Published on 31 2023. Downloaded on 14.07.2025 07:08:04.

Nanoscale

REVIEW

{ M) Check for updates ‘

Cite this: Nanoscale, 2023, 15, 10939

Received 7th May 2023,
Accepted 31st May 2023

DOI: 10.1039/d3nr02116e

rsc.li/nanoscale

1 Introduction

7® ROYAL SOCIETY
P OF CHEMISTRY

View Article Online
View Journal | View Issue

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
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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
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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

— D olE, ~ ) (®)

g(E)

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

View Article Online

Review

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

View Article Online

Nanoscale

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
Phosphorylated BiOBr Interfacial electrostatic field H, production and molecular 109
oxygen activation
Heptazine-based melon Defect engineering O, activation and chlorobenzene 110
degradation
Selenium- and cyanamide-functionalized Introducing biomimetic donor-acceptor motifs Hydrogen evolution 111

heptazine-based melon
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Table 2 Summary of the separation of excitons by creating vacancies
in photocatalysts

Type of vacancy to Photocatalytic
Material dissociate excitons application Ref.
BiOBr O, vacancy O, activation 117
BiOCl O, vacancy CO, conversion 118
g-C3N, N, vacancy CO, reduction 119
WS, S vacancy — 120
Bi,4031Bryo Bi vacancy Cr reduction 121
WO, o/ O, vacancy — 122
g-C3Ny
2-C3N, C-Vacancy CO, reduction 123
PbBiO,Br O, vacancy CO, conversion 124
ReS, S vacancy CO, reduction 125
TizC, T,/ C-vacancy CO, conversion 126
g-C3Ny
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Scheme 2 Schematic representation of the effect of different types of
vacancies on excitons.

which is an effective strategy to tune the optical properties via
exciton modulation, making TMDCs useful semiconductor-
based photonic materials. A series of reports highlighted the
role of vacancies in low-dimensional materials in their photo-
catalytic activity, where the coulomb attraction between elec-
trons and holes becomes high, consequently reducing the cata-
lytic activity for hydrogen and oxygen generation. The
vacancies create free photogenerated charge carriers and affect
the dissociation of excitons to promote the catalytic activity
(Scheme 2).

He et al'"® demonstrated a single atomic sulphur (S)
vacancy-induced spin polarization electric field (PEF) in CdS
NRs, which increased the spatial charge separation and direc-
tional charge transfer to the surface redox sites. When S
vacancies (S,) are created, they break the centrosymmetry,

This journal is © The Royal Society of Chemistry 2023
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which introduces a net polarization in the unit cell.
Consequently, the free electrons in the opposite direction of
the coulomb attraction force between electrons and holes may
increase the energy of photogenerated charge carriers. Then,
the charge carriers can travel from the bulk phase to the
surface redox sites, and the recombination rate also decreases.
Consequently, the positive and negative charge carriers
migrate in opposite directions and participate in the water
splitting reaction.

Fig. 7a shows the process for the fabrication of CdS nano-
rods via a simple hydrothermal process, followed by anaerobic
heat treatment at different temperatures from 700 °C to
900 °C, which forms S vacancy-containing CdsS, denoted as Sv-
CdS1, Sv-CdS2, and Sv-CdS3. In Fig. 7b, it can clearly be
observed that the S and Cd atoms are staggered, whereas the
intensity of the Cd and S atomic columns has no noticeable
change with respect to distance in the bulk or on the surface
of CdS NRs. In the case of Sv-CdS2, the intensity measurement
showed very small differences in the intensities of the Cd atom
columns, while that of the S atom intensities was very low at
the surface compared to the bulk (Fig. 7c¢), which represents
single-atomic S-vacancy CdS. Regarding Sv-CdS3, a few S atoms
and Cd atoms separate from both the surface and bulk phase,
which determine the multiatomic vacancies of Cd-S, as shown
in Fig. 7d. To further understand the enhancement in catalytic
activity, the Hall effect measurement indicated that the Sv-
CdS2 NRs have higher Hall mobility and much higher carrier
concentration (11- and 34-times) than pure CdS NRs, respect-
ively. Remarkably, Sv-CdS2 satisfied the maximum -criteria
compared to the other compositions, including the conduc-
tivity of charge carriers, as shown in Fig. 7e. This was further
supported by transient PL emission spectroscopy, which
showed a lower intensity (Fig. 7f) and UV-Vis DRS showed a
red-shift in Sv-CdS2, indicating lowering of its band gap, as
calculated from the Tauc plot (Fig. 7g and inset). A similar
trend was obtained in the photocurrent measurement, with a
higher current density for Sv-CdS2 than the other compo-
sitions (Fig. 7h). Hence, single atomic S-vacancy-induced PEF
in Sv-CdS is efficient for photo-redox activity. Moreover, the
introduction of oxygen vacancies in layered low-dimensional
bismuth oxyhalides can favourably enhance the dissociation of
excitons into free photogenerated charge carriers given that
oxygen vacancies manipulate the band-edge charge density
near the VB and CB, as proposed by Wang et al.'** Fig. 8a illus-
trates the delocalization of charge density of Br atoms by
O-vacancies (VB-edge charge density mainly dominated by O
and Br atoms) at the edge of VB. In contrast, the CB-edge con-
tained the dominant disordered charge distribution by Bi
atoms around the O-vacancies, as shown in Fig. 8b.
Particularly, Fig. 8c implies the dependency of the band edge
charge density on the distance of Bi, O, and Br from the
O-vacancies. With a decrease in the distance between the
atoms and O-vacancies, the band edge charge density
increased rapidly except for O atoms, indicating that the
exciton stability became weak for BiOBr. The fluorescence
spectra of BiOBr and BiOBr with O-vacancy at room tempera-
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ture (300 K) and low temperature (8 K) showed a blue shift in
the second peak (from 610 nm to 570 nm) for BiOBr with
O-vacancy because of the reduced exciton-phonon interaction
at low temperature (Fig. 8d and e, respectively). The mecha-
nism of O-vacancy-induced exciton modulation is schemati-
cally presented in Fig. 8f. After the formation of excitons in the
bottom of the CB, the excitons transfer to an intermediate
state called the exciton-mediated trap state. Then, the excitons
transfer to the O-vacancy-mediated trap state, where the exci-
tons dissociate into free charge carriers, which further partici-
pate in the photocatalytic reaction.

Song et al."'® established exciton dissociation by introdu-
cing carbon vacancies (V) in the TizC,T,/Vc-CN 2D/2D hetero-
structure. Zhang et al''® investigated the band structure
modulation of g-C3N, by introducing nitrogen vacancies
through the thermal polymerization of urea. Wang et al.''’
reported the formation of excitons in the CB of the hetero-
structure after visible light irradiation, which further trans-
ferred to the intermediate state called the exciton-mediated
trap state. Then, these excitons transfer to the Vc-modified
trap state, where the excitons are relaxed to the defect state, as
shown in Fig. 8g. The introduction of nitrogen and carbon

10950 | Nanoscale, 2023, 15,10939-10974

defects in g-C3N, is shown in Fig. 8h, which can modify the
electron distribution, enhancing the energy disorder and
exciton dissociation. This indicates the formation of free
charge carriers and reduces the electron-hole recombination
rate. Nitrogen vacancies may capture and dissociate excitons at
the energy disordered area. Further, dissociated electrons may
raise the Fermi energy (Eg), which causes the CB to move to a
negative potential, and due to the confinement effect, the VB
potential also becomes more positive, which in turn alters the
band gap of N, vacancy-modified g-C;N,. Fig. 8i shows the
EPR spectra of different types of g-C;N, from precursors such
as CN-ml (melamine), CN-th (thiourea) and CN-ua (urea).
Notably, CN-ml and CN-th have a strong EPR peak due to the
presence of an unpaired sp> electron, whereas no EPR signal
was observed for CN-ua due to the reduced unpaired electron
density. It was proposed that the presence of several amino
groups in CN-ml may facilitate the recombination process,
which reduces the charge separation (Fig. 8j). However, for the
other two materials (CN-th and CN-ua), the presence of NVs
(nitrogen vacancies) facilitated the separation of excitons into
free holes and electrons, leading to an upshift in the Fermi
level. In fact, the more positive potential of the VB in low-

This journal is © The Royal Society of Chemistry 2023
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Fig. 8 (a) and (b) VB and CB edge charge density of O-vacancy BiOBr. (c) VB edge charge density (N,)/CB edge charge density (N.)? vs. distance of
the atoms from O-vacancy distribution curve. (d) and (e) Photoluminescence spectra of BiOBr and O-vacancy BiOBr at room temperature (300 K)
and low temperature (8 K), respectively. (f) Schematic mechanism of exciton transfer from CB edge to O-vacancy-mediated trap state through
exciton-mediated trap state. Reproduced with permission from ref. 114. Copyright 2018, the American Chemical Society. (g) Mechanism of exciton
transfer and traps in 2D/2D heterostructure. Vc-CN indicates carbon vacancy-containing CN. (h) Carbon vacancy implementation in g-C3sN,.
Reproduced with permission from ref. 115. Copyright 2022, Elsevier Publishing Group. (i) EPR spectra of g-C3N,. (j) Schematic diagram of the exci-
tonic dissociation by N, vacancies. Reproduced with permission from ref. 116. Copyright 2020, Elsevier Publishing Group.

dimensional semiconductors is due to the quantum confine-
ment effect and the broader band gap with strong redox
ability.

