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Traditional semiconductor materials such as metal-oxide-based photoelectrodes have been extensively
explored for energy and environmental applications. However, their performance is hindered by poor
light absorption, high charge recombination rates, and low surface kinetics. The incorporation of
metal–organic framework (MOF) and plasmonic structures into semiconductors is one of the most
promising strategies to achieve performances beyond those of bare MOF and/or conventional
semiconductors. This review summarises the rational design of semiconductor-based photoelectrodes
incorporating MOFs and plasmonic metals for hybrid photoelectrochemical catalysis and photocatal-
ysis, with a wide variety of parameters including photoactivity, conductivity, catalytic property,
surface morphology, porous architecture and bandgap alignment. Moreover, applications of this new
generation of composite photoelectrodes in water splitting, CO2 reduction and pollution degradation
are discussed in detail. The challenges and prospects of plasmonic MOF nanocomposites in eco-friendly
and cost-efficient technologies for practical applications in water splitting, CO2 reduction and
environmental remediation are also highlighted.
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Introduction
The combustion of fossil fuels has caused global concern about
environmental pollution, energy shortages and global warming.
It is estimated that fossil fuel usage will increase global tempera-
tures by 1.5 �C in the next 50 years [1], leading to a desire to
reduce their usage. Today, fossil fuels are still supporting over
64% of electricity production and 84% of overall energy con-
sumption, creating an urgent need for other environmentally
friendly energy sources [2]. Among the various strategies, solar-
driven catalysis that converts solar energy into chemicals
through water splitting or carbon dioxide (CO2) reduction has
attracted tremendous attention [3,4].
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Solar-driven catalysis typically adopts either a photocatalytic
(PC) or photoelectrolytic (PEC) approach, depending on the
position of their energy bands relative to the reaction potentials.
This alignment determines the setup of catalytic systems and
whether an external bias is necessary [5]. In mechanism, the
semiconductor harnesses the energy from incident photons to
generate photogenerated charge carriers, which subsequently
migrate to the active sites and participate in the reactions [6,7].
The bandgap width directly influences the capacity of semicon-
ductors to absorb photons, and the energy band bending at the
semiconductor-electrolyte interface significantly determines the
separation and migration of photogenerated charge carriers.
Only the minority carriers that generate or diffuse into the space
charge region can be effectively separated and transferred within
their lifetime [8]. Therefore, most semiconductors cannot meet
the industrial scale requirements of 10% solar-to-hydrogen
license (http://creativecommons.org/licenses/by/4.0/).
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(STH) efficiency and 5000 h of durability [3,4]. The narrow spec-
tral light absorption, short charge carrier lifetime and long drift
time limit the application of semiconductors, thereby promoting
the desire for the development of novel semiconductor-based
nanohybrids [9]. Metal-organic frameworks (MOFs) are hybrid
organic–inorganic materials formed of organic ligands and metal
nodes (clusters) [10]. The encapsulation of MOFs into semicon-
ductors can greatly enhance the activity of photocatalysts by
adjusting band structures and enhancing charge/mass transfer.
In addition, MOFs provide a variety of powerful pore structures
and functional groups on the ligands, to enrich specific adsorp-
tion and improve catalytic performance [11]. A tandem configu-
ration of semiconductors/MOFs is commonly utilized, wherein
photogenerated electrons and holes migrate to distinct regions
to catalyse oxidation and reduction reactions, respectively. If a
z-scheme charge transfer can be achieved, the efficiency of
charge carrier separation will be substantially enhanced. More
importantly, some light-responsive MOFs could improve light
harvesting in hybrid photoelectrodes of MOF-semiconductor
through “device-by-design” strategies. Hybrid photoelectrodes
which couple plasmonic nanostructures with semiconductors is
another exciting strategy for dramatically improving photoelec-
trode performance, in which the plasmonic energy is transferred
from the metal nanostructures to the semiconductors. The
plasmon-induced properties decay rapidly away from the plas-
monic surface, and the responses with nonadsorbing molecules
are generally very weak [12]. MOF-semiconductor heterojunc-
tions could potentially absorb broadband light. However, the
two-step photon absorption undermines the efficiency and
results in inadequate photoelectrochemical (PEC) performance.
A plasmonic nanostructure-MOF-semiconductor tri-phase hybrid
platform can address these issues. In the hierarchical plasmonic
nanostructure-MOF-semiconductor platform, energy band align-
ment can be finely tailored. The electronic structure could be
optimized by the incorporation of plasmonic nanostructures,
which boosts photogenerated charge carrier transfer to Fermi
levels [13]. The light-responsive MOF could act as both photo-
sensitizer and co-catalyst. The interaction of the three compo-
nents is expected to form a complete and well-functionalised
photoelectrode. The ternary hybrid structures have great poten-
tial in photocatalytic or PEC water splitting, CO2 reduction and
degradation of pollutants.

This review first demonstrates the fundamentals and mecha-
nisms of selecting MOF and plasmonic nanostructures for com-
posites for photocatalysis and PEC catalysis in Chapter 2. Then,
the construction of MOF-semiconductors and plasmonic-
enhanced MOF or semiconductor-plasmonics composites are
listed and the mechanisms and limitations are discussed. Ternary
plasmonic nanostructure-MOF-semiconductor composites are
therefore proposed. Design considerations of both binary and
ternary systems are summarised and supplement each other in
Chapter 3. Existing tri-phase works are reviewed and their poten-
tial in various applications including water splitting, CO2 reduc-
tion and environmental remediation are evaluated in Chapter 4.
The design from unary to binary and ternary compsite photo-
catalysis and PEC systems is illustrated in Fig. 1.
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Plasmon and MOFs in solar energy conversion:
Mechanisms and limitations
MOFs are hybrid organic–inorganic materials coordinated by
organic ligands and metal nodes [10]. Most MOFs present high
porosity and a large specific surface area. Owing to the flexible
choices of metal ion-organic linker coordinations, the crystal,
structural and compositional properties of MOFs could be easily
tuned. Therefore, MOFs have extensively been reported for use in
many applications, including gas separation/absorption [14–16],
sensing [17,18], biomedicine [19,20] and catalysis [21].

In addition, many semiconductors have been investigated for
photoelectrode applications, such as metal oxides, III-V com-
pounds, metal chalcogenides, metal nitrides and carbon nitrides
[22]. Here, MOFs are not classified as semiconductors because the
majority of the MOFs behave as electrical insulators with con-
ductivity lower than 10�10 Scm�1 [23].

MOFs for photocatalysis/PEC catalysis and mechanisms
Traditional metal oxide materials such as TiO2 have been exten-
sively explored for photocatalysis and photoelectrochemical
catalysis. However, their wide band gaps and slow surface redox
reactions have hindered their further commercial applications.
Light-responsive MOFs with abundant surface-active sites have
huge potential to mitigate these limitations of traditional oxide
semiconductors.

In 1999, Yaghi’s group successfully synthesized the famous
MOF-5. The photocatalysis performance of MOF-5 in phenol
degradation was reported for the first time in 2007 [24,25]. Since
then, more work has been reported for MOF based photocatalysis
and PEC. Generally, MOFs could act as light harvesters to gener-
ate electron-hole pairs; or act as co-catalysts, where MOFs do not
absorb light but promote photogenerated charge separation or
catalytic reactions; or act as a host. Visible-light responsive MOFs
with plenty of active sites exposed are ideal candidates for boost-
ing surface redox reactions in constructing hybrid MOF-
semiconductor systems.

