction between excitons (eqn (2)
and (3)).

E; (dot) = E4 (bulk) + E (confinement) + E (coulomb) (2)

The confinement energy:

hZ 2
Lo 3)

E(confinement)= M

where ym is the Bessel function, M=m, +m; where m, and
my, are the effective masses of electrons and holes respectively,
a is the radius of the QDs, and h is Planck’s constant.

The coulombic energy (eqn (4)):

URy
. m0£‘2 Rx
E(coulombic) = — nzr =3 (4)
R
where Rxy= (nI: yz ), which has a constant value for each semi-
0€Y

conductor, R, is the Rydberg constant in the unit of energy, &
is the relative permittivity of the semiconductor, n is the prin-
ciple quantum number, m, is the mass of electrons, and

m,my .
=—<"1h_ jg the reduced mass of electrons and holes.
me +my,
The total quantum mechanical energy (E,,,;) for a particle

in spherical potential is as follows (eqn (5)):
RX hzj{?nl

Eymi=Ey — —
nml="g nz+2Ma2

n,m,l=1,2,3,.... (5)

Thus, an exciton in a spherical QD is represented by the
quantum number, where n corresponds to the internal states
generated through Coulomb electron-hole interaction and m
and [ are related to the center-of-mass motion in the presence
of an external potential barrier due to the spherical symmetry.
Now, depending on the box radius “a”, the confinement can
be signified by two parts, as follows:

(i) If a becomes significantly larger than the Bohr radius
(an), then the excitonic energy shift (AE,,;) becomes negli-
gible, i.e., “weak Confinement”.

(if) If @ becomes significantly smaller than the Bohr radius
(an), then the excitonic energy shift (AE,,,;) becomes remark-
able, i.e., “strong confinement”.

Absorption occurs through the optical transitions between
the fully discrete energy states in the VBs and CBs, and then
the continuous absorption spectrum of a bulk sample is

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (a) Energy vs. momentum curve for bulk semiconductors (quasi-continuous states) and quantum dots (discrete states). (b) Density of states

for QDs. (c) Schematic illustration of size-dependent band gap of CdSe QDs. (d and f) Density of states of 1D nanowires and 2D nanosheets, respect-
ively. (e) Schematic presentation of exciton—exciton interaction in 11-VI semiconductors. Cubes and spheres represent the point defects and elec-
trons and holes, respectively. Reproduced with permission from ref. 70. Copyright 2014, IOP Publishing Ltd. (g) Optical response of a 2D semi-
conductor. Reproduced with permission from ref. 71. Copyright 2017, Nature Publishing Group. (h) Correlation between exciton binding energy
versus length of semiconductor. Black squares: bulk, blue downward triangles: 0D QDs, green upward triangles: 1D QRs, and red circles: 2D QWs.
Reproduced with permission from ref. 72. Copyright 2017, IOP Publishing Ltd.

reduced to a set of discrete sharp lines. The density of states
(DOS) in 0D is as follows (eqn (6)):

g(E) = 6 (Eg — E) (6)

which leads to sharp discontinuous peaks in the DOS lines, as
shown in Fig. 3b. Further, the charge separation strongly
depends on the size of the QDs, for example, Zhong et al.®’
reported the band gap tunability of CdSe QDs in the presence
of WS, nanosheets (NSs). When the band gap of CdSe QDs
matched well with that of WS, NSs, the charge separation was
promoted under irradiation.®® Alternatively, when the dimen-
sions of CdSe QDs was smaller, efficient charge separation and
transfer occurred between the CB level of CdSe QDs with the
CB of WS, NSs. However, the difference between these two CBs
may causes energy loss due to charge transfer. A schematic of
differed sized CdSe QDs with a tunable band gap is shown in
Fig. 3c.

In the case of 1D quantum rods (QRs), one degree of
freedom may exist and the density of states (DOS) in a set of
sub-bands may bunch into sharp peaks, leading to the inverse-

This journal is © The Royal Society of Chemistry 2023

square-root of single particle singularities, as shown in
Fig. 3d.%° The equation of DOS in 1-D is as follows (eqn (7)):
m' m*

gE)=50 2(E; — B)

7)
where m* is the effective mass of electrons and E, is the elec-
tronic band gap of the semiconductor.