2.5 Heterostructure engineering

One of the important factors that restricts the overall efficiency
of water splitting and photo-reduction of CO, and N, is the
faster recombination of excitons (~107° s) compared to elec-
tron diffusion to the surface reaction sites of the photocatalyst
(107%-107" 5)."*” Furthermore, it is unlikely that a single photo-
catalyst will satisfy the two critical parameters, i.e., wide light-
absorption range and strong redox ability. Thus, to tune these
intriguing elemental processes, the design of heterojunction
photocatalysts has been explored. The hetero-junction imparts
synergistic properties including high absorption coefficient in
the visible light range, high charge carrier mobility, and high
dielectric permittivity (diminishes the charge separation dis-

This journal is © The Royal Society of Chemistry 2023

tance at the interface), arising from both semiconducting com-
ponents. Consequently, this leads to enhanced charge separ-
ation at the hetero-interface and reduces the recombination
probability. The detailed strategies explored for these reactions
are discussed in detail in the following section. The band
energy alignment at the interface of two semiconductors is the
foundation for the formation of a heterostructure. The result-
ing heterostructure photocatalysts can achieve excellent photo-
catalytic efficiency due to the selection of suitable materials,
which allow the efficient separation of excitons and broaden
the spectral range of light absorption.'?®'*° Heterojunctions
are formed between the interface of two semiconductors
having an unequal band structure, which upon contact realizes
band alignment. Fig. 9 shows a heterostructure semiconductor
(such as conventional heterojunction, p-n heterojunction and
Z-scheme heterojunction) having an intimate interface and
with a larger surface area between its constituent, resulting in
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efficient exciton separation and charge transfer across the
interface, which leads to an enhancement in photocatalytic
conversion.”*>*3! Conventional heterojunctions can be classi-
fied as straddling heterojunction (Type-I), staggered hetero-
junction (Type-II), and broken heterojunction (Type-III). To
identify the type of heterojunction, first the VB and CB posi-
tion must be identified. The heterojunction type can be deter-
mined based on the knowledge of the relative CB and VB
positions.

2.5.1 Type-1 heterojunction. In Type-I semiconductor
photocatalysts, the band gap of semiconductor 2 is between
the band gap of semiconductor 1, and consequently the photo-
carriers (excitons) migrate to the same semiconductor
(Fig. 9a). However, this is not conductive to exciton separation,
and thus Type-I semiconductors are less reported.’*® Fan
et al."*® reported the synthesis of a heterostructure of g-C;N,
with OV-In (OH); via a precipitation growth method. The as-
prepared heterostructure showed excellent photocatalytic nitro-
gen fixation. g-C;N,/y-Ga,0;"** and MoS,/C-ZnO"® are
examples of Type-I semiconductors.

2.5.2 Type-Il heterojunction. In Type-II semiconductor
photocatalysts, both the CB and VB of semiconductor 1 are
above the bands of semiconductor 2 (Fig. 9d). This type has
the opposite migration of excitons, which results in the con-
finement of photogenerated electrons and holes in semi-
conductor 2 and 1, respectively, and consequently the better
separation of excitons to participate in redox reactions.™*® Liu
et al."* first reported the preparation of a TiO,@C and g-C;N,
heterojunction of MXene derivatives (Fig. 10a). Its ammonia
output under visible light irradiation reached as high as
250.6 umol g~' h™". Given that TiO, has more positive CB and

10952 | Nanoscale, 2023, 15, 10939-10974

VB positions than g-C;N,, the photogenerated electrons
migrated from the CB of g-C3N, to TiO,, while the photogene-
rated holes in the VB of TiO, transferred to g-C;N, (Fig. 10b),
and eventually the separation efficiency of excitons improved.
The major active sites, i.e., the thermally generated Ti** states
from the Ti;C,T, MXene, captured the photoexcited electrons,
when they were transferred to TiO,. In Type-II heterojunction
photocatalysts, the N, reduction and O, evolution processes
occur on the semiconductor with lower reduction and oxi-
dation potentials, respectively, significantly decreasing their
redox capabilities. Thus, to address the electron-electron
repulsion, which will obstruct the charge transfer and separ-
ation, the NRR must quickly consume electrons. In this
context, heteroatom doping or the addition of surface
vacancies and defects can be performed to increase the
number of active sites and specific surface area for the adsorp-
tion, activation, and reduction of N,.

2.5.3 p-n junction. The p-type semiconductor in p-n het-
erojunctions has an Er close to the VB, while the n-type semi-
conductor has an Eg close to the CB (Fig. 9b). The Fermi levels
of both semiconductors are incrementally approached until
becoming equal after they contact and generate an internal
electric field. This is due to the difference in electron gain and
loss ability of p- and n-type semiconductors as well as the
diffusive migration of electrons and holes. Upon illumination,
photogenerated electrons and holes migrate to the CB of the
n-type semiconductor and VB of the p-type semiconductor,
respectively, at the p-n heterojunction.”*® For example, Wang
et al.'*® successfully synthesized TiO,/BiOBr p-n heterojunc-
tion catalysts via the in situ growth technique, which showed
outstanding photocatalytic nitrogen fixation activity with the

This journal is © The Royal Society of Chemistry 2023
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NH; production of 1.43 mmol ¢~* h™", around 4-times greater
than that of pure BiOBr, and strong cycling stability.'*® Other
p—n junction photocatalysts have been also reported for water
splitting and CO, and N, reduction such as Cu,O/CN,"*!
Ni;V,0g/g-C5N,, ** Cu,0/PPy,"*° and ZnO/PDPB." #3714

2.5.4 Z-scheme heterojunction. Z-scheme heterojunctions
are composed of two semiconductors, i.e., photosystem I (PS I)
and photosystem II (PS II), and a conducting medium. These
heterojunctions can be broadly categorised as conventional,
all-solid-state, and direct heterojunctions.'*®**” In convention-
al heterojunctions, there is no contact between the two photo-
systems, as shown in Fig. 9e. However, the use of the free
redox ion pairs (such as Fe**/Fe*", and 10°*/I) can effectively
separate the electron-hole pairs (excitons) and improve the
redox ability."*>"*® Song et al."*® fabricated Fe-MoS,@C-TiO,
all-solid-state Z-scheme heterojunction catalysts for photo-
catalytic nitrogen fixation. The comparison of the Z-scheme
heterojunctions with p-n heterojunctions (Fig. 9d and e)
showed that the Fe-doped MoS, nanostructure supplies more
active sites, which contribute to the improved performance of
the Z-scheme heterojunction. Direct Z-scheme structures are
formed by direct contact between the two photosystems (PS-I
and PS-II), as shown in Fig. 9f. Direct Z-scheme heterojunc-
tions are frequently utilized for photocatalytic redox reactions
and solar to fuel conversion application due to the efficient
charge separation with powerful redox active sites.

2.5.5 S-scheme heterojunction. Two semiconductors with
different Er converge to equilibrium after merging in p-n het-
erojunctions and S-scheme heterojunctions (Fig. 9c), respect-

This journal is © The Royal Society of Chemistry 2023

ively, resulting in the development of an internal electric field
at the contact surface. Nguyen et al.'*® synthesized zinc oxide/
zinc stannate/carbon dot heterostructures (ZnO/ZnSnO3z/CDs)
via the hydrothermal method with an S-scheme structure.
These materials were used to study the NRR, and the creation
of the heterojunction increased their catalytic performance by
11.5- and 2.1-times compared to ZnO and ZnO/ZnS, respect-
ively. The internal electric field causes the migration of carriers
after being stimulated by light energy. Among the various
types of heterojunctions, the S-scheme heterojunction has
emerged most recently."*°

3 Role of excitons for solar fuel
generation
3.1 Water splitting

Water splitting into hydrogen (H,) and oxygen (O,) using solar
energy is exceedingly valuable given that it is an environment-
friendly energy source; however, the complexity of the involved
multi-electrons remains a major challenge.”®™**® The total
quantum yield of free charge carriers is governed by electron—
hole pair separation and depends on the nature of materials.
In the case of inorganic semiconductors, the formation of het-
erojunctions and forceful introduction of vacancies increase
the entropy of the system and help to dislocate the excitons to
free photo redox charge carriers, which participate in the H,
evolution reaction. Due to the low dielectric constant of
polymer system, they exhibit a high exciton binding energy. To
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regulate excitons, several structural factors need to be intro-
duced for the dissociation of excitons in the energy trap state,
which participate in the water redox reaction and produce H,.
Previously in photocatalytic solar fuel generation, most of the
work considered the role of free electrons and holes (ie.,
charge transfer mechanism), where triplet oxygen (*0,) is con-
verted into superoxide radical (0,>”) by combining with free
electrons. However, the contribution of excitons is unavoidable
for low-dimensional systems, and exciton-mediated energy
transfer should be considered. The energy transfer process
may be dominated by excitons and >0, converted into
10,.1%¢7158 The relevant discussion on two mechanisms based
on energy transfer and charge transfer is included in the fol-
lowing section.

3.1.1 Photocatalytic water splitting by exciton dissociated
charge transfer mechanism. Guan et al'®® experimentally
proved the boosting of H, production in a black phosphorus
(BP) quantum dot (QD)/TiO, heterojunction by enhancing the
exciton dissociation. The driving force originating from the
energy difference between the CBs is the main reason for the
dissociation of excitons in the BP/TiO, heterojunction. The
experimental results indicated enhanced catalytic activity for
the BP/TiO, heterojunction (112 pmol g~' h™" H, evolution),
whereas TiO, demonstrated 47 pmol g~ h™ under full spec-
trum illumination, as shown in Fig. 11a. Fig. 11b indicates H,
evolution under visible light with a 420 nm cut-off filter, where
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the BP/TiO, heterojunction showed 46 pmol g~' h™". In the
DRS measurement, the BP/TiO, heterostructure exhibited
absorption both in the ultraviolet and visible light regions,
whereas bare TiO, only absorbed in the ultraviolet region,
implying lowering of the band gap for BP/TiO,. This suggests
the efficient visible light absorption of the heterostructure
compared to TiO, (Fig. 11c).