Light absorption by MOFs
Generally, light absorption in photoactive MOFs is due to the
organic linkers. Most of these photoactive organic ligands are
aromatic compounds, which can absorb ultraviolet (UV) or visi-
ble light. After the excitation, ligand-localized p-p*-based transi-
tions can occur. Some metal ion/clusters can also absorb
photons via ion excitation processes. Take ZIF-67 as an example,
it presents an excitation peak at 600 nm from cobalt d-d elec-
tronic transitions [26]. After an initial p-p* electronic transition
or d-d transition, typical photophysical pathways are metal-to-
ligand charge transition (MLCT) and ligand-to-metal charge tran-
sition (LMCT).

In the past decade, more than 20,000 types of MOF with dif-
ferent components and structures have been reported [10].
Among all the photo-responsive MOFs, three series of MOFs have
been thoroughly investigated for PC or PEC catalysis: UiO-MOFs,
ZIF-MOFs, and MIL-MOFs.

UiO-MOFs are built using dicarboxylic acid ligands and Zr4+.
While original UiO-Xs (X = 66, 67, 68) could only be excited



FIG. 1

Schematics of unary, binary and ternary photocatalysis and PEC composite structures.
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by UV light, the light absorption spectra has been readily
expanded to the visible region through ligand group functional-
ization and metal node composition control, this will be dis-
cussed in the next section [27,28].

In zeolitic imidazolate frameworks (ZIFs), transition-metal
cations (M) like Zn2+ or Co2+ ions are connected by imidazole-
based ligands (Im). The angle of M-Im-M (�145�) is similar to
that of Si-O-Si in silicon-based zeolites [29]. Therefore, ZIFs mir-
ror some features of the zeolite structure, encompassing high
porosity, high surface-area-to-volume ratio, and high thermal
and chemical stability. Unlike UiO-MOFs, ZIF-67 contains an
absorption peak in the visible region of light. It also presents a
charge-separated state including a long-lived intermediate state,
this together with its porous structure with abundant active sites
exposed, makes ZIF-67 a promising candidate for PC/PEC
catalysis.

MIL-MOFs could be constructed from different ligands. To
illustrate, the MIL-53 family are built from terephthalate and
mostly trivalent metal nodes, while the MIL-101 series are crys-
tallized from trimesic acid and metal centres. Owing to their pho-
toactive, minimally toxic and cost-effective features, MIL-MOFs
show great potential in photocatalysis. MIL-100(Fe) has been
reported for photocatalytic pollutant degradation under visible
light and MIL-101(Fe) has been applied for photocatalytic CO2

reduction [30,31].
Typical light responsive MOFs exhibit bandgaps ranging from
1.8 eV (MIL-100) to 3.6 eV (MIL-125), detailed bandgaps and
band energies of MOFs are shown in Fig. 2a and discussed in
the next section.

It is noteworthy that post-synthetic modification (PSM), can
functionalise the MOFs and render them more versatile in com-
position and properties, specifically changing the bandgap and/
or conductivity. For example, the bandgap of UiO-66 drops from
3.05 eV to 2.8 eV after adding an amino group (UiO-66-NH2).
Post-synthetic modification (PSM) can be realised by five major
methods: (i) physical impregnation, (ii) covalent attachment,
(iii) In situ reaction, (iv) ligand replacement, and (v) metal addi-
tion [32]. A detailed discussion of all these strategies is beyond
the scope of this review. We, therefore, refer readers to more spe-
cialised reviews on this topic [33,34].
Rational design of MOF/semiconductor hybrid photocatalysts/
PEC catalysts
Interface – epitaxial matching
Hybrid materials can be either composites or heterojunction
structures. Undoubtedly, heterojunctions with build-in electric
fields are potentially superior for charge transfer. However, it is
not easy to achieve a perfect lattice match at the interface
between a MOF and a semiconductor. The subunits of MOFs
are usually much larger than the unit cells of semiconductors.
139



FIG. 2

(a) The bandgap and positions of some MOFs [38,39]. (b) Schematic of i. Type-I; ii. Type-II; iii. Type-III; iv. p–n heterojunction; v. Z-scheme heterojunction,
where ‘10 and ‘20 mean semiconductor 1, semiconductor 2; ‘p’ and ‘n’ refer to p-semiconductor and n-semiconductor, respectively [40]. (c) The pH stability of
some MOFs [50]. Reproduced with permission from [40,50]. Copyright Royal Society of Chemistry, 2019. Copyright John Wiley & Sons, 2021.
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Lattice mismatches higher than 5% do not typically support a
semi-coherent or coherent interface. Incoherent interfaces result
in poor electronic properties and stability [35]. Even for semi-
coherent interfaces, misfit dislocations act as electron-hole
recombination centres and junction degradation may occur.
Only in a few cases, it is possible to form a ‘coherent interface’
between one semiconductor and the MOF with the same metal
source. To illustrate, a 5*12 expansion of the ZIF-9 (11-1) surface
matches well to the 19*20 (1112 CoO with a strain of 0.1%,
which is an almost perfect epitaxy [35]. Other TiO2/MIL-125
(Ti) and ZnO/ZIF-8 heterojunctions have also been fabricated
for photoelectrochemical catalysis, and excellent water splitting
performance and good stability have been obtained [36,37].

Energy bandgap alignment
For a single MOF water-splitting photocatalyst, the lowest unoc-
cupied molecular orbital (LUMO) and highest occupied molecu-
lar orbital (HOMO) of the MOF should straddle the reduction
potential of H+/H2 (0.0 V vs. NHE) and the oxidation potential
140
of O2/H2O (1.23 V vs.NHE) with or without a bias voltage, imply-
ing that the bandgap should be at least larger than 1.23 eV.
Fig. 2a shows the conduction and valence band positions of
some typical MOFs, such as NH2-MIL-125 and NH2-UiO-66.

Within a MOF/semiconductor hybrid, the band position of
the MOF and semiconductor should match well with each other.
Some MOFs also behave as semiconductors, with the MOF/semi-
conductor hybrids containing one of three types of heterojunc-
tions: straddling gap heterojunction (type-I), staggered gap
(type-II) heterojunction, broken gap heterojunction (type-III);
and two special heterojunctions: p-n heterojunction and direct
Z-scheme heterojunction (shown in Fig. 2b) [40,41].

Among the various types of heterostructure, type II, p–n
heterojunctions and Z-scheme heterostructures are favourable
for PC or PEC catalysis. In type II heterojunctions (Fig. 2b.ii),
the CB and VB of semiconductor 2 are lower than the corre-
sponding band of semiconductor 1. The photogenerated holes
in semiconductor 2 will be thermodynamically transferred to



TABLE 1

Redox potentials for CO2 reduction reactions in aqueous at pH 7 [50].

CO2 + 6H2O + 8e� ? CH4 + 8OH� �0.246
CO2 + 5H2O + 6e� ? CH3OH + 6OH� �0.399
CO2 + H2O + 2e� ? CO + 2OH� �0.521
CO2 + H2O + 2e� ? HCOO� + OH� �0.665
2H2O + 2e� ? H2 + 2OH� �0.414
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semiconductor 1 and vice versa. This process brings a spatial sep-
aration of electron-hole pairs. Following this design, Kuila et al.
prepared the Ce MOF/BiVO4 type-II heterojunction [42]. The
built-in electric field across the space charge region extended
the lifetime of the charge carriers, and the n-n heterojunction
showed superior photoelectrochemical catalytic performance in
degrading several dyes [42].