Xu et al.”® reported a detailed study on the excitonic behav-
iour of semiconductor nanowires and nanobelts. Mainly, exci-
tons or exciton complexes are separated at a low excitation
density due to their lack of interactions (Fig. 3e). However, the
excitons are denser due to the increase in their population in
the intermediate density regime, which enhances the inter-
action and scattering between the excitons and exciton com-
plexes, leading to the formation of biexcitons. In the higher
density regime, the exciton binding energy significantly
decreases due to the lower electron-hole attraction energy,
which causes the dissociation of excitons into electron-hole
plasma. The understanding of the excitonic behaviour of semi-
conductors in nano-dimensions plays a crucial role in energy
conversion device applications. Notably, the DOS is indepen-
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dent of energy and a constant absorption up to some range of
energy and discreet spectrum is observed in the absorption
spectra of 2D semiconductors (Fig. 3f). The density of states in
2D quantum nanosheets (QNSs) or quantum wells (QWs) can
be written in terms of energy (eqn (8)), as follows:

*

m
=—0
Th?

g(E) (Eg — E) (8)

Raja et al”' showed the relationship between excitonic
energy levels and the electronic bandgap of 2D semi-
conductors. The difference between the electronic band gaps
and quantized excitonic energy levels defines the excitonic
binding energies. Fig. 3g illustrates A,, as the excitonic
binding energy of the ground state, corresponding to the n =1
state. In each quantized level, the excitonic energy decreases
with an increase in n following the Rydberg equation (eqn (9)):

e4
En=Fg = Zlezeznz ©)
where E, is the electronic band gap, y is the reduced mass of
electrons and holes and ¢ is the dielectric constant of the semi-
conductor. Fig. 3h indicates a strong correlation between the
excitonic binding energy versus the length of nano/quantum
wires, quantum dots, 2D nanosheets and bulk materials.””
With a decrease in the length of the nanoparticles, Ej
increases significantly and reaches a maximum value at a
certain length. Mainly, QDs show the highest Ej, at a particular
length, indicating their maximum bandgap. No significant
change was observed in Ej, for the bulk, confirming the for-
mation of excitons near the ground state. Furthermore, the
coulomb interaction between excitons gets stronger with a
reduction in their length, which consequently reduces Ej,.
Thus, the band gap increases with a decrease in L and may
vary with a reduction in dimensionality. The relation between
optical bad gap energy and dimension is as follows (eqn (10)):

A
Eex= g+L—B (10)

where E. is the excitonic energy levels and A and B are
constants.

Xiao et al’® demonstrated the effect of excitons on 2D
layered van der Waals materials such as transition metal
dichalcogenides (TMDCs) and molybdenum- and tungsten-
based disulphides and diselenides (MoS,, MoSe,, WS,, WSe,,
etc.). Typically, bulk TMDC semiconductors possess an indirect
band gap; however, an indirect-to-direct band gap transition
occurs when they are mechanically exfoliated to a monolayer.
Consequently, the reduced interlayer interactions lower the VB
energy, forming a direct band gap with strong photo-
luminescence emission. In contrast, the absorption spectra of
2D black phosphorus (BP) and 2D tellurium (Te) display strong
light absorption in few-layer p-Te from the ultraviolet (UV)
band to visible band, as reported by Wu et al.”* Remarkably, a
thickness-dependent band dispersion was observed for few-
layer p-Te, where the absorption coefficient decreased with an
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increase in the thickness and electronic

hybridization.

interlayer

2.3 Effect of excitonic dissociation in photocatalysis

Typically, the carrier concentrations of a semiconductor are
dependent on the dissociation rate of the excitons, leading to
their generation and transport properties, which promote the
recombination process. According to Saha-Langmuir, the con-
centration ratio of excitons to free photoexcited charge carriers
can be described as follows (eqn (11)):

2 % —E
x 1 (ankBT) e(ﬁ) (11)

1-x n h?

where x denotes the ratio of free charge carriers to the total
number of particles (i.e., free charge carriers and excitons) and
n is the total number of energetic particles.