As shown in Fig. 11d, the TRPL measurement showed that
the BP/TiO, heterojunction has a longer lifetime (3.5 ns) than
TiO, (2.7 ns). This suggests a longer time for the existence of
photo-redox carriers together with a greater opportunity for
the dissociation of excitons. The current density vs. time (I-¢)
(Fig. 11e) showed a nearly 2.4-times higher current density for
BP/TiO, than the pristine TiO,, indicating a higher concen-
tration of charge carriers and greater charge carrier mobility.
Moreover, the electrochemical impedance spectroscopy (EIS)
measurement (Fig. 11f) showed a lower charge transfer resis-
tance for the heterostructure, which denotes an enhancement
in carrier separation. Fig. 11g displays that the work function
of TiO, is higher than that of the BP QDs, and thus charge
transfer may happen from BP to TiO, after the formation of
the heterostructure. The contact angles of TiO, and BP/TiO,
are 39° and 28°, respectively, which suggest that a decrease in
the contact angle enhanced the hydrophilicity of the catalyst,
and hence BP/TiO, can be useful for proton adsorption on its
surface (Fig. 11h). Fig. 11i displays the charge transfer mecha-
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nism of the heterostructure. After the formation of the hetero-
junction, electron transfer may occur from the CB of BP to the
CB of TiO, due to the low work function of the BP QDs.
However, due to the strong coulombic attraction between
them, electron-hole excitons may be formed, which also dis-
sociate because of the internal driving force (difference
between the work function of the two materials). The internal
driving force is higher than the exciton binding energy and
allows electron transfer from the CB of BP to the CB of TiO,.
These electrons further participate in the proton reduction
reaction for hydrogen evolution. Pan et al.'® proposed that the
introduction of triazine-heptazine in polymeric CN (PCN) (also
called melon) enhanced the separation of excitons. They com-
pared the catalytic performance of H-CN (heptazine-based
melon) and TH-CN with varying amounts of H-CN such as
TH-CN-1 (3 g), TH-CN-2 (1.5 g), TH-CN-3 (0.2 g). The EPR
measurement (Fig. 12a) showed that TH-CN-2 exhibited the
highest intensity peak among the compositions, indicating the
maximum concentration of free charge carriers, which makes
it suitable for application in photocatalysis. The UV-Vis absorp-
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tion spectra (Fig. 12b) showed a slightly red-shift in the intrin-
sic absorption of TH-CN-2 compared to pristine H-CN, indicat-
ing a decrease in the band gap and T-CN (triazine CN). The
fluorescence spectra (Fig. 12c) demonstrated a peak at around
455 nm, indicating the recombination of excitons. Fig. 12d
shows the time-resolved photoluminescence (TRPL) spectra,
where the TH-CN-2 excitons have a shorter lifetime (2.9 ns)
than that of H-CN (3.6 ns), implying that the exciton dis-
sociation is much faster in TH-CN-2 than H-CN. EIS (Fig. 12e)
showed that the charge transfer resistance is much smaller in
the complex than the pristine material, enhancing the charge
transfer. Also, a similar trend was obtained in the photo-
current measurement (Fig. 12f) curve, where TH-CN-2 exhibi-
ted a much higher current density compared to H-CN at the
same applied potential, implying the generation of hot free
charge carriers at the triazine-heptazine junction by the built-
in electric field. In the temperature-dependent PL spectra (low
temperature measurement) (Fig. 12g and h), it can be observed
that the exciton binding energy decreases from 64 meV to
48 meV, which suggests an increase in singlet exciton dis-
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(a) EPR spectra of T-CN and TH-CN-x. (b) UV-Vis optical absorption and (c) PL spectra of H-CN and TH-CN-x. (d) TRPL profiles of H-CN

and TH-CN-2. (e) EIS of pristine H-CN and TH-CN-2. (f) Transient photocurrent of pristine H-CN and TH-CN-2. PL emission of (g) H-CN and (h)
TH-CN-2. (i) Comparison the amount of gas evolved of different samples. (j) Comparison of gas evolution of TH-CN at different salt-melt tempera-
tures varying from 360 °C-550 °C. (k) Photocatalytic overall water splitting rate of H-CN-no salts-vacuum, H-CN-LiCl/KCl-N, and TH-CN-2. (l)
Wavelength dependence water splitting of TH-CN-2 photocatalyst. Reproduced with permission from ref. 160. Copyright 2021, the American

Chemical Society.
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sociation into hot free charge carriers. The reduction in the
excitonic binding energy can be linked to the H, and O, evol-
ution performance, where H-CN-2 showed the maximum gas
evolution (Fig. 12i) under visible light, which is 34 times
higher than that of H-CN. With an increase in the salt-melt
temperature from 360 °C-550 °C (Fig. 12j), the gas evolution
decreased due to the transformation of the structure from hep-
tazine to triazine. In contrast, the gas evolution significantly
decreased in the case of H-CN post-calcined in the absence of
salt or vacuum (Fig. 12k). Fig. 121 displays the dual plot of gas
evolution of TH-CN-2 at different wavelengths of light and the
UV-Vis DRS data. This suggests that with an increase in
absorption, the gas evolution also increases due to the
maximum number of hot charge carriers generated at a par-
ticular wavelength of light irradiation.

It was reported that single atomic S vacancy-induced PEF in
Sv-CdS-2 contributed the highest free charge carrier density,
charge mobility and high photocurrent. Fig. 13a shows the
photocatalytic H, evolution measurement, where Sv-CdS-2 has
the highest catalytic performance, which is nearly 53-times
higher than that of the pristine CdS. Fig. 13b illustrates the
gas evolution performance with the vacancy content (%),
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produce the minimal amount of H, given that they weaken the
PEF, which cannot prevent electron-hole recombination. Sv-
CdS-2 had a much higher gas evolution rate compared to other
semiconductor (such as graphene and MoS,) heterostructures
with CdS, as shown in Fig. 13c. By increasing the incident
photonic wavelength, the H, evolution rate decreased due to
the fast charge recombination rate, which reduced the photo-
redox charge carrier density (Fig. 13d). Fig. 13e shows that CdS
and Sv-CdS-3 do not exhibit any catalytic activity at a wave-
length greater than 420 nm due to the fast rate of charge
recombination and presence of multiatomic S vacancies.
Surprisingly, Sv-CdS-1 and Sv-CdS-2 displayed H, and O, evol-
ution (efficiency ratio of H,/O, of ~ 2: 1) activity, and Sv-CdS-2
with the optimal S vacancy-induced spin PEF showed a much
higher overflow efficiency for H,/O,.

Liu et al.'® proposed a donor-acceptor (D-A) interaction-
based COF to regulate excitonic effects by dissociation into
high lifetime-induced free photo-redox charge carriers.
Fig. 14a displays the synthesis of benzobisthiazole-bridged
COFs with adjustable D-A interactions through the acid-cata-
lysed Schiff-base reaction between the donor unit Tz (benzo
[1,2-b:4,5-d] bisthiazole-2,6-diamine) and the acceptor unit

suggesting that the multi-atomic S vacancies in Sv-CdS-3 BTA (1,3,5-benzenetricarboxalde-hyde derivatives) benzo-
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(a) H, generation of CdS and Sv-CdS under visible light irradiation (1 > 420 nm). (b) Correlation between S vacancy concentration and H,

generation rate. (c) H, evolution efficiency comparison under 2 > 420 nm irradiation. (d) H, generation of CdS, Sv-CdS-2, and 1 wt% Pt/CdS under
irradiation at different wavelengths. (e) Overall H,O splitting efficiency for CdS and Sv-CdS. Reproduced with permission from ref. 113. Copyright

2021, the American Chemical Society.

10956 | Nanoscale, 2023, 15,10939-10974

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d3nr02116e

Published on 31 2023. Downloaded on 14.07.2025 07:08:04.

Nanoscale

View Article Online

Review

(d) — s Tz-COF-3

. — T2-COF-1 A
e T ‘\ — T2-COF-2 2 20{ o TzCOF2
Loon A -~ \ T2.COF-3 E T2.COF-1
" - L 3 \ c 15
onc oo v ] \ s
¥ TzCOF1 o e \ g
o = 3 \ 310
~ e w \ ®
L H ~
& i s ¥ \ = 55 . ’
19 5 P 5 N " -~ .
VoMo (3 oMyt e = SUN—— 00 -
N, ) S
o R - 300 400 500 600 700 800 900 1000 (e) ¢ 1 2 3 4 &
T oo - T2-COF-2 e-h+ _Exciton c Wavelength (nm) Time (h)
Ny S ol ol Dissociation cB 60 702
NH; Acceptor A = b , %’ = ?(gg;g =
& pe ' - _ X 50 24 B ) 60
Donor e e v e h‘ & -0.53V 040V 036V ?E, T2-COF-1 I
Ot oMy W 57 Ry @ g 40 | "
2 B HM: o 40
® 3 2
S 2354V 215eV 196 eV = ; 308
= 1 S
- T2-COF-3 s g2 %
o Lo g N 2 . i
o’ p oo g 3 ,| HE 175V 160V 3 10 , 10
W s b a ~
Qo amts Tz.COF-1  Tz-COF-2 TzCOF3 <+ o ! 0o X
R alve Mass Activity Specific Activity

Fig. 14 (a) Synthesis of Tz-COFs with adjustable D—A interactions. (b) UV-Vis DRS spectra of Tz-COFs. (c) Band structure of Tz-COFs. (d) Time-
dependent H, evolution of Tz-COFs. (e) H, evolution rates of Tz-COFs. Reproduced with permission from ref. 161. Copyright 2022, the American

Chemical Society.

bisthiazole-bridged COFs. Notably, the increasing number of
hydroxyl groups on BTA allow the formation of more ketoena-
mines with strong electron-accepting ability, which further
enhance the D-A interactions. The UV-Vis DRS spectra showed
a lower band gap in Tz-COF-3 due to the maximum number of
carbonyl groups compared to the other compositions, which
enhanced the D-A interaction in the COF, as shown in
Fig. 14b. Consequently, the amount of free carriers increased,
which further indicates that the magnitude of the flat band
potential is lower in Tz-COF-3. The calculated E¢ (vs. reverse
hydrogen electrode) values are —0.53 V, —0.40 V, and —0.36 V
for Tz-COF-1, Tz-COF-2, and Tz-COF-3, respectively. Thus, the
CB is more negative for all three sample than required for H"
to generate H,, indicating that all the samples can be applied
for water splitting. A schematic of the band diagram for all the
materials is shown in Fig. 14c, confirming that the band gap
becomes narrower on going from Tz-COF-1 to Tz-COF-3.
Subsequently, the gas evolution rate is the highest in Tz-
COF-3, where the H, generation linearly increased with time
(Fig. 14d). Also, the Ej, is the lowest for Tz-COF-3, indicating
the higher dissociation of excitons and increase in the drift vel-
ocity of photo-redox charge carriers, which further participate
in redox reactions. It is evident in Fig. 14e that the H, evol-
ution of Tz-COF-3 is nearly 3-times higher than that of Tz-
COF-1.