The p-n junction is a special type-II heterojunction which
contains one p-type and one n-type semiconductor. In a p-n
heterojunction, an internal electric field at the p-n interface
and a space charge region occur before light illumination, in
order to achieve the Fermi level equilibrium of the system. Sub-
udhi et al. fabricated cobalt titanate integrated UiO-66-NH2 p-n
junctions and obtained outstanding H2 evolution performance
(530.87 mmole/h) [43]. The p-n heterojunction showed excellent
visible light responsive capacity and prolonged charger carrier
lifetime.

To substantiate the presence and establishment of these
heterojunctions, a detailed characterisation of their morpholo-
gies can be carried out through high-resolution transmission
electron microscopy (TEM). The utilization of X-ray photoelec-
tron spectroscopy (XPS) and DFT simulation serve to definitively
ascertain the classification of the heterojunctions into Type I,
Type II, or Type III. In order to discriminate between direct Z-
scheme and Type II heterojunctions, a series of tests for reactive
oxygen species (ROS) generation can be conducted. These tests
encompass techniques such as electron spin resonance spec-
troscopy, photoluminescence spectroscopy, and UV–Vis spec-
troscopy [44]. Furthermore, the validation of p-n junction
formation can be accomplished through the construction of a
Mott-Schottky plot [45].

Type-II and p-n heterojunctions are efficient for improving
electron-hole separation. However, it is clear in Fig. 2b that both
the oxidation and the reduction reactions take place at the semi-
conductor with the relatively lower redox potential. The redox
driving force of the system is reduced by the charge transfer.
While in a Z-scheme heterostructure, the holes of semiconductor
1 and the electrons of semiconductor 2 recombine. The photo-
generated electrons left in semiconductor 1 can participate in
the reduction process and the holes in semiconductor 2 can be
involved in the oxidation reaction. Theoretically, half of the elec-
trons in the Z-scheme structure are wasted, yet the charge separa-
tion is promoted, and the redox ability is maintained. Askari
et al. reported a CuWO4/Bi2S3/ZIF-67 dual Z-scheme system,
which was applied to Metronidazole (MTZ) and Cephalexin
(CFX) degradation with maximum photodegradation efficiencies
at 92.5% and 87% [46]. The elevated photocatalytic capacity
comes from a larger specific surface area from ZIF-67, lower band
gap energy and efficient charge transfer from the formation of
the dual Z-scheme heterojunction [46].

Conductivity
According to the structure of the MOFs, after binding of metal
ions and organic linkers, generally there will be no free charge
carriers left and no low-energy pathways available for charge
transport. Thus, the majority of MOFs behave as insulators
(conductivities < 10�10 S�cm�1) [23]. Some common strategies
have been reported to achieve suitable conductivities, including
the usage of specific conductive organic linkers, the addition of
guest dopants, and hybridization with conductive polymers or
other graphene- or carbon nanotube-based materials [47].

Within the MOF-semiconductor system, the conductivity of
the hybrid can be elevated by reducing the charge transport
pathway in MOFs, typically by minimising the size of the MOFs.
One of the most effective strategies is to coat a thin layer of MOF
on the semiconductor substrate. Cui et al. fabricated a NiFe-
MOF/TiO2 heterostructure with a 1–2 nm of NiFe-MOF shell over
the TiO2 nanorods and reported 3.35-fold increase of photocur-
rent density at 1.23 V (vs. RHE) comparing to TiO2 sample [48].
Improved charge injection and separation, as well as better stabil-
ity, were obtained. Owing to the ultrathin MOF layer, photogen-
erated charge carriers could readily migrate to the surface for
redox reactions. In addition, the thin and porous structure of
NiFe-MOF does not block light absorption and mass transfer to
TiO2.

Stability and pH of solvents
The high specific surface area and porous structure of MOFs offer
them great advantages in gas storage and separation. However,
these unique properties also cause problems such as instability.
While PC and PEC catalytic reactions are generally performed
in aqueous solutions, it has been reported that MOFs could col-
lapse after removing solvents on account of the capillary force
[49]. Solvents with low surface tension could be applied to miti-
gate this problem. In MOF/semiconductor hybrid systems, the
key factor that affects the stability is the pH of the electrolyte.
The pH stability of several MOFs are shown in Fig. 2c [50]. In
contrast, some common oxide semiconductors have wider
ranges of stability for PC and PEC catalysis., ZnO is stable in elec-
trolyte over a pH range from 9 to 13. Fe2O3 is stable in basic solu-
tion, while WO3 is stable in acidic conditions [50]. Therefore, for
hybrids electrolytes with a suitable pH range should be selected
to ensure both MOF and semiconductor are stable during PC
and/or PEC catalysis. During PEC measurements, hole-
sacrificial agents like inorganic sodium sulfite or organic tri-
ethanolamine (TEOA) have been used to consume the photogen-
erated holes at the surface. The interaction between these agents
and the MOFs should also be taken into account.

Product selectivity
HER and CO2 reduction reaction are two most desired reactions
occurring at the PEC photocathodes. As listed in Table 1, CO2

could convert to CO, CH4 etc. at similar potentials. Since the
redox potential of popular photosensitisers like [Ru(bpy)3]

2+

(�0.81 V vs SCE) is sufficiently negative for both the hydrogen
evolution reaction and CO2 to CO reaction, the MOF in the
MOF/semiconductor hybrids must be selective [51]. For CO2

reduction, HER becomes a side reaction and should be sup-
141
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pressed. It is reported that the incorporation of uncoordinated
functional groups such as AF, ANH2, ACOOH can improve the
selectivity and adsorption of MOFs for CO2 reduction [15].
Besides, specific metal nodes like Co and doping with extra Ag
NPs have been reported to enhance the selectivity of CO2 reduc-
tion [52,53]. Investigations of CO2 reduction and mechanisms
will be discussed in sub-section ‘Photocatalytic and photoelectro-
chemical CO2 conversion’.

Fabrication
With careful design, MOF-semiconductor heterostructures can
be fabricated with excellent performance. Generally, two strate-
gies termed “ship in a bottle” and “bottle around the ship” have
been established [52,53]. With the “ship in a bottle” method,
MOF nanoparticles grow around semiconductors. MOFs and
semiconductors are usually connected by coordination bonds
and electrostatic interaction. Jin et al. modified TiO2 with
amino-MIL-125(Ti), and the structure performed well in PEC
detection of the herbicide clethodim [54]. The latter selects
MOF nanoparticles as the matrix and decorating guest particles.
Xu’s group decorated UiO-66 with CdS NPs and obtained supe-
rior H2 production activity [55].

Advantages and limitations of MOF-semiconductor structures
Incorporation of MOFs into traditional oxide semiconductors
has several advantages including: (i) high porosity, which ren-
ders more active sites exposed and makes mass transport easier
for surface redox reaction; (ii) light harvesting, as MOFs can be
readily functionalised to absorb light over a relatively broad
range; (iii) surface engineering, as MOFs can cover some struc-
tural defects which act as hole traps on semiconductor surfaces,
and mitigate electron-hole recombination [56]. These types of
MOF-semiconductor structures still exhibit some challenges,
such as low charge transfer efficiency between MOF and semi-
conductors, poor stability, inadequate PEC performance, etc.
Coupling plasmonic structures to MOF/semiconductor hybrid
systems is an exciting strategy to enhance PC and PEC activities
and has proved particularly promising in extending the light
absorption range of MOF, semiconductor, and MOF/semicon-
ductor hybrid photoelectrodes [57]. In addition, plasmonic
nanostructures could also improve charge separation of MOFs
and semiconductors, respectively, and increase the internal
charge transfer efficiency between MOFs and semiconductors
for MOF/semiconductor hybrid systems.