Hence, regulating the dissociation of excitons at the surface
of a semiconductor into free photo-redox charge carriers may
lower the carrier recombination and increase the number of
hot electrons generated. In this case, many effective strategies
have been reported to achieve effective exciton dissociation
such as creating a donor-acceptor interface, artificially intro-
ducing vacancies in semiconductors, applying an external elec-
tric/magnetic field opposite to coulomb attraction force, intro-
ducing an order-disorder interface, and forcefully doping with
semiconductors.”>’® A different process to modulate dissociate
excitons into free charge carriers has been described to realize
enhanced photocatalytic activity, as shown in Scheme 1.

For example, Wang et al.”” observed augmented hot carrier
generation in heptazine-based melon due to the faster exciton
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Scheme 1 Schematic representation of different processes to modu-
late exciton dissociation to promote photocatalytic activity.
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dissociation at the order-disorder interfaces. DFT simulations
suggested that the ordered chain of heptazine-based melon
has slightly reduced highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO)
energy levels compared to the disordered chain. Fig. 4a shows
electron transfer towards the ordered chains and hole blocking
in the disordered chains, resulting in the separation of the free
hot-charge carriers generated in melon. Subsequently, the elec-
trons in the ordered chains migrate towards the surface to par-
ticipate in the photocatalytic process.

Significant intensity differences in the PL spectra of semi-
crystalline heptazine-based melon (SC-HM) and pristine HM
(Fig. 4b) were observed. Additionally, a blue-shift was observed
in the PL spectrum of SC-HM, which suggests reduced the
population of singlet excitons (S;). The time-resolved photo-
luminescence (TRPL) spectra showed a decrease in lifetime
from 4.75 ns to 1.10 ns for the pristine HM and SC-HM, as
shown in the inset of Fig. 4b, which indicates an enhancement
in singlet exciton dissociation to free hot-charge carriers in
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SC-HM. Moreover, SC-HM exhibited weakened p-type delayed
fluorescence with respect to pristine-HM, representing a
decrease in the triplet exciton concentration, as displayed in
Fig. 4c. Moreover, the inset of Fig. 4c indicates the delayed
fluorescence lifetimes of the pristine HM and SC-HM at
2.43 ms and 1.93 ms, respectively, which indicate an enhance-
ment in the triplet exciton dissociation in SC-HM. Fig. 4d dis-
plays the homojunction-like structure in SC-HM, which pro-
motes electron injection toward the ordered chains, whereas
hole blocking in the disordered chains. This reduces the
charge recombination, consequently facilitating electron
migration toward the surface of the semiconductor for photo-
catalytic processes. Remarkably, low exciton concentrations
may reduce the excitonic interactions, and thus enhance the
dissociation of excitons. According to the Mott-Schottky ana-
lysis, the calculated flat band potential of SC-HM exhibits a
more negative value compared to pristine-HM, which indicates
the improved reduction ability of SC-HM, as shown in Fig. 4e.
The linear sweep voltammetry (LSV) curve showed an enhance-
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Fig. 4 (a) Schematic illustration of charge transfer mechanism in ordered and disordered heptazine-based chains. (b) Photoluminescence spectra

at 300 K (inset: time-resolved PL spectra). (c) PL spectra at 77 K with a 1
and charge transfer in heptazine-based melon. (e) Mott—Schottky curves

ms delay (inset: time-resolved delayed PL spectra). (d) Exciton dissociation
and (f) potential-bias-dependent photocurrent measurements for pristine-

HM (black) and SC-HM (red). Inset: transient photocurrent response. Reproduced with permission from ref. 77. Copyright 2022, the American
Chemical Society. (g) Schematic diagram of (HATCN) doping in monolayer WS,. (h) Schematic presentation of chemical doping-induced exciton
modulation in WS,. (i) Proposed three-energy level model, where G represents the excitation of excitons, k(n) is the generation rate of trions (X7)
from neutral excitons (X) after doping, and I'ex and Iy, represent the decay rates of neutral excitons and trions, respectively. (j) Schematic presen-
tation of charge transfer mechanism between CB of WS, and LUMO of HATCN. Reproduced with permission from ref. 78. Copyright 2018, The Royal
Society of Chemistry. (k) (i—iii) Charge distributions in Ph-CTF, Th-CTF, and DD-CTF and (iv—vi) molecular dipoles for the oligomers of Ph-CTF, Th-