3.1.2 Photocatalytic water splitting by excitonic energy
transfer mechanism. Given that excitons also act as dominant
photoinduced energy species, the excitonic energy transfer
also needs to be considered in low-dimensional semi-
conductors for photocatalytic activity. Exciton energy transfer
is crucial for understanding the quantum efficiency of semi-
conductors, which can be described via two mechanisms,
namely, Forster energy transfer (FRET) and Dexter energy
transfer.'®>™'®! FRET is a non-radiative energy transfer process,
which enables the long-range hopping of excitons in donor-

This journal is © The Royal Society of Chemistry 2023

acceptor systems. Dexter energy transfer involves the transfer
of excitons from the donor to acceptor due to the hopping of
electrons, which is facilitated by the exchange interaction. The
wavefunctions of both the donor and acceptor must overlap in
Dexter energy transfer.'®>'®® Hence, due to the overlapping
electron clouds in the donor and acceptor materials, excitons
may diffusively hop from one material to the next without a
change in spin. Particularly, Forster energy transfer occurs
over a large distance compared to Dexter energy transfer. For
example, the typical distance range for FRET is around 100 A,
whereas that for Dexter energy transfer is around 10 A. All the
excitonic energy transfer processes follow the above-mentioned
mechanisms to generate reactive oxygen species (ROS) for
photocatalytic solar fuel generation. Ding et al.®” investigated
singlet oxygen production for molecular oxygen activation by
regulating the reaction time of BiOBr. At different solvo-
thermal reaction times, different vacancies such as single
oxygen vacancies (V;'), which mainly form at the surface, and
double-atom defect cluster ((Vy;V;')) and triple-atom defect
clusters (Vg V3 Vg and V;, Vi Vi) at the subsurface and bulk of
the BiOBr, respectively, as shown in Fig. 15a. To study the
effect of defect clusters on the relaxation of excitons, steady-
state PH spectra were measured, as displayed in Fig. 15b, indi-
cating the robust formation of triplet excitons in the V;, Vg Ve
cluster-associated BiOBr compare to the V,;V; cluster-associ-
ated BiOBr. The energy diffidence between the singlet and
triplet states (AEgy) is measured based on the difference
between steady-state PL and phosphorescence (PH), as shown
in Fig. 15c¢, indicating that the V;, V,;V:" cluster-obtained BiOBr
has a smaller energy difference compared to Vi V..

The triplet to singlet molecular oxygen activation is gov-
erned by the ISC rate. According to the Franck-Condon prin-
ciple, the ISC rate between the singlet and triplet excited sates
depends on AEgy and the spin-orbit coupling (SOC) between

the spin-orbit coupling states. Thus, the small AEsr and large
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SOC of the V;, ViV cluster-containing BiOBr promoted the
ISC process, which enhanced the generation of singlet mole-
cular oxygen (0, — '0,), as illustrated in Fig. 15e."*® Wang
et al.'® investigated the photocatalytic H, evolution through
the generation of 'O, in g-C3N,. The H, evolution rate sharply
decreased from 6.7 pmol h™ to 0.4 pmol h™ due to the

addition of 2-bromoethanol to g-C;N, (Fig. 16a).

Electron spin resonance (ESR) measurement for both
ethanol and 2-bromoethanol in the presence of 5,5-dimethyl-1-
pyrroline-N-oxide was performed (DMPO, as a trapping agent
of superoxide radicals, "O,7), where the signal corresponding
to the generation of DMPO-OOH suggests the production of
‘0,7, as shown in Fig. 16b. The ESR signal showed the typical
1:1:1 triplet using a mixture of 2,2,6,6-tetramethylpiperidine

(a)

(b)

TEMP+g-C N, water +
/‘ [‘ /‘ 2-bromoethanol
water+ethanol
blank
106G

DMPO+g-CN, —
methanol
W

Fig. 16 (a) Photocatalytic H, generation on g-C3N4. (b) DMPO and (c) TEMP superoxide radical-trapped ESR spectra of g-CzN, in different solu-
tions. (d) Schematic representation of energy and charge transfer mechanism for photocatalysis application. Reproduced with permission from ref.

169. Copyright 2017, The Royal Society of Chemistry.
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(TEMP) and g-C3;N, (Fig. 16c¢). This confirmed the generation
of 'O, molecules in the photocatalytic process. The photo-
catalytic performance in the presence of 2-bromoethanol
suggested the formation of triplet-triplet annihilation, which
consumed the excitons (Fig. 16d). Yu et al.'” investigated the
boosted generation of ROS by modulating the excitonic effect
in COFs for photocatalysis. Porphyrinic COFs, mainly DhaTph,
have a strong excitonic effect due to their low dielectric con-
stant, where 'O, can be generated via energy transfer from the
triplet excited state to ground sate triplet oxygen species. After
the modification of a COF with a metal organic framework
(MOF), specially NH,-MIL-125, the photocatalytic activity
improved due to the free charge carrier generation from
exciton dissociation. Fig. 17a shows the schematic mechanism
for the generation of 'O, in DhaTph via a photoinduced exci-
tonic charge transfer process. Prompt fluorescence (PF)
measurement of both DhaTph and M@DhaTph showed that
the PF intensity of M@DhaTph is lower than that of DhaTph
(Fig. 17b). This indicates low charge carrier recombination in
M@DhaTph and high radiative decay of singlet excitons in the
DhaTph system. Fig. 17c and d show that the PF intensity in
DhaTph and M@DhaTph at 77K is higher than that at 298K
due to the high decay of concentrated singlet excitons. This is

View Article Online
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attributed to the additional energy received by the excitons
from the reduced phonon vibration. The phosphorescence
indicates the generation of triplet excitons in the triplet energy
state and the decrease in PH intensity in M@DhaTph com-
pared to DhaTph defines the reduced concentration of triplet
excitons and their decay into free charge carriers, as illustrated
in Fig. 17e. To observe the generation of 'O,, ESR spectroscopy
measurement was useful (Fig. 17f and g). The ESR spectrum
showed the typical 1:1:1 triple signal in the presence of the
trapping agent 2,2,6,6-tetramethylpiperidine (TEMP), which
indicates the production of 'O, in both DhaTph and
M@DhaTph. Specifically, the slight decrease in the peak inten-
sity for M@DhaTph compared to DhaTph suggests that the
production of '0, was suppressed owing to the dissociation of
excitons. In the presence of DMPO as a scavenger of ROS ("O,~
and "OH), M@DhaTph demonstrated the typical ESR signal of
DMPO; however, DhaTph had a weak signal, indicating the
negligible amount of free charge carriers. Hence, 'O, was
formed in DhaTph via the excitonic energy transfer process
and a Z-scheme heterostructure was formed for M@DhaTph
(Fig. 17h).

Wang et al.'”" investigated excitons in the triple excited
state of g-C3N, (pristine CN). Remarkably, pristine CN and its
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derivatives showed excitonic energy transfer between the
exciton triplet state and exciton ground state for generating
'0,. Triple-excitons may significantly increase when carbonyl
groups are incorporated in the CN matrix (called oxidized
g-C3N, or CNO) by oxidization treatment, which obviously
enhanced the generation of '0,, enhancing the photocatalytic
performance. The existence of triplet excitons in CNO com-
pared to pristine CN was studied through PH spectra, which
showed the greater generation of 'O, in CNO than the pristine
material. Notably, the AEsy was lower for CNO compared to
pristine CN and the spin-orbit coupling was higher in CNO.
This indicates that the ISC rate is higher in CNO, which
favours 'O, generation.