Fundamentals of plasmonic effect
Pure metal in an external electromagnetic field can be described
using the Drude model in which the conduction electrons of the
metal are treated as a free electron gas, whilst the positive ions are
fixed [58]. The electromagnetic waves can propagate in the metal
and generate collective oscillation at the plasma frequency. The
plasma frequency determines the permittivity of the metal. The
collective oscillation is termed a volume plasmon. Furthermore,
at the metal-dielectric interface, the excitation after illumination
generates a surface plasmon resonance (SPR). The surface plas-
mon resonance has two modes, i.e. surface plasmon polaritons
(SPP) and localised surface plasmon resonance (LSPR) (Fig. 3a.i).
The collective oscillation of free electrons near the dielectric-
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metal interface is also termed as surface plasmon [59]. An SPP
consists of an electromagnetic wave propagating along the inter-
face in the air and charge motion which will be evanescently
confined in the metal along the perpendicular direction [58].

The characteristic SPP resonance wavelength (k) is given by
Eq. (4.1) below:

k ¼ affiffiffiffiffiffiffiffiffiffiffiffiffi
i2 þ j2

q �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ed � em
ed þ em

r
ð4:1Þ

where a accounts for the periodic distance of the thin film, Ɛm and Ɛd
are the permittivity of the metal and dielectric, respectively. Parame-
ters i and j are wave vector indicators at the plane which determine
the SPP resonance mode. The incident transverse-polarised wave cou-
ples to the SPP to generate a transverse-magnetic polarisation and a
periodically changing surface charge density distribution, as shown
in Fig. 8a. The electric field exponentially decays to different penetra-
tion depths in the surrounding media. The penetration depth of the
evanescent field in the metal can be several nanometres, while the
penetration depth of the evanescent field in the dielectric ranges from
hundreds of nanometres to one micrometre. The surface plasmon
propagation length dSPP, with values from several micrometres to mil-
limetres, is inversely proportional to the depths mentioned above
[61]. In contrast, if the dimension of the interface is much less than
dSPP, the surface plasmon will be localised. Take metal nanoparticles
as an example, an incident electromagnetic field with specific fre-
quency causes oscillation of the free electrons, generating an oscilla-
tion of polarised charges and building a local electromagnetic field
over the metal surface, as shown in Fig. 3a.ii. The resonance between
the local electromagnetic field and external field is termed as LSPR.

The localised (dipole) surface plasmon frequency can be calcu-
lated using Eq. (4.2):

xLSPR ¼ xpffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2ed

p ð4:2Þ

where xp is the plasma frequency, Ɛd is the dielectric permittivity. As
the LSPR frequency of metal materials can be tailored by the size, mor-
phology, and permittivity, it is feasible to design nanostructures with
defined LSPRs.

The time scales of plasmonic energy transfer are shown in
Fig. 3b. After collective electron oscillation, the plasmon reso-
nance energy could dissipate within 20–30 fs via radiative pho-
ton re-emission and nonradiative decay. In the nonradiative
mode, electron-hole pairs are excited in the metal. The plasmon
energy transfers to individual hot carriers in the metal via Lan-
dau damping in 100 fs [62]. Exceptionally, in direct hot electron
injection (HEI), the hot carriers occur in the semiconductor. After
Landau damping, the majority of the energy dissipates via elec-
tron–phonon scattering within 100 fs–1 ps [58]. Alternatively,
hot carriers excited in the metal could be transferred to semicon-
ductors in the indirect HEI process before relaxation. Finally, hot
carriers will fall to the fermi level and release heat in 1 ps–10 ns.

Mechanistic study of plasmonic enhancement
SPP and LSPR give rise to near-field electromagnetic fields in the
dielectric and metal. As the generation rate of energetic charge
carriers is proportional to |E|2, the electron-hole pair generation
is therefore increased exponationaly [63]. Herein, for a metal–
semiconductor junction, the plasmon energy must be higher
than the bandgap energy of the semiconductor. Plasmonic
energy can be transferred to a semiconductor through three main
mechanistic pathways: (i) plasmon-induced resonance energy



FIG. 3

(a) Schematics of (i) SPP and (ii) LSPR [60]. (b) The time scales of plasmonic energy transfer [58]. Reproduced with permission from [58,60]. Copyright IOP,
2018. Copyright John Wiley & Sons, 2019.

R
ES

EA
R
C
H
:
R
ev

ie
w

Materials Today d Volume 70 d November 2023 RESEARCH
transfer (PRIET); (ii) light scattering/trapping; (iii) hot electron
injection (HEI).

PIRET is a process that transfers energy from the plasmon to
the semiconductor through the electromagnetic field generated
by surface plasmon resonance or a dipole–dipole interaction.
After the generation of surface plasmon dipoles, the dipoles
can relax and excite electron-hole pairs in semiconductors. Local
electromagnetic fields can non-radiatively excite interband tran-
143



FIG. 4

(a) Microstructure of the TiO2@MOF nanorod array. i. Top-view SEM image of TiO2 nanorod array; ii. cross-section SEM image of TiO2 nanorod array; iii. top-
view SEM image of TiO2@MOF nanorod array; iv. TEM and v. HRTEM images of a TiO2@MOF nanorod [45]. Reproduced with permission from [45]. Copyright
Springer Nature, 2018. (b) i. HRTEM of Au-ZnO, ii. TEM image of Au@CeO2 core–shell NPs, iii. high-resolution dark filed TEM image of an Au@CeO2 core–shell
structure, vi. High-magnification TEM image of an Ag-CdS Yolk/Shell heterostructure, v. TEM image of the SnS2@AuNPs core–shell structure; vi. TEM image of
the SnS2@AuNPs Janus structures, vii-ix. The near field distribution of SnS2 nanoparticle, the core–shell structure and the Janus structure with AuNP.
Reproduced with permission from [76–79]. Copyright John Wiley and Sons, 2021. Copyright Elsevier, 2021. Copyright John Wiley and Sons,2021. Copyright
Elsevier, 2021. (c) TEM images of i. Synthesis process and hydrogen production schematic of Pt-UiO-66-NH2, ii. Pt@UiO-66-NH2 and iii. Pt/UiO-66-NH2,.
Reproduced with permission from [87]. Copyright JOHN/WILEY & SONS, 2016. (d) TEM images of i. Ag � Re3-MOF and ii. Magnified TEM image of Re3-MOF, iii.
Structures of Ren-MOF and Ag � Ren-MOF for plasmon-enhanced photocatalytic CO2 conversion. Al NC@MIL-53(Al) with nominal Al core sizes of iv. 50 nm, v.
85 nm, vi. 110 nm, and vii. 150 nm. Viii. Synthesis of Al NC@MOF plasmonic heterostructure based on dissolution-and-growth. Reproduced with permission
from [88,89]. Copyright American Chemical Society, 2017. Copyright American Association for the Advancement of Science, 2019.
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sitions in the semiconductor. PIRET is a blue-shifted energy
transfer process, and can lead to absorption of light with energy
below the semiconductor bandgap. Its efficiency is affected by
the distance between the metal and semiconductor, and the
spectral overlap between the plasmon resonance band and the
semiconductor absorption region [62]. Unlike HEI, direct contact
between the semiconductor and plasmon nanoparticle is not
required.