CTF, and DD-CTF, respectively. Reproduced with permission from ref. 79.
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ment in current at negative bias for SC-HM compared to pris-
tine-HM (Fig. 4f). The transient photocurrent spectra indicate
the better stability of SC-HM in comparison to HM (inset in
Fig. 4f). In another example, Tao et al.”® proposed that chemi-
cally doped TMDCs possess remarkable PL due to the presence
of extra electrons, which reduce the bonding of electrons with
excitons (known as trions) through charge transfer from
TMDCs to the dopant chemical. Fig. 4g shows the doping of
p-type hexaazatriphenylenehexacarbonitrile (HATCN) in mono-
layer WS,. Fig. 4h demonstrates the mechanism of doping
HATCN on monolayer WS,. A three-level model was considered
to understand the variation in PL intensity in HATCN-doped
WS, (Fig. 4i). The radiative decay rate of trions is significantly
lower than that of excitons. After doping, the trions in the
doped monolayer WS, can be converted to neutral excitons
through the transfer of excess electrons from the CB of WS, to
the CB of HATCN, consequently generating free charge car-
riers, as shown in Fig. 4j. Zhang et al.”® proposed a unique
approach to modulate the excitonic binding energy via built-in
dipole control in covalent triazine frameworks (CTFs). By inte-
grating several functional groups such as phenyl (Ph), thio-
phene (Th), and 2,3-dihydrothieno dioxine (DD) moieties into
CTFs, the E,, was significantly lowered, which caused the dis-
sociation of excitons, and thus the generation of free charge
carriers. The mechanism behind lowering the binding energy
was supported by DFT calculations, as shown in Fig. 4k.
Notably, a more positive charge distribution was observed in
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the oligomers of Th-CTF and DD-CTF than that of Ph-CTF,
which enhanced the separation of excitons in Th-CTF and
DD-CTF. This promoted the delocalization of the electron
cloud, reduced E, and the excitons became more dissociated
in CTFs. In another approach, Shi et al® investigated the
faster exciton dissociation in bismuth oxyhalides (BiOX, X =
Cl, Br, and I), which further participated in the generation of
singlet oxygen (*O,). Fig. 5a displays the layered BiOX charac-
terized by [Bi,0,]*" and [X,] layers interacting via weak van der
Waals forces.®' BiOX is composed of a tetragonal matlockite
crystalline structure and with an increase in the atomic
number of X, the absorption range of incident photons shifted
from UV light (BiOCl) to red light (BiOI). Remarkably, the
band gap gradually decreased with an increase in atomic
number, as shown in Fig. 5b. The difference between the
mechanisms of the charge transfer process and exciton-
involved energy transfer process was examined based on
photocatalytic activity. Fig. 5¢ demonstrates the charge-carrier-
involved process of photogenerated excited electrons, which
localized in the electron trap state (ETS) and electrons can par-
ticipate in the catalytic process. Additionally, the excitons in
the singlet excited state (S;) may transfer to the triplet excited
state (T;) by intersystem crossing (ISC), which participate in
photocatalytic activity (Fig. 5d).