3.2 CO, reduction

Recently, excitonic effects have been considered to be a crucial
parameter for identifying promising photocatalytic materials
for CO, reduction and valuable-added products.'”” To reduce
the recombination of charge carriers in semiconductors and
improve the utilization of electrons for CO, reduction, similar
strategies have been proposed, including the formation and
disassociation of excitons, exciton regulation via vacancies and
1.'7% explored the role
of oxygen vacancies in layered bismuth oxychloride nanosheets
(BOC-0V) to overcome the effect of the excitonic process,
which the catalytic CO, reactions.
Conceptually, oxygen vacancies can capture excited electrons

construction of heterojunctions. Ma et a

lowers conversion
instead of their recombination with holes, which lowers the
recombination rate of charge carriers. Consequently, the dis-
sociation of excitons resulted in the superior CO, conversion
efficiency of BOC-OV under light irradiation. The transient
photocurrent of BOC-OV demonstrated a high current density,
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sociation to generate more photo-induced electrons, as shown
in Fig. 18a. The smaller diameter of the semicircle arc of
BOC-OV compared to BOC also indicates a lower electron
transfer resistance value and the photo-induced charge separ-
ation may improve by the oxygen vacancies (Fig. 18b). Fig. 18c
shows the radiative lifetimes of about 2.06 and 1.34 ns for
BOC-OV and BOC, respectively. The decrease in PL lifetime can
be related to the acceleration of the nonradiative intersystem
crossing process, which suggests more effective conversion
from singlet into triplet excitons.***® Hence, the increased life-
time (about 54% increase) of BOC-OV suggests enhanced
exciton dissociation in BOC-OV. A similar trend was observed
in the catalytic performance, where 35.03 and 14.78 mmol g~
of CO were generated using BOC-OV and BOC, respectively,
under UV-Vis light irradiation, as shown in Fig. 18d.
Alternatively, a relatively lower amount of 8.66 and 2.33 mmol
g~! CO was evolved over BOCOV and BOC, respectively, under
visible light irradiation. The valence band XPS spectra
(Fig. 18e) showed a higher VB position for BOC-OV. Based on
the same energy gap (3.33 eV) of BOC-OV and BOC, BOC-OV
(1.58 V) has a higher CB position than BOC (0.98 V), which
supports its improved photocatalytic reduction ability
(Fig. 18f). Based on in situ FTIR measurement and DFT calcu-
lation, the CO, reduction pathways to CO and CH, were pro-
posed with six elemental hydrogenation steps, as shown in
Fig. 18g. Interestingly, the hydrogenation of CH,OH* was
identified as the rate-determining step of the CH,* generation
path using BOC-OV as the photocatalyst. The DFT calculation
suggested a lower barrier (0.46 eV) for the formation of CO* on
BOC-OV than BOC (2.46 eV).

In another example, Li et al'’* reported that nitrogen
vacancies facilitate the dissociation of excitons into free

which suggests that the oxygen vacancies mediated exciton dis- charges, and the electron concentration in Nv-rich-CN
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(a) Transient photocurrent response, (b) electrochemical impedance spectra, (c) time-resolved PL spectra and (d) rate of CO and CH,4 gene-

ration under light irradiation using BOC-OV and BOC as photocatalysts. (e) Valence band XPS spectra of BOC-OV and BOC. (f) Band energy diagram
of BOC-OV and BOC. (f) Reaction pathways for CO, reduction to CH4 on BOC-OV. “*" represents adsorption on the substrate. The red route is the
alternative pathway. Reproduced with permission from ref. 173. Copyright 2017, The Royal Society of Chemistry.
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increased by ~3 times compared to pristine g-C;N, (CN)
(Fig. 19a). Nv-rich-CN showed enhanced activity for CO, photo-
reduction, with a higher CO and CH, evolution rate (6.61 and
0.20 pmol h™" ¢™") than that of pristine CN (2.89 pmol h™ g™*
and 0.07 pmol h™* g™, as shown in Fig. 19b and c, respect-
ively. The reduction in the PL intensity suggests that the con-
centration of singlet excitons is reduced in Nv-rich-CN, and
hence the number of vacancies may be directly proportional to
the degree of exciton dissociation (Fig. 19d). A similar trend
was also observed in the time-resolved PL spectra (inset of
Fig. 19d) of Nv-rich-CN, where the lifetime of the singlet exci-
tons is the lowest, which indicates that N vacancies promote
the dissociation of excitons. The positive slope in the Mott-
Schottky curves of all the materials suggests n-type semi-
conductor behaviour; however, the more negative flat-band
potential of Nv-rich-CN supports stronger CO, reduction
ability (Fig. 19e). The presence of 'O, in the ESR spectra of Nv-
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rich-CN was confirmed using TEMP as a trapping agent,
showing a 1:1:1 triplet signal, whereas the triplet signal of
ESR was profoundly reduced in the presence of NaNj; scaven-
ger (Fig. 19f). It was proposed that the triplet excitons in the
photocatalyst transfer energy to the ground-state oxygen mole-
cules, which produce singlet oxygen ('0,), also validating the
presence of excitons and promoted exciton dissociation.
Moreover, DFT calculation suggested that N vacancies act as
active sites for CO, reduction, promoting the adsorption and
activation of CO, by the photocatalyst. This suggests the huge
significance of the modulation of excitons in semiconductors,
which improves the utilization of charge carriers for photocata-
lysis. Yang et al'”® highlights role of vacancies to modulate
the electronic structure for designing efficient photocatalysts
through DFT calculation. The CO generation efficiency
achieved a 10-fold enhancement using O-modified orange
polymeric carbon nitrogen as the photocatalyst. The charge
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(a) Schematic representation of CO, reduction on Nv-rich-CN surface. (b) Evolution rate of CO and CHy. (c) Turnover numbers of CO gene-

ration for Nv-rich-CN, Nv-poor-CN, and CN. (d) PL of Nv-rich-CN, Nv-poor-CN, and CN. Inset: TRPL spectra, (e) Mott—Schottky plots, and (f) ESR
spectra of the materials. Reproduced with permission from ref. 174. Copyright 2021, Elsevier Publishing Group. (g and h) Calculated Bader charge, (i

and j) charge difference density distribution and (k and 1) in situ FTIR spe

ctra of PCN and O-PCN, respectively. (m) Free energy diagram of photo-

catalytic CO, reduction and intermediate adsorption model of O-PCN. Reproduced with permission from ref. 175. Copyright 2023, Elsevier

Publishing Group.
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distribution values of the control PCN and O-PCN were com-
pared through the Bader charge, as shown in Fig. 19g-j.
Remarkably, the O atom accumulates a high electron density
at N1 7.023 eV compared to PCN (6.137 eV) and a similar trend
was observed for the electron density of N2, N3 and N4,
suggesting the stronger charge transfer behaviour of O-PCN.
They followed the CO, photoreduction pathway of PCN and
O-PCN using in situ Fourier transform infrared spectroscopy
with solar illumination, as demonstrated in Fig. 19k and I,
respectively. The experimental data suggested that both cata-
lysts follow a similar reaction pathway; however, with an
increase in time, the evolution of intermediate species
increased for O-PCN due the high reaction rate. The possible
pathways of CO generation are as follows (eqn (12)-(15)):

* 4+ CO, — %CO, (12)

*CO, + H' + e~ — *COOH (13)
*COOH + H' + e~ — *CO + H,0 (14)
*CO — CO | +x* (15)

The free energy diagram for photocatalytic CO, reduction is
shown in Fig. 19m. DFT calculation indicated that the O atoms
act as the dominant active sites and reduce the free energy of
the rate-determining step.

Recently, Zhang and co-workers'”> reported a new approach
using boron (B) doping to concurrently engineer the bulk and
surface structures of 2D BiOCl photocatalysts for photo-
catalytic CO, reduction. They used the molten B,0; doping
strategy, where B,O; is expanded by homogeneous B doping
both from the surface into the bulk with dual functionalities.
DFT calculation showed that surface-doped B may reconstruct
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the atomic BiOCl surfaces, resulting in B-oxygen vacancy
(B-OV) associates (Fig. 20a). Fig. 20b illustrates that the low
concentration of defects in the surface atom arrangement of
BiOCI-OV was relatively ordered, whereas surface distortion
was observed on BiOCI-B-OV due to the light element B on the
annular bright-field (ABF)-STEM images (Fig. 20c). The density
of states (DOS) calculations indicated that the B-OV associated
with the BiOCI-(001) surface introduced a donor level above
the VB maximum and a localized state below the CB
minimum, which further lowered the band gap and induced
electronic interactions due to the hybridization of the Bi 6p
orbital around the OV and neighbouring B 2p orbital
(Fig. 20d). Notably, BiOCI-B-OV revealed a significantly high
and selective catalytic performance for CO production, which
is 4.2- and 28.6-times higher than that of BiOCI-OV and
B-BiOCl, respectively (Fig. 20e). It is important to note that in
the present system, water can efficiently act as a sacrificial elec-
tron donor of holes, which is supported by the close value of
experimental CO/O, yield (1.92:1) with the theoretical yield
(2:1) based on 2CO, — 2CO + O, (Fig. 20f). Compared to dis-
crete OV, which can be easily deactivated, this vacancy associ-
ate exhibits ultra-high stability for practical long-term appli-
cation (>120 h) and an impressive CO,-to-CO conversion rate
of 83.64 ymol g h™" with selectivity of over 98% (Fig. 20g and
h). Based on the experimental and theoretical study, bulk B
doping eases strong excitonic effects confined in 2D BiOCI by
reducing the binding energy (E,) of excitons, which in turn
accelerates the dissociation of bulk excitons into free charge
carriers for CO, reduction.