As mentioned above, LSPR on metallic nanoparticles involves
resonance between the external field and the local intense near-
field electromagnetic field originating from the oscillation of free
electron gas. The scattering and absorption cross-section are
therefore much larger than the spatial size of the metallic
nanoparticles. When a semiconductor is integrated with the
metallic nanoparticles, more incident photons are extracted by
the metallic nanoparticles in the first step. Then the plasmon res-
onance process can dissipate energy via radiative decay, with
energy transferred to the semiconductor through re-emission of
photons. In general, the metallic nanoparticles should be larger
144
than 50 nm in diameter, as the absorption cross-section is related
to their dimension [62,64]. Unlike HEI and PIRET, the near-field
excitation enhancement and light scattering could not extend
the absorption range through the light spectrum.

HEI includes indirect electron transfer and direct electron
transfer [65]. Physical contact between the metal and semicon-
ductor is an essential requirement for HEI processes. After the res-
onant excitation, the plasmon resonance could dissipate in a
nonradiative pathway to excite electron-hole pairs in the metal.
Subsequently, hot carriers relax to a Fermi–Dirac distribution by
electron–electron scattering within 1 ps [58]. Hot carriers with
energy higher than the Schottky barrier at the metal–semicon-
ductor interface could be directly injected into the conduction
band of the semiconductor. The whole process is termed as indi-
rect electron transfer. In this mode, the energy of hot electrons is
not determined by incident light, which means photons with
energy below the bandgap could be utilised, thereby expanding
the spectral light absorption range, enabling lost photon (below
the band gap of the semiconductor) harvesting. However, this
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two-step process has relatively low theoretical maximum elec-
tron transfer efficiency (8%) [66]. In direct electron transfer,
hot electrons are induced directly in the semiconductor in a
chemical interface damping process [65]. In this case, the elec-
tron transfer efficiency could be much higher than that of the
indirect mode [67].
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Plasmon enhanced MOF-semiconductor composite
photocatalysts/PEC catalysts
Binary composite photocatalysts/PEC catalysts
Investigations into semiconductor-MOF, plasmon-MOF and
plasmon-semiconductor composite photoelectrodes have been
reviewed by several research groups [68,69]. In this article, we
briefly summarise these binary hybrid photoelectrodes.
MOF-semiconductor composites
MOF-semiconductor binary composites have been investigated
for light-induced applications [70]. The encapsulation of visible
light responsive MOF with wide band gap semiconductors (e.g.
TiO2, ZnO) is a normal strategy in PEC cell or photocatalysts.
The semiconductor and the chosen MOF with the same metal
source are always the preferential combination because of better
interface matching and convenience in fabrication. Xiao’s group
reported a facile route to synthesise amorphous TiO2@NH2-MIL-
125(Ti) heterostructures [71]. The encapsulation of NH2-MIL-125
(Ti) on TiO2 could preserve Ti3+ active species in the photocat-
alytic reaction. Meanwhile, TiO2 could act as a platform for trans-
ferring photoinduced electrons from NH2-MIL-125(Ti).

Binary composites consisting of the semiconductor and MOF
with different metal elements have also been investigated. Yang
et al. fabricated TiO2@MOF core–shell nanorod array photoan-
odes with a photocurrent density of 2.93 mA cm�2 at 1.23 V
vs. RHE (Fig. 4a) [45]. TiO2 and Co-MOF formed a p-n junction,
which improved the charge separation in TiO2 nanorods. The
novel vertically aligned core–shell structure renders a longer opti-
cal pathway with a shorter distance for holes diffusing from TiO2

to the electrolyte.
Jia et al. developed ZnO@ZIF-8/67 photoanodes and exhibited

a 9.2 times increase in light current density (0.11 mA cm�2 at
1.23 V vs. RHE) compared to the pristine ZnO nanorod arrays
[72]. The integration of ZIF-67 simultaneously extended the light
harvesting spectrum to the visible-light range and suppressed the
charge recombination.

Several studies have been made based on hematite. Jiang’s
group incorporated MIL-53(Fe) microrods with Fe3O4 nano-
spheres via a simple one-pot solvothermal process [73]. The syn-
ergistic effect brought enhancement both in PEC water oxidation
and organic pollutant (RhB, PNP) photodegradation. Zhang et al.
demonstrated an in situ growth of Co-MOF nanosheets on an
hematite nanorod array and a photocurrent density of
2.0 mA cm�2 at 1.23 VRHE was obtained [74]. The atomically dis-
tributed Co2+ delivered outstanding hole storage capability and
high charge transport efficiency.

In terms of CO2 reduction, Crake et al. integrated TiO2

nanosheets with NH2-UiO-66 via an in situ growth and achieved
capture and photocatalytic reduction of CO2. The as-generated
heterojunction of TiO2 nanosheets and NH2-UiO-66 showed
high CO2 uptake and prevented the aggregation of TiO2. In this
system, NH2-UiO-66 acted as CO2 adsorbent, charge separator,
light transducer, as well as co-catalyst rendering more active sites
for CO2 reduction.

As to light-induced environmental remediation, Du et al.
reported MIL-100(Fe)@g-C3N4 heterojunctions from ball-milling
and annealing, which demonstrated promising photocatalytic
performance for Cr(VI) reduction and organic pollutant
degradation under the sunlight [75]. The enhanced Cr(VI)
reduction arised from effective photoexcited electron transfer
from g-C3N4 to MIL-100(Fe). This work implied the potential of
MOF and economic semiconductor for contamination treatment.

Plasmon-semiconductor composites
In terms of plasmon-semiconductor photoelectrodes, common
structures include: semiconductors decorated with plasmonic
nanocrystals, plasmonic metal–semiconductor core–shell struc-
tures, Yolk/Shell and Janus plasmonic metal–semiconductor stru-
cutures [69]. Yasmeen et al. decorated ZnO nanoparticles with Au
nanospheres and the photocatalytic degradation capacity was
improved, shown in Fig. 4b.i [76]. Dao et al. prepared plasmonic
Au@CeO2 core–shell structure with diameter of �60 nm for pho-
tocatalytic HER (Fig. 4b.ii–iii). The LSPR was excited on Au and
the charge carrier generation rate of CeO2 was elevated [77]. Jung
et al. fabricated Ag-CdS Yolk/Shell heterostructures and obtained
superior photocatalytic HER performance compared to CdS hol-
low nanoparticles, which could be attributed to the energy trans-
fer from Ag to CdS and a light-matter interactions in the yolk-
shell nanostructure [78] (Fig. 4b.iv). Fu et al. explored SnS2@-
AuNPs Janus heterostructures and reported that the Janus struc-
tures showed better LSPR property than the core–shell SnS2-Au
NPs (Fig. 4b.v–vi). The latter delivered minor photocatalytic
enhancement. As shown in Fig. 4b.vii–ix, prominent optical field
enhancement of ca.12-fold was calculated at the edge between
Au and SnS2, while the core–shell structure presented no signifi-
cant enhancement (�2 times) [79].

Apart from water splitting, TiO2 and ZnO were also applied to
photo-induced antibacterial activities. O. Akhavan et al. fabri-
cated Ag-TiO2/Ag/a-TiO2 nanocomposite films for the pho-
todegradation of Escherichia coli bacteria under visible light,
while Mao et al. prepared Ag/Ag@AgCl/ZnO hybrid nanostruc-
tures embedded into hydrogel for wound healing acceleration
[80,81]. In both systems, semiconductors produced photogener-
ated reactive oxygen species (ROS). Silver nanoparticles provided
LSRP and the release of silver ions contributed to the enhanced
antibacterial activity. The Ag-TiO2/Ag/a-TiO2 nanocomposite
exhibited a controlled ion releasing process by interdiffusion of
molecular H2O and Ag nanospheres through pores of the films.
For Ag/Ag@AgCl/ZnO, a boost of ROS resulted in the enhance-
ment of photocatalytic and antibacterial performance, compared
with ZnO. The hydrogel system offered controllable and sus-
tained release of Ag+ and Zn2+. These two ions conducted a syn-
ergistic antibacterial effect against Escherichia coli and
Staphylococcus aureus, and accelerated wound healing.