Xing et al.®® proposed edge grafting in porous ultrathin
tubular graphitic carbon nitride (TCN) using L-cysteine (rc),
which can dissociate excitons into free electrons and holes as
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well as accelerate charge transfer from g-C;N, (CN) to the
active sites (i.e., edge effect). The presence of carboxyl groups
in rc and the hydrolysis of melamine into the supramolecular
precursors resulted in further stacking in the vertical direction
into a 1-D rod-like structure (Fig. 5e). The DFT study revealed
the dissociation of the electronic state and formation of dis-
ordered interfaces, which promote charge transfer to the
surface. The DFT calculations revealed that the LUMO and
HOMO states may have originated from the contribution of
the C-N bond orbital and connection of nitrogen p, orbitals in
bulk CN (BCN), as shown in Fig. 5f and g. Thus, fast charge
carrier recombination may happen due to the availability of
two orbitals states in similar tri-s-triazine. Fig. 5h and i show
the LUMO located in the C-N bond orbitals around the rc
units and HOMO dominated by rc units after introducing
100 mg rc units in TCN (TCN-Lc10), which enhanced the
charge separation, respectively. According to Fig. 5j and k, it
can be concluded that an intermediate band appears in TCN-
Lc10 across the band gap. In contrast, for BCN, the Fermi level
is situated in the mid-band gap, which indicates the presence
of a strong localized charge density around tri-s-triazine.
Recently, the introduction of a donor-acceptor interface in
heptazine-based polymeric g-C3N,, namely BPCN, resulted in a
lower band gap compared to normal polymeric g-C;N, (PCN),
as reported by Xie et al.®® Significantly, the Frenkel exciton
gets relaxed to a charge transfer (CT) exciton due to the cre-
ation of a donor-acceptor interface, and then dissociates to
free charge carriers.®* The Frenkel excitons relax to CT exci-
tons, which provide excess energy to dissociate into free
charge carriers, and the electrons move towards the LUMO of
the acceptor, as shown in Fig. 6a. The exciton dissociation rate
depends on various parameters such as the exciton binding
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energy, dielectric constant of organic materials, LUMO offset
between the acceptor and donor, excitonic Bohr radius and
reduced mass of excitons. In Fig. 6b, a red shift in BPCN can
be observed in the UV-Vis diffuse reflectance spectroscopy
(DRS) measurement, which confirms the lowering of the band
gap of the semiconductor from 2.76 eV to 2.2 eV. Fig. 6¢ dis-
plays the band structures of PCN and BPCN, a donor-acceptor
interface in the polymer system. The exciton binding energy
for both PCN and BPCN can be calculated from low-tempera-
ture PL spectroscopy (Fig. 6d and e, respectively), suggesting
that E;, decreases for BPCN due to the presence of phonon
vibration. Notably, higher O, evolution was observed for BPCN
than PCN due to the generation of a higher number of free
holes in the HOMO of the donor (Fig. 6f). Hence, BPCN
showed a much higher H, evolution and O, production rate
compared to PCN upon visible-light irradiation (Fig. 6g and h,
respectively). This study suggests the advantage of the donor-
acceptor interface in the photocatalytic performance.

Nanda et al.* synthesized CdS-sodium niobate nanorods,
which demonstrated a significant enhancement in photo-
current density (7.6 mA ecm™? at 0.2 V vs. SHE) of ~3 fold
higher than bare sodium niobate nanorods. The PL investi-
gation revealed efficient charge carrier separation across the
lattice-matched heterointerface, which led to enhanced activity
in the hydrogen evolution reaction (HER).®* Qiu et al.®® theo-
retically proved that the exciton band structure contains non-
analytical discontinuities due to the exchange scattering
between electron-hole pairs, as supported by quantum mech-
anics. Sun et al.® employed the many-body perturbation
theory to investigate the excitonic effects in pure and water-
adsorbed g-C;N,. Interestingly, the excitonic energy of g-C3N,
decreased for the P1 buckled configuration (2.7 eV) in com-
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Fig. 6 (a) Frenkel exciton relaxes to charge transfer exciton, which helps

to increase the molecular vibrational energy in the form of phonons, and

then the vibrational energy dissociates the CT exciton. (b) UV-vis DRS and (c) band structures of PCN and BPCN. Temperature-dependent integrated

PL emission intensity (from 80 to 300 K). Inset: PL spectra of (d) PCN and

(e) BPCN. (f) O, evolution rate of PCN and BPCN. (g) O, production with

time and (h) H, production with time. Reproduced with permission from ref. 83. Copyright 2023, Elsevier Publishing Group.
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parison to the high symmetry planar structure (3.8 eV). Chiu
et al.®® successfully demonstrated the surface plasmon reso-
nance-mediated charge transfer via photo-redox hot charge
carriers in Au-modified ZnO nanocrystals, resulting in a sig-
nificant enhancement in visible light-driven photoelectro-
chemical water splitting. They further established the corre-
lation among Au content, SPR-mediated charge transfer and
enhanced photoelectrochemical response due to the gene-
ration of the maximum number of hot carriers.