Moreover, Singh et al.'”® employed a first-principles compu-
tation-based screening strategy for highly selective photocata-
lysts and 52 materials were shortlisted based on their thermo-
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(a) Structure evolution of BiOCl surface toward the formation of B-

OV associate. (b) Atomic-resolution (high-angle annular dark-field scan-

ning transmission electron microscopy) HAADF-STEM image of BiOCI-OV and the corresponding rainbow-colored scale image. (c) ABF-STEM image
of BiOCI-B-QV. (d) Calculated DOS of BiOCl, BiOCI-QV, and BiOCI-B-QV. (e) Dynamic CO generation over BiOCl-B-OV surface. (f) O, yield during
the photocatalytic CO, reduction within 10 h. (g) Cycling tests of photocatalytic CO, reduction performance over BiOCI-B-OV for 120 h. (h)
Selectivity of CO production. Reproduced with permission from ref. 132. Copyright 2021, Wiley Publishing Group.
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dynamic and electrochemical stability and electronic structure
compatibility for the CO, reduction reaction. Singh et al.>>
further considered the excitonic effects of several photocata-
lysts including those comprised of oxides, sulphides, tellur-
ides, etc. for CO, reduction based on many-body perturbation
theory in GW approximation together with Bethe-Salpeter—
formalism (BSE)."””""7°

3.3 N, fixation

Photocatalytic nitrogen fixation (PNF) involves three steps, as
follows: (i) photoexcitation from the valence band to the con-
duction band, while generating holes in the valence band
when the incident light energy is higher than or equal to the
forbidden band range of the semiconductor (hv > Eg); (ii) sub-
sequently, a fraction of the photogenerated electrons and
holes migrates to the surface of the semiconductor and recom-
bines at both the surface and in the bulk phase; and (iii) alter-
natively, other separated electrons and holes migrate to the
catalytic sites to participate in the redox reaction. The
adsorbed species on the surface of the catalyst undergo a
reduction reaction using the photogenerated electrons and an
oxidation reaction using the photogenerated holes. Following
a sequence of steps, N, is reduced to NH; by the proton-
coupled electron transfer (Scheme 3). With water and nitrogen
serving as the starting components, photocatalytic nitrogen fix-
ation can generate ammonia by oxidizing photogenerated
holes (eqn (16) and (17)), as follows:

6H,0 + 12h* — 12H" + 30, (16)

2N, + 12H" 4 12e” 4NH;, (17)

Thus, for the redox reaction to happen, the reduction and
oxidation potential of the NRR and water should lie between
the CB and VB of the photocatalyst."®® There are three major
considerations in design of photocatalysts from an energetics
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point of view, as follows: (a) the semiconductor should be able
to harvest light efficiently; (b) dissociation of bound electron—
hole pairs (excitons) and transfer of excitons should be
efficient; and (c) the energy levels of the semiconductor photo-
catalyst should meet the redox potential of the photo-induced
half reactions, referring to the reduction of N, and the oxi-
dation of H, or H,O. One of the major factors that govern the
overall efficiency of the PNF is the efficacy of separation of exci-
tons and Kkinetics, in addition to the activation of N,. The
quantum yield of both the exciton- and carrier-triggered photo-
catalytic processes is strongly influenced by excitonic effects. A
promising path towards the creation of enhanced photocata-
lysts has emerged in recent years with the advancement of
nanomaterials and nanotechnology. When discussing photo-
catalytic nitrogen fixation processes, it is necessary to consider
the objective existence of excitonic effects in semiconductors.
The performance of PNF systems is substantially hindered by
the easy recombination of photo-induced carriers and the lack
of active sites.

Some precursor modification methods need to be con-
sidered. To optimize this, a variety of approaches are being
exploited including the formation of heterojunctions, Schottky
junctions, and p-n junctions;'®'"'®? the development of novel
semiconductor materials that expose several crystal planes and
permit electron-hole-directed migration to the surface'®* '8¢
and lowering the energy barrier for surface reactions to acceler-
ate the generation of NH;.'®” Before presenting the strategies
for catalyst design, here we briefly explain the two major reac-
tion mechanisms for N, fixation, where is the dissociation
mechanism and other the association mechanism, depending
on whether the N=N bond is broken before hydrogenation. N,
is end-on adsorbed on the catalyst surface during the associ-
ation mechanism. With the hydrogenation of the N atom and
the release of the initial NH;, the N=N bond gradually breaks.
Two types of associative mechanisms are involved, namely,

-4 “&{NHB
5 o6 8,8&‘60

2 w= Ly

-1

Potential (V vs. NHE)

H+s OZ

u":-} Recombination ~N,+2H*+2e— N,H, (-1.1V)
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Scheme 3 Schematic representation of overall photocatalytic N, reduction to NH3 over semiconductor-based photocatalyst with energy diagram

for N, reduction.
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associative distal mechanism and associative alternating
mechanism, depending on the various sequences of hydrogen-
ation in the direction of the N atom. In contrast to the associ-
ation process, the enzymatic mechanism involves a side-on
mode of firmly adsorbed N, on nitrogenases and certain cata-
lysts, followed by an alternative method of hydrogenation."®®
Recent theoretical calculations examined several novel mecha-
nisms, including the Mars-van Krevelen (MvK) mechanism"®’
and the surface hydrogenation mechanism.'®® The former is
further supported by an '°N, isotope labelling experiment.'®’
Since the ground-breaking study by Schrauzer et al. in 1977,
efforts have been made to design catalysts and modify them to
improve the overall efficiency of PNF. Nonetheless, its overall
efficiency is limited due to several challenges, which need to
be addressed synergistically, including inadequate N, adsorp-
tion and activation, generation of bound electron hole pairs
(excitons) and their poor separation efficacy and competitive
side reactions including the HER. The various strategies that
are being adopted to address these aspects are discussed
below.

3.3.1 Defect engineering. Defects can be divided into four
categories depending on their dimensions including zero-
dimensional (0D) point defects (such as doping and
vacancies), one-dimensional (1D) line defects (such as edge
dislocations and screw dislocations), two-dimensional (2D)
planar defects (such as grain boundaries and twin bound-
aries), and three-dimensional (3D) volume defects (e.g., void
and lattice disorder)."*>'**'** High-dimensional defects and
1D defects are rarely discussed topics in photocatalytic nitro-
gen reduction. It has been observed that 0D point defects,
such as vacancies and impurities, tend to improve nitrogen
reduction. These defects can further be divided into surface/
interface, subsurface, and bulk categories based on where they
are located.’®®'®” According to recent findings,'*”'*® bulk
defects can serve as recombination sites for excitons, which
can be detrimental to photocatalytic activity. Alternatively,
surface defects may provide new active sites for the dis-
sociation of photogenerated excitons on the adsorbate,
increasing the carrier separation and promoting the adsorp-
tion of small molecules on the photocatalyst."*® The introduc-
tion of surface defects and bulk defects creates electrical and
spatial synergy. This helps to separate electrons and holes in
the bulk and effectively lowers the conduction band edge,
acting as an electron capture centre.>’° It has been discovered
that subsurface oxygen vacancies improve the conductivity and
electron transport of TiO,, which is advantageous for photo-
catalytic activity.’°>**> The defects can be categorised into
oxygen (OVs), nitrogen (NVs), sulphur (SVs), carbon (CVs), fluo-
rine (FVs), and other elemental vacancies depending on the
elements involved. Additionally, single-atom catalysts are also
regarded as flaws starting from a larger definition.>*?°* The
nature and location of a defect may determine whether it has
positive or negative effects, as briefly mentioned above. A
defect that is advantageous in one material may be detrimen-
tal in another, which makes it challenging to develop generic
applicable design guidelines for photocatalysis. To date, the
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following fundamental guidelines have been established: (i)
the excitons trapped in the bulk cannot participate in the cata-
Iytic process, and thus surface defects are typically desirable
than bulk defects when they are envisioned to act as trap
states;'*®'%? (ii) the bound electron-hole pairs at the defects
site must possess enough oxidation or reduction potential to
facilitate the target reaction; therefore, shallow traps are typi-
cally preferred over deep traps, and (iii) to generate enough
oxidation or reduction potential to enable the intended reac-
tion to occur, catalytic active sites usually require defects.”®
3.3.1.1 Oxygen vacancies. Oxygen vacancies (OVs) are the
most common anion vacancies in transition-metal oxides due
to their low formation energy. Their physicochemical charac-
teristics may be greatly influenced by the presence of OVs.
Thus, the concentration of oxygen defects can be used to
modify the surface electrical characteristics and band gap
states of metal oxides.>*® The performance of the PNF can be
improved by Ovs, which have an impact on the adsorption and
activation of inert N, gas molecules. OVs have received con-
siderable attention in the fields of electrocatalytic and photo-
catalytic reactions, where they demonstrate great promise for
modifying the activities of different catalytic processes. Bastia
et al.'® synthesized ultra-small metal nanocrystal-modified
NiTiO; nanocubes, which possessed Ovs, as confirmed by the
XPS analysis. The synergistic effects of OVs and the formed
heterointerface led to 5-fold enhancement in ammonia yield
rate (~14.28 pg h™ mg™' at —0.003 V vs. RHE), a faradaic
efficiency of 27% (at 0.097 V vs. RHE) compared to that for
bare NiTiO; (3.08 ug h™" mg™), and 9-fold higher activity than
that shown by the commercial TiO, (P,s) (1.52 pg h™*
mg ).272% vang et al*' successfully synthesized WO;_,
nanosheets via the solvothermal method with rich oxygen
vacancies, which act as active sites for the chemisorption of N,
molecules. The OVs induced a defect state, broadened the
visible light harvesting, and accelerated the dissociation and
transport of excitons for the proficient activation of chemi-
sorbed N,. Different modulation techniques of generating free
charge carriers from excitons for photocatalytic N2reduction
have been tabulated and represented in Table 3. The WO;_,
nanosheets rich in OVs displayed improved photocatalytic
activity (nearly 3.59-times higher) for N, reduction to
ammonia (82.41 pmol g, * h™") under visible light irradiation
(420 nm) than that of the WO;_, nanoparticles having poor
0Vs.>*® OVs having rich localized-electrons have been shown
to serve as electron trapping centres, which can effectively
adsorb and activate inert gas molecules (O,, CO,, and N,, in
particular). OV modulation holds great promise to improve the
photocatalytic activity of materials for efficient nitrogen fix-
ation under mild conditions. Zhang et al>'' prepared
Bi,Sn,0; quantum dots via a one-step solvothermal method to
tune the active sites on the surface and energy band structure.
Consequently, enhanced charge migration and optimized
molecular nitrogen activation were achieved in the Bi,Sn,0,
QDs due to the quantum size effect and electron back-
donation mechanism of surface OVs, triggering excellent PNF
activity (334.8 pmol g' h™'), 12-times higher than that

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d3nr02116e

Published on 31 2023. Downloaded on 14.07.2025 07:08:04.