Apart from LSPR plasmonic metal nanocrystals, other plas-
monic nanostructures like nanohole arrays enable SPP mode
plasmonic enhancement. Wu’s group exploited gold nanohole
arrays to generate both SPP and LSPR simultaneously. The energy
145



R
ESEA

R
C
H
:R

eview

RESEARCH Materials Today d Volume 70 d November 2023
of SPP and LSPR were transferred to hematite nanorods domi-
nantly via PIRET and a more than 10-fold enhancement was
observed in the incident photon to current efficiency (IPCE)
spectrum [82]. SPP mode exploitation was also reported in plas-
mon/MOF composites for sensing and plasmon/semiconductor
hybrids for PEC catalysis [82–84].

Plasmon–MOF composites
The Plasmonic-MOF composites are another research hot topic
and have been intensively researched in applications such as
biosensing, drug delivery and catalysis [85,86]. Typical
heterostructures are MOFs decorated with plasmonic NPs and
metal nanoparticle-MOF core–shell structures. Xiao et al. fabri-
cated Pt@UiO-66-NH2 structures, shown in Fig. 4c, via a
solvothermal method with pre-prepared Pt NPs and precursor
solution of UiO-66-NH2 [87]. In comparison with Pt/UiO-66-
NH2 (Fig. 4c.ii), internal Pt NPs shortened the electron transport
route to the UiO-66-NH2. The Pt NPs also suppressed the charge
recombination and the porous structure of UiO-66-NH2 did not
block the mass transfer of photocatalytic HER.

Choi et al. reported Ag-MOF heterostructure for CO2 reduc-
tion [88]. The Zr6O4(OH)4(ACO2)12 was functionalised with H2-
ReTC and H2BPDC to form Ren-MOFs. A Ren-MOF coating layer
with thickness of 16 and 33 nm could be generated on the sur-
face of Ag nanotubes via vigorous stirring for specific reaction
times (Fig. 4d.ii). The silver core at the centre could provide an
enhanced electromagnetic field to improve the overall photocat-
alytic performance. The modified Ren-MOFs shell rendered
numerous active sites and high porosity for mass transfer.

Robatjazi et al. reported the growth of MOF shell surrounding
Al nanocrystals (Fig. 4d.viii). During the growth of the MOF
layer, Al was oxidised to Al3+ and served as the metal nodes for
MIL-53(Al). The MOF layer improved the photocatalytsis of Al
nanocrystals for hydrogen–deuterium exchange and reverse
water–gas shift reactions [89].

Ternary plasmon-MOF-semiconductor hybrid photocatalysts/
PEC catalysts
To date, there are few papers reporting ternary plasmon/MOF/
semiconductor composites, based on LSPR effect, for photocatal-
ysis or photoelectrochemical catalysis [90–92]. Cui et al. grew
NH2-MIL-125 thin film on TiO2 nanorod array, and further dec-
orated silver NPs onto the NH2-MIL-125 thin film, as shown in
Fig. 5a–j. The schematic of Ag/NH2-MIL-125/TiO2 photoanode
for PEC water splitting is presented in Fig. 5k–l. The photocurrent
density at 1.23 V (vs. RHE) was enhanced by 4.42 times [90]. The
IPCE value at 390 nm increased to 51%, and high charge injec-
tion and separation efficiency was obtained [90]. The IPCE did
not increase below the band edge of TiO2, which excluded the
blue-shift PIRET effect. Since the in situ implanted Ag nanoparti-
cles only had a diameter of around 10 nm, the light trapping
effect was limited. Considering the hot electron injection mode,
the hot electrons generated in silver have to first hop to NH2-
MIL-125, and then transfer to the TiO2. This process was sug-
gested to be less efficient. Even though, the IPCE data showed
dramatic enhancement around 400 nm, which could be attribu-
ted to localised near-field electromagnetic field enhancement to
promote electron-hole pair excitation in NH2-MIL-125 and
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TiO2. HEI also plays a minor role in the enhancement. Addition-
ally, NH2-MIL-125 provided a wider light absorption compared
with bare TiO2. Similar to the LSPR effect from plasmonic Ag
NPs, the heterojunction between NH2-MIL-125 and TiO2 facili-
tated efficient charge separation.

Theoretically, plasmonic metal nanoparticles encapsulated in
between the MOF and semiconductor should result in more effi-
cient near-field electromagnetic field enhancement and HEI. Dou
et al. prepared a ZIF-67/Metal NPs/ZnO composite photoelec-
trode [91], as shown in Fig. 6c. A six-fold photocurrent density
enhancement was obtained compared to the bare ZnO photoan-
ode. Au NPs of diameter 15 nm could not bring a significant light
trapping effect (Fig. 6a–b). As the Au NPs were placed at the inter-
face between ZnO and ZIF-67, the localised near-field electromag-
netic field equally affected the ZnO and ZIF-67. Porous ZIF-67 did
not block the light penetration into the Au NPs and ZnO. There-
fore, once hot carriers were excited in Au NPs, they could directly
overcome the Schottky barrier and inject into ZnO. The absorp-
tion peak of Au NPs did not match well with the band edge of
ZnO, so PIRET was considered to be ineffective in this process.
The performance enhancement from plasmonic effect can be
attributed to HEI and near-field electromagnetic field enhance-
ment. The visible-light responsive ZIF-67 contributed to elevated
performance through broad light harvesting, a porous structure
for mass transport and abundant active sites for surface redox
rection.

Butburee et al. prepared hybrid photocatalysts which con-
tained ZIF-8/AuCu nanoprism/TiO2 junction [92] (Fig. 6f). Finite
Different Time Domain (FDTD) modelling was applied in this
work and predicted an electric field enhancement at 586 nm at
the metal/semiconductor interface. The nanoprimes had sides
of �100 nm (Fig. 6d–e), the light trapping became a significant
mechanism for plasmonic enhancement. A large cross section
of energy flux was captured and utilised by the metal NPs, and
the energy was further transferred to the semiconductor by re-
emission of photons without energy loss. Besides, the metal
nanoprism also acted as a bridge to facilitate charge transport
between the ZIF-8 and TiO2. As a cocatalyst, the porous ZIF-8 pro-
vided many CO2 adsorption sites for efficient CO2 reduction.

Xie’s group fabricated the a-Fe2O3@Ag@ZIF-67 ternary com-
posite photoanode (Fig. 7) [57]. Visible light responsive ZIF-67
improved the light harvesting. The Ag nanorods were function-
liased with PEG-ligand which hindered the direct hot electron
transfer. FDTD was applied to simulate the local electomagnatic
field and far-field spectra of Ag nanorods. The Ag nanorods in
the study had a dominant absorption cross-section and a less
strong light scattering effect. The resonance peaks of silver
nanorods with different aspect ratios were calculated with FDTD
and measured with UV–Vis. They invetisgate the plasmonic
enhancement mechanism via tailing the optical properties of
Ag nanorods with different aspect ratios and reported that PRET
dominated the plasmonic energy transfer from Ag to a-Fe2O3 and
ZIF-67 in this system.