Also, modulation of the charge dynamics in semiconductor
heterostructures may enhance the photocatalytic activity,
which can be measured by ultrafast laser spectroscopy (transi-
ent absorption spectroscopy, time-resolved PL, etc.) and has
been studied by several groups.®*™! Transient absorption spec-
troscopy (TAS) is a valuable tool for understanding the behav-
iour of photoexcited charges and the TA signals contributed
from excited-state absorption (positive), stimulated emission
(negative), and ground-state bleach (negative) are usually
directly reported as changes in the optical density (OD) of a
photocatalysts. Notably, transient changes in the excited-state
features can be directly observed given that different excited
states have characteristic absorption behaviours. A continuous
kinetic trace from picoseconds to seconds obtained during
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semiconductor photocatalysis represents the processes occur-
ring including charge generation, recombination, and inter-
facial charge transfer. Time-resolved photoluminescence
(TRPL) also plays an important role in understanding the fun-
damental photophysical processes and monitoring the rates of
radiative recombination in semiconductor photocatalysts on
timescales ranging from femtoseconds to seconds.

The modulation of the exciton dissociation by different
strategies reported to date is summarized in Table 1.

2.4 Engineering of vacancies in modulation of excitons

Defect engineering is an efficient approach to tune the optical,
charge separation, and surface properties of semiconductor
materials, which may overcome fast photogenerated charge
recombination and poor light absorption.’'* The effect of the
introduction of vacancies on the photocatalytic properties of
semiconductor materials for photocatalytic hydrogen gene-
ration, CO, reduction and nitrogen fixation applications is
summarized in Table 2. For example, the chemical doping
strategy to modulate the optical properties of TMDCs induces
excess electrons, which promote the formation of electron-
bound trions. Further, the number of trions is reduced
through charge transfer from TMDCs to the chemical dopant,

Table 1 Summary of segregation of excitons by different strategies for photocatalysis

Material Process of dissociation of exciton Photocatalytic application Ref.
Perylene monomimide chromophore Coupling between chromophores H, production 92
Monolayer of WS, Phenylenehexacarbonitrile doping — 78
Graphitic carbon nitride Edge effect-modulation by edge grafting of tuneable H, production 82
L-cysteine units
Heptazine-based melon Order-disorder interfaces — 77
Covalent triazine frameworks Phenyl, thiophene, and 2,3-dihydrothienodioxine in CFT ~— 79
via built-in dipole control
CdS-sodium niobate nanorod Lattice matched heterointerface Water splitting 85
Polymeric carbon nitride Introducing triazine-heptazine junctions Water splitting 93
2D porphyrin-based conjugated polymers Tailoring the binding energy of excitons CO, reduction 94
Pyrene, dibenzo[b,d]thiophene 5,5-dioxide, Donor-r-acceptor structures H, and O, evolution reactions 95
and diethynyl benzene
2-C3N, g-C3N, modified with cyano group to promote electron — 96
storage ability
2-C3N, Introducing structural defect H, evolution and H,0, 97
generation
2-C3N, Enhanced electron accumulation capacity H, production 98
Ultrathin porous g-C3N, Heterostructure formation with boron nitride quantum O, activation 99
dots
2-C3N, Introducing oxygen-substitution O, activation 100
Covalent organic framework Regulating dielectric constant H,0, and reactive oxygen 101
species generation
Rose flower-like carbon nitride Heterojunction with biomass-derived carbon dots H,0, production 102
TiO, Formation of heterojunction with black phosphorous H, production 103
quantum dots
Carbon nitride Edge- and bridge-engineering H, production 104
Fe,03-PrFe0;/g-C3Ny Double Z-scheme heterojunction H, evolution 105
Carbon nitride Modulating local charge distribution Ammonia production 106
Carbon nitride Construction of K' ion gradient — 107
Porous g-C3;N, P-doping H, production 108
Phosp