Nanoscale

Table 3 Summary of the separation of excitons by different modifi-
cation strategies for photocatalytic nitrogen reduction

Process of dissociation

Material of excitons Ref.
WO;_, nanosheets Oxygen vacancy 210
Bi,Sn,0, QDs Oxygen vacancy 211
Bi,0,CO; nanosheets Oxygen vacancy 212
Pd-NiTiO; nanocubes Oxygen vacancy and 129
heterojunction
Polymeric carbon nitride Nitrogen vacancy 180
Mo- and Ni co-doped CdS Sulfur vacancy 215
Ternary metal sulfide Sulfur vacancy 216
(Zno.1sno.1Cd0.as)
MoS,/CdS Sulfur vacancy 217
Fe-doped Bi,M00Og Fe doping 219
Fe-doped BiOCI nanosheets Fe doping and oxygen 218
vacancy
Fe-doped BiOBr nanosheets Fe doping and oxygen 220
vacancy
Mo-modified W;g0,4 Mo doping 222
Plasmonic Au nanocrystal on Mo- Mo doping and Au 223
doped W;30,9 nanowires loading
Ru single-atom modified on Mo,CT,  Single atomic Ru 224
MXene modification
Co-doped graphitic carbon nitride Co doping 225
Oxygen-doped g-C;N, Oxygen vacancy 226
OV-In (OH)3/CN heterojunction Type-I heterojunction 133
MXene-derived TiO,@C/g-C3N, Type-II heterojunction 137
TiO,/BiOBr heterojunction p-n junction 139
Fe-MoS,@C-TiO, Z-scheme 138
Zn0O/ZnSnO;/CD hybrid S-scheme 149

nanocomposite

achieved for their bulk counterpart. Feng et al.>'* successfully

synthesized surface OV-modified micro-nanosheet-structured
Bi,0,CO; (namely, BOC/OV) at room temperature. The surface
OVs provided abundant active sites for N, activation, and the
effect of scattered nanometre-size particles aided the separ-
ation of excitons. Among the catalysts synthesized, BOC/OV3
exhibited the highest NH," yield (1178 mol L' g h™"), which
is 10-times more than that achieved for pristine Bi,0,C0O;.>"?

3.3.1.2 Nitrogen vacancy. Besides oxygen vacancies, to fix
nitrogen, an alternative non-metal vacancy is nitrogen vacancy
(NV), which can adsorb and weaken the N, molecule. Given
that NVs have the same size and shape as that of the nitrogen
atom in N,, NVs favour the selective chemisorption and acti-
vation of N,. NVs can also affect the electronic and band struc-
ture of nanomaterials. A variety of transition metal nitrides
have been computationally studied. The findings show that
VN, CrN, ZrN, and NbN have a lower onset potential for the
NRR.>"?

Lveta introduced NVs in metal-free PCN to enhance
the electrocatalytic NRR. For creating NVs, PCN was calcined at
620 °C for 4 h in an argon atmosphere, which was denoted as
PCN-NV4. The X-ray diffraction (XRD) analysis showed two
peaks at 13.0° and 27.3° for pristine PCN, whereas for
PCN-NV4, it only exhibited one broad peak at around 26.5°, as
shown in Fig. 21a, which may be due to the destruction of the
atomic arrangements after calcination. Fig. 21b displays the
Fourier-transform infrared (FTIR) spectra, where it can be
determined that the short-range structure of the s-triazine ring

l 214
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(81 em™) and aromatic C-N heterocycles (1200-1600 cm ™)
can be well maintained in PCN-NV4. The TEM images indicate
that post-calcination has a small impact on the 2D sheet-like
morphology of PCN. The XPS spectra (Fig. 21c) indicated no
changes in the fitting peaks but the ratio of C-N=C and
N-(C); decreased drastically from 3.7 to 1.7, implying that NVs
were forcefully introduced in PCN, as shown in Fig. 21d. The
highest intensity peak for PCN-NV4 in EPR than PCN implies
the presence of the maximum number of unpaired electrons
in PCN-NV4 compared to PCN. The UV-Vis DRS spectra imply
the increased m-electron delocalization in the conjugated
system of PCN, as shown in Fig. 21f. Thus, NH; production
should be more facile in PCN-NVs and nearly 11-times higher
yield of NH; was realized using PCN-NVs compared to pristine
PCN.

3.3.1.3 Sulfur vacancy. Ternary metal sulfides, such as
ZnSnCdS and MoNiCdS, and hybrid heterojunctions such as
g-C3N,/ZnSnCdS and g-C;N,/ZnMoCdS have been synthesized
via the hydrothermal and calcination methods, which exhibit
outstanding photocatalytic nitrogen fixation ability.>%°
According to the constituent element of nitrogenase, Mo and S
play an important role in the NRR. Recently, TMDCs have
attracted wide attention for catalysis due to their inherent
advantages such as 2D structure and tuneable bandgap for
various reactions (e.g,, CO, electroreduction and HER).
Therefore, TMDCs have potential to exhibit efficient NRR cata-
lytic performances.>"* Cao et al.>'® reported the synthesis of
Mo and Ni co-doped CdS photocatalysts with different load-
ings of co-dopants. Among the variations, Mo, ;Ni,1Cdy ¢S
exhibited the highest efficiency for PNF. The inductively
coupled plasma optical emission spectroscopy (ICP-OES) ana-
lysis revealed the concentration of Mo, Ni, Cd and S, corres-
ponding to 7.6, 5.1, 63.9 and 23.4 wt%, respectively, which
suggest the actual atomic ratio of Moy ;1,Nig 13Cdg g¢S1.1 for the
optimized photocatalyst. Considering that this photocatalyst is
electroneutral at the molecular level, the number of sulphur
atoms is supposed to be 1.23. This signifies the formation of
many SVs. Moreover, the quantitative relationship between SV
concentration and PNF activity was noticeably correlated, given
that the NH," generation rate was linearly related to the SV
concentration (R = 0.9754). Similarly, Hu et al.>'® reported the
synthesis of a ternary metal sulphide photocatalyst,
Zny1Sny1Cd S, with excellent PNF activity. The SVs in
Zn, 1Sn,.1Cdy ¢S not only serve as active sites to adsorb and
activate N, molecules but also stimulate interfacial charge
transfer from Zng;Sn (1Cdg ¢S to N, molecules, thus signifi-
cantly enhancing the PNF activity. Zheng et al.>'” reported the
synthesis of a series of MoS,/CdS heterojunctions with abun-
dant sulphur vacancies, which was used for photocatalytic N,
reduction. UV-Vis DRS showed that the band gap of MoS, and
CdS is about 1.32 and 2.25 eV (Fig. 22a and b), respectively.
The complementing ESR results confirmed that the defect was
caused by the sulphur vacancy, revealing that CdS possesses
some defects naturally (g = 1.969). The shift in signal from
1.969 to 2.003 after the formation of the CdS/MoS, heterojunc-
tion, which indicates that the coordination environment of
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Cd changed. Meanwhile, the intensity of the EPR signal of 3%
MoS,/CdS was higher than that of CdS, demonstrating that
more sulphur vacancies are formed in the 3% MoS,/CdS het-
erojunctions (Fig. 22d). To observe the separation behaviour of
electrons and holes, the transient photocurrent of the pure
and heterojunction samples was investigated. It was found
that the 3% MoS,/CdS showed the highest photocurrent
density, indicating the better separation efficiency of photo-
excited carriers (Fig. 22¢). The Mott-Schottky analysis showed
the flat potential of the bare and composite samples and the
mechanism of the photocatalytic nitrogen reduction reaction
was proposed (Fig. 22e and f). The 3% MoS,/CdS heterojunc-
tion exhibited more than 5.4- and 3.9-times higher ammonia
yield than the bare MoS, and CdS, respectively.>'”

3.3.2 Heteroatom doping. Together with defect engineer-
ing, heteroatom doping provides a suitable way to generate
active sites for the adsorption and activation of N, molecules.
Generally, the doping of transition metals (TM, Fe, Co, Ag, and
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Cu) has been found to improve the PNF activity by enhancing
visible light harvesting and activation of N, molecules.
Because of its varying valence states, empty 3D orbitals, and
low cost, Fe is a desirable dopant for nitrogen fixation. Zhang
et al.*'® synthesized BiOCl NSs-Fe via a facile hydrothermal
method, in which Fe act as electron sinks to form a Schottky
barrier at the metal/semiconductor interface, which traps exci-
tons, reducing the recombination process.