On the other hand, several MOF-semiconductor-plasmonic
enhanced ternary photocatalysts have been reported. Feng
et al. preapred ternary UiO 66/g C3N4/Ag composite photocata-
lysts and applied them in the degradation of contaminants like
Rhodamine B [93]. The addition of g C3N4 and silver improved



FIG. 5

(a-b) SEM images of Ag/NH2-MIL-125/TiO2. (c-d) TEM images of Ag/NH2-MIL-125/TiO2. (e-j) STEM images of Ag/NH2-MIL-125/TiO2, (k-l) Schematic of Ag/NH2-
MIL-125/TiO2 photoanode for PEC water splitting. Reproduced with permission from [90]. Copyright Elsevier, 2020.

FIG. 6

TEM images of (a–b) ZnO@Au@ZIF-67, (c) ZnO@Au@ZIF-67 photoanode for PEC water splitting, (d–e) TiO2-ZIF-8-AuCu. (f) TiO2-ZIF-8-AuCu for CO2

photocatalytic reduction, Reproduced with permission from [91–92]. Copyright Royal Society of Chemistry, 2017. Copyright Elsevier, 2019.
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the light absorption, charge separation and mobility, thereby ele-
vating the photocatalytic capability. Similar to PEC photoelec-
trodes, design of the semiconductor-MOF-plasmonic metal NP
system can improve the performance. Several plasmonic
enhanced ternary photocatalysts with novel structures are
shown in Fig. 8. Wang et al. dispersed CdS coated gold nanopar-
ticles into MIL-101 (Cr) and studied photocatalytic HER (Fig. 8a–
c) [94]. The porous MIL-101 (Cr) provided abundant active sites
and harvested photons while Au@CdS created LSPR, accelerated
the charge transfer and broadened the light absorption of CdS.
Furthermore, the semiconductor/plasmonic NP hybrids can be
encapsulated into the MOF nanocrystals. Sofi et al. prepared
HKUST-1@Ag-Ag3PO4 heterostructures and characterised the
photocatalytic performance by degradation of PBS [95]. The LSPR
from Ag NPs and Z-scheme energy transfer provided a superior
photocatalytic performance for the system. As can be seen from
Fig. 8f, electrons excited in Ag3PO4 could be collected by silver
NPs while holes in Ag3PO4 could directly transfer PBS to CO2
147



FIG. 7

(a) Scheamtic of workflow of a-Fe2O3@Ag@ZIF-67 photoanode for PEC water splitting. SEM images of (b) a-Fe2O3 (c) a-Fe2O3@ZIF-67. (d) STEM images of a-
Fe2O3@ZIF-67. TEM images of (e) Ag nanorods (I), (f) a-Fe2O3@Ag@ZIF-67. (g) STEM images of a-Fe2O3@Ag@ZIF-67. (h) Normalised UV–Vis spectra of a-Fe2O3,
ZIF-67, Ag-I, Ag-II. (i) UV–Vis spectra of a-Fe2O3@ZIF-67, a-Fe2O3@Ag-I@ZIF-67, a-Fe2O3@Ag-II@ZIF67. (j) Tauc plots of a-Fe2O3, a-Fe2O3@ZIF-67, a-Fe2O3@Ag-
I@ZIF-67, a-Fe2O3@Ag-II@ZIF67. (k) Schematic of charge carrier and reaction pathway of a-Fe2O3@Ag@ZIF-67. Reproduced with permission from [57].
Copyright Elsevier, 2023.
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and H2O. Silver NPs therefore helped the effective charge separa-
tion of Ag3PO4. Moreover, Ag NPs provided hot electrons and
transport to HKUST-1 and were involved in the photocatalytic
oxidation process. Apart from all these structures, MOF and semi-
conductors can have the core–shell structures. Tilgner el al.
reported the MIL-101 (Cr) core and gold/anatase shell photocat-
alyst for visible-light-driven wastewater purification [96]. The
MOF core-crystalline anatase shell decorated with plasmonic
gold NPs is presented in Fig. 8g–i. In addition to providing vast
active sites, the MIL-101 (Cr) core also renders good stability of
the whole system. Fig. 8i indicates how photogenerated electrons
can transfer from gold to TiO2 and participate in the photocat-
alytic reduction reaction.
Design consideration of plasmon-MOF-semiconductor
photocatalysts/PEC catalysts
Plasmonic metal
The near-field enhancement and absorption cross-sections of
various elements in the form of nanospheres have been studied,
148
as shown in Fig. 9a and b [97]. It is clear that copper, silver and
gold are good candidates as plasmonic materials. Moreover, for
a particular metal, the absorption peak can be manipulated by
nanostructuring. The absorption edge of Ag nanocubes red shifts
as the cube size increases. Apart from nanocubes and nano-
spheres, other structures such as nanostars, nanoprisms can also
bring excellent plasmonic enhancement. Notably, nanohole
arrays give characteristic SPP and LSPR modes for enhancing per-
formance by multiple pathways.
General strategies to constructure plasmon–MOF-semiconductor
photoelectrodes
The MOF-semiconductor composites have been discussed in
detail in previous sections. When a plasmonic component is
introduced, a “device-by-design” approach should be applied.
As mentioned above, Cu, Ag and Au are all good candidates
but Cu suffers from relatively poor stability. Other elements like
Ru and Rd are less cost-effective. On the other hand, various
structures such as MOF-semiconductor core–shell,



FIG. 8

(a–c) TEM images and Photocatalytic mechanism of UiO 66/g C3N4/Ag, (d–f) TEM images and schematic of Au@CdS/MIL-101 for photocatalytic HER, (g–i) TEM
images and schematic of HKUST-1@Ag-Ag3PO4, (j–k) TEM images and schemiatic of fabrication process and photocatalysis of MIL-101-core–Au/anatase-shell
compound. Reproduced with permission from [94–96]. Copyright Elsevier, 2016. Copyright Elsevier, 2018. Copyright John Wiley and Sons, 2017.
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semiconductor-MOF core–shell, plasmon-semiconductor core–
shell structures have been reported in ternary composite photo-
electrodes. The structures of these three components deserves
further investigation. In our opinion, MOF-plasmonic NP-
semiconductor should be better than MOF-semiconductor-
plasmonic NP structure, as plasmonic NPs at the interface could
provide more effective near-field electromagnetic fields and hot
electron transfer. The MOF could be either the core or outer layer
as a framework to provide stability or as a cocatalyst to favour
surface redox reaction, respectively.

Metal thin films could be exploited to take advantage of SPP
modes. Ideally, the ternary composites should contain metal
thin films and metal NPs to providing both SPP and LSPR modes,
a sandwich-liked MOF-Plasmonic NP-Semiconductor structure
with the light responsive MOF acting as both photosensitizer
and co-catalyst should be made. In order to maximise various
plasmonic enhancement pathways, the absorption peak of the
plasmonic NPs should be precisely tailored with the band edge
of the semiconductor and absorption band of the MOF.