Fig. 23a and b illustrate the volcano-type activity of Fe-
doped BiOCl NSs with OVs for the NRR as a function of Fe
content. The shift in the peaks from 158.5 to 158.0 eV implies
the electron transfer from Fe to Bi, and eventually the
increased electron cloud density around Bi. Therefore, the
modification of the electronic properties of Bi boosts the PNF
activity (Fig. 23c and d). BiOCl NSs-Fe-5% exhibited a d-band
centre close to the Fermi level, which suggests intense inter-
action with adsorbed N, during catalysis (Fig. 23e and f). The
photocurrent density of BiOCl NSs-Fe-5% was greater than that
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Fig. 23

(a) EPR spectra, (b) XPS O 1s spectra for BiOCl NSs-Fe-5, (c) Bi 4f XPS spectra, (d) valence band photoemission spectra, and (e) UV-vis

absorption spectra and corresponding Tau plots for BiOCl NSs-Fe-5%. (f) Electronic energy-level diagram for BiOCl NSs-Fe5%, (g) photocurrent
response under UV-Vis illumination, and (h) N,-temperature-programmed desorption (TPD) profiles for BiOCl NSs and BiOCl NSs-Fe-5%. (i)
Schematic illustration of the photocatalytic N, fixation model. (j) Photocatalytic NHs production rate over BiOCl NSs-Fe-x%. (k) NH3 yield over the

BiOCl NSs and BiOCl NSs-Fe-5% in N, and Ar. (1) Calculated AQEs (blue

dots) for N, fixation over BiOCl NSs-Fe5% under monochromatic light

irradiation. (m) Photocatalytic cycling tests for BIOCI NSs-Fe-5%. Reproduced with permission from ref. 218. Copyright 2019, the American Chemical

Society.
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of BiOCl NSs, suggesting enhanced charge separation (Fig. 23g
and h). BiOCl NSs-Fe-5% having light-switchable surface OVs
exhibited the maximum NHj yield rate (1.022 mmol h™" g7,
TOF of 0.863 h™", and AQE of 1.8% at 420 nm) and negligible
activity loss after 5 cycles (Fig. 23j-m).>"’

Meng et al.*'® successfully synthesized Fe-doped Bi,MoQg
(BMO) via the solvothermal method. The separation of exci-
tons and charge transfer to the catalyst surface increased as a
result of the reduction in surface work function caused by Fe
doping. Additionally, Fe-doping can enhance charge collection
via the Fe*"'Fe*" redox pathway, which acts as active nitrogen
reduction sites. Fe-doped Bi,M0Os showed better photo-
catalytic activity compared to the pristine BMO, where 0.5%
Fe-BMO presented a 3.7-times enhancement in PNF activity
under visible light irradiation. Liu et al.>*° reported the syn-
thesis of Fe-doped BiOBr (Fe-BiOBr) with active NRR sites that
are OV-connected Fe atoms. Fe draws the electron cloud of the
O atoms around it in the charge-density map of Fe-BiOBr. It
was clear that the photoexcited electrons from neighboring
atoms were withdrawn by the OV-connected Fe atoms to create
the electron-rich Fe(u) (Fig. 24a and b). Additionally, the extra
electrons in the 3d Fe orbitals signify the deposited -N=N
antibonding orbitals of N,, facilitating N, activation.

Mo is also an essential component of nitrogenases, which
are responsible for biological N, fixation, and thus numerous
Mo-doped based materials for PNF have been developed and
investigated.”*' Zhang et al.>** reported the synthesis of Mo-
modified W;30,9, which uses Mo-W centres as the active sites
for the chemisorption of N, molecules. Upon Mo doping, the
charge difference increased between the adsorbed N atoms
and the N,-adsorption energy release, indicating that the N,
molecule is more readily adsorbed and activated at the Mo-W
centre. Therefore, the photocatalytic activity of W;30,49 was
greatly improved. The ESR spectrum indicated the presence of
Mo-O tetragonal pyramids, where the ESR spectrum of the
MWO-1 ultrathin nanowires (UTNWs) displayed a hyperfine
structure with parallel (g = 1.846) and perpendicular (g =
1.907) bands. In N, molecules, the penta-coordination of a
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doped Mo atom revealed its unsaturated coordination and left
a free coordination site. Qiu et al.>*® reported the preparation
of Au-decorated MWO, where the anchored Au nanocrystals
not only increased the light harvesting to produce excitons but
also decreased the energy of NH; desorption, which made it
easier to release the active sites, thus further enhancing the
PNF activity. In addition, Mo doping improved the adsorption
and activation of N,. Additionally, various doped transition
metals can operate as active sites for N, adsorption and acti-
vation, including Ru, Co, and Li. Peng et al*** synthesized
Mo,CT, MXene nanosheets modified by single atomic Ru. The
catalyst showed an NHj yield rate of 40.57 ug h™" mg™'. DFT
simulations highlighted the significance of single-atomic Ru,
which served as the back donation centre for the NRR.??°
Wang et al.>*® reported the synthesis of Co-doped graphitic
carbon nitride (Co-GCN) via the molten salt-assisted method.
N=N could be lengthened by the Co-N bond in Co-GCN and
facilitate the processes of N, activation and adsorption.

3.3.3 Non-metal doping. In addition to using metal
dopants, nonmetal species have been investigated as dopant
active sites for nitrogen fixation reactions, particularly for elec-
trocatalysis. Theoretical research on carbon-based materials
with boron doping has been extensively undertaken. Boron
acts as electron back donation centres. The effect of doping
has been investigated and proven for the photocatalytic
nitrogen reduction reaction. Later, it was established that N-
and B-doped carbon-based materials, such as graphene,
are effective catalysts for electro(photo)catalytic nitrogen
reduction. Graphitic carbon nitride has fascinating potential
to convert inert chemical bonds into high value-added pro-
ducts, but it has a low NH; conversion efficiency, which gives
unsatisfactory results for practical application. Thus, to
enhance the photocatalytic activity of g-Cs;N,, its electronic
structure can be improved by doping with metal-free atoms. To
increase the visible-light photocatalytic activity of g-C3N,, for
instance, oxygen doping may change the electronic and band
structure and widen the light absorbance range. Feng et al.**®
reported that sulphur-doped g-C;N, improved the photo-
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A A A A A L] \ N
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Fig. 24 (a) Charge density map of Fe-BiOBr. (b) Schematic of N, binding to the OV-connected Fe atom in Fe-BiOBr. Reproduced with permission

from ref. 220. Copyright 2020, the American Chemical Society.
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catalytic performance of g-C;N, by raising the conduction
band minimum and increasing the conductivity.

4 Future prospect and conclusion

This review aimed to open an avenue to design functional
semiconductor materials through the modulation of excitons
for solar fuel production. Compared to bulk materials, the
exciton binding energy is immensely higher in low-dimen-
sional (0D, 1D and 2D) of semiconductors. With a change in
the length of different systems, 0D shows the highest binding
energy and exciton energy, while bulk materials show low
dependency on length. Conceptually, Wannier-Mott excitons
in bulk materials can be easily disrupted by applying a low
external energy; however, Frenkel excitons are forms for low-
dimensional materials, which require a UV or low wavelength
range light source for dissociation. Hence, excitons play a
crucial role in the photocatalytic activity of low-dimensional
semiconductors due to their robust coulombic attraction force,
which increases the exciton binding energy and prevents the
recombination of free charge carriers. Additionally, trions are
formed in TMDCs, which further reduce the generation of free
charge carriers. In the present review, we summarized the
different approaches such as vacancy engineering, element
doping, heterostructure formation, edge grafting and introduc-
tion of an order-disorder interface to facilitate the dissociation
of excitons into free charge carriers. Notably, upon vacancy
engineering and element doping, the stable excitons are force-
fully disturbed in a semiconductor crystal for further exciton
dissociation. Similarly, the introduction of several moieties
into CFTs produces an intermolecular electric field, which
may reduce the exciton binding. Also, by integrating single
atomic S-vacancy, a PEF opposite to the coulombic attraction
force arises, hindering the formation of excitons or reducing
the exciton binding energy, resulting in the formation of high
energetic charge carriers. In another approach, by the for-
mation of heterostructures, the work function differences
between semiconductors are higher than the exciton binding
energy of each semiconductor, where the CB is more negative
than the excitons, causing them to be dissociated and produ-
cing free charge carriers, which participate in photo-redox
reactions. Importantly, polymeric semiconductors possesses a
low charge carrier density due to their intrinsic large exciton
binding energies, which restrict their photocatalytic perform-
ances. In another approach, enhanced photocatalytic activity is
realized considering the direct charge transfer mechanism
from exciton dissociation and excitonic energy transfer to
triplet oxygen to form '0,. Further, the impact of excitons on
the optimization of low-dimensional semiconductor-based
photocatalysis was discussed with relevant examples.
Moreover, the common characterization techniques for exciton
modulation and their effect on band structure, spin polariz-
ation, etc. were described in detail. The strategic functionali-
zation of materials with superior catalytic activity guided
through theoretical approaches may significantly improve the

This journal is © The Royal Society of Chemistry 2023
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energy conversion efficiency for scaled-up operation. Various
electronic parameters such as electronic coupling, band align-
ment and interfacial charge transfer rate were considered to
precisely regulate the catalytic performance for photocatalytic
water splitting, CO, reduction and N, reduction. Hence, the
modulation of electronic structure and excitons offers a prom-
ising strategy for improved activity and stability of semi-
conductor nanostructures for practical solar-to-fuel conver-
sion. However, direct measurement of the electron delocaliza-
tion of a group of molecules is limited and its impact on
exciton dissociation is still under debate.

Solar fuel production is still in its infancy in the lab-scale
and the involvement of computational studies can assist in a
deeper understanding of the reaction mechanism, role of exci-
tons in photocatalysis, exciton dynamics in semiconductors,
and tuning active sites to improve the catalytic reaction kine-
tics. The correlation of exciton modulation with other para-
meters still remains impractical (current density, conversion
efficiency, overpotential, etc.), which suggests that significant
efforts are required in this direction. Presently, various spectro-
scopic tools such as EPR, TRPL, and low-temperature PL have
been employed to study the excitonic effect; however, detailed
analysis is required to explore the role of excitons at the inter-
face of semiconductors and the availability of sophisticated
instrumental techniques can facilitate further understanding.
For example, the exciton dynamics in semiconductor nanocrys-
tals are more complex than that in the bulk and the presence
of surface states or trap states significantly alters the dynamics.
Ultrafast exciton relaxation, interband electron-hole recombi-
nation, and electronic dephasing can be followed in semi-
conductor nanostructures by ultrafast pump probe transient
absorption measurement. The effect of multiple exciton gene-
ration on photocatalysis has not been explored to date, where
probing the nonlinear dynamic process at the semiconductor
interface may help to improve the photocatalytic performance.
Surface science together with spectro-electrochemical
approaches presents an opportunity to control the surface
structure and excitonic effect, which is a beneficial parameter
of photocatalysis. The enhanced excitonic effect is important
to develop stable and efficient semiconductor photocatalysts.
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