It is noteworthy that the introduction of metallic NPs may not
or not only bring plasmonic properties. For example, Pt NPs
could build Schottky junctions with semiconductors to promote
charge separation. Li et al. reported an Au/Fe2O3 photoanode
[98]. The mismatch of the Fermi level of hematite and the gold
work function induced electron transfer and band bending.
The Au/Fe2O3 Schottky junction lead to band bending of the
149



FIG. 9

(a) The near-field enhancement and absorption cross sections of different elements in the form of nanospheres [97]. (b) The absorption cross sections of
different elements in the form of nanospheres [97]. Reproduced with permission from [97]. Copyright AIP, 2020.
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CB and VB of hematite, thereby accelerating electron-hole pair
separation and further improved the incident-photon-to-cur
rent-conversion efficiency. Besides, noble metal nanoparticles
are catalytic for many reactions, which may bring enhancement
to PC/PEC performance. The distribution position, dispersion
state and surface charge state of metallic NPs also have significant
impact on their plasmonic performance.
150
Applications of plasmonic enhanced photocatalysts/
PEC catalysts
MOFs with suitable HOMO and LUMO levels can fulfil catalytic
functions, their high surface area giving good performance. In
MOF/semiconductor hybrid systems, the distances between
charges carriers and surface reaction locations are shortened.
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Moreover, the recombination rate of electron – hole pairs is
decreased drammtically [99,100]. However, most photocatalytic
MOFs exhibit wide band gaps, which causes inferior light absorp-
tion efficiency, especially in the visible and near-infrared regions.
Thus, the superior redox activity and high photocatalytic effi-
ciency are difficult to realise [101,102]. plasmonic nanostructures
can greatly enhance the PC and PEC activities due to plasmonic
energy transfer from the metal nanostructure to MOF and/or
semiconductor. Recently, researchers have reviewed binary struc-
tured photoelectrodes including MOF/semiconductor, semicon-
ductor/plasmonic metal and MOF/plasmonic metal hybrid
systems. In this review, only recent applications of ternary struc-
tured photoelectrodes (plasmonic metal/MOF/semiconductor)
are considered in detail. The applications of the ternary systems
include water splitting, CO2 reduction and degradation of
organic pollutants, as summarised in Table 2.

Photocatalytic and PEC water splitting
To split water, photoelectrodes for both the HER and the OER
processes are required. In this section, some examples of plas-
TABLE 2

Photocatalytic performances of plasmonic MOF based photoelectrodes.

Number Photocatalyst Target reaction Hydrogen production

1 Au/CdS/MIL-101 HER 25 lmol/gh
2 Au/MIL-125-

(NH2)2/TiO2

OER –

3 Ag/MIL-125-
NH2/TiO2

OER –

4 Au/ZIF-67/ZnO OER –

5 a-
Fe2O3@Ag@ZIF-
67

OER –

6 BiVO4@Au@UiO-
66-NH2

CO2 reduction 232.7 lmol/gh CO und
sunlight

7 ZIF-8/AuCu
nanoprism/TiO2

CO2 reduction 86.9 lmol/gh CO unde
sunlight

8 NH2-UiO-66/
TiO2/Au

CO2 reduction 26 lmol/gh CH4 under
sunlight

9 Ag/g-C3N4/UiO-
66

Degradation of RhB
and 2,4-D

0.01096 min�1 for RdB
2,4-D under visible ligh

10 ZIF-67/Ag/AgCl MO decomposition 0.1615 min�1 under vi
11 Ag/UiO-66/

Ag2WO4

Degradation of RhB
and PBS

0.09136 min�1 for PBS
under visible light (k >

12 Ag/HKUST-1/
AgPO4

PBS degradation 0.0246 min�1 under vi

13 Au/MIL-101/
TiO2

Degradation of RdB,
methyl orange,
methylene blue and
ciprofloxacin

2.34 ± 0.06(�10�3 min
(�10�3 min�1) for met
(�10�3 min�1) for met
4.62 ± 0.19(�10�3 min
visible light (k > 420 n

14 Ag/AgCl@MIL-
88A/g-C3N4

DRN degradation 0.0052 min�1 under Lig
surce (power of 93.4 W

15 Ag/AgCl/MIL-
100(Fe)

Degradation of RdB,
tetracycline
hydrochloride
(TC�HCl)

0.107 min�1 for RdB, 0
under visible light (k >

16 Ag/Ag3PO4/MIL-
125-NH2

Photocatalytic
reduction for Cr(VI)

0.0621 min�1 for Cr(VI)
monic enhanced HER and OER ternary photoelectrodes are
reviewed. Wang et al. developed a ternary nanostructured
heterojunction of Au nanoparticles, CdS and MIL-101 as a pho-
tocathode for HER catalysis [94]. Au NPs were highly dispersed
on MIL-101 and CdS was coated on the Au NPs. In their research,
the H2 production rates of binary nanostructured photocathodes
(CdS/MIL-101) with different MIL-101 concentrations were com-
pared, shown in Fig. 10a. Compared with pure CdS, all the binary
photocathodes had excellent enhancement of hydrogen genera-
tion rates and the highest rate they achieved was
208.2 lmolh�1/10 mg. The H2 evolution rate of Au/CdS/MIL-
101 was compared to the binary system, shown in Fig. 10b.
The superior hydrogen generation rate of Au/CdS/MIL-101 can
be observed with 250 lmolh�1/10 mg, which is 2.6 times larger
than bare CdS. Moreover, the quantum efficiency of Au/CdS/
MIL-101 achieved 8.8% at 420 nm, demonstrating the effective
enhancement of H2 evolution by incorporating Au NPs and
MOF MIL-101. They further investigated the functions of Au or
MIL-101, respectively. As shown in Fig. 10b, the Au/CdS/MIL-
101 has a superior H2 evolution performance than Au/CdS and
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FIG. 10

H2 evolution rates of (a) CdS with different content of MIL-101 and (b) CdS, MIL-101, Au/MIL-101, CdS/MIL-101, Au/CdS, Au/CdS/SiO2 and Au@CdS/MIL-101
under visible-light illumination (k � 420 nm) [94]. (c) Linear sweep voltammetry (LSV) curves of photoanodes: a-Fe2O3, a-Fe2O3@ZIF-67, a-Fe2O3@Ag-I@ZIF-
67. (d) IPCE curves of measured at 1.23 V (vs. RHE) of the photoanodes: a-Fe2O3, a-Fe2O3@ZIF-67, a-Fe2O3@Ag-I@ZIF-67. (e) Nyquist Plot of a-Fe2O3, a-
Fe2O3@ZIF-67, a-Fe2O3@Ag-I@ZIF-67 samples, with the equivalent circuit. (f) Mott-Schottky plots of a-Fe2O3@Ag-I@ZIF-67 samples. (g) Hole injection
efficiency of a-Fe2O3, a-Fe2O3@ZIF-67, a-Fe2O3@Ag-I@ZIF-67 samples. (h) Bulk charge separation efficiency of a-Fe2O3, a-Fe2O3@ZIF-67, a-Fe2O3@Ag-I@ZIF-67
samples. Reproduced with permission from [57,94]. Copyright Elsevier, 2016. Copyright Elsevier, 2023.
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Au/CdS/SiO2, which illustrated the elevated H2 evolution activity
required MIL-101. Meanwhile, the H2 generation rate of Au/CdS/
MIL-101 was higher than CdS/MIL-101, due to improvement of
electron-hole pair separation between CdS and MIL-101 when
plasmonic Au nanoparticles are incorporated. Furthermore, they
also demonstrated the excellent stability of Au/CdS/MIL-101
photoelectrode for water splitting [94].

Photoanodes consisting of n-type semiconductors are used for
the OER process. In photoanode, the hole is the minority charge
carrier, which takes part in OER. While the electron is the major-
ity charge carrier, which migrates to the cathode via the external
circuit to participate in HER due to the electron’s concentration
gradient [110].

Xie’s group fabricated and charactersied the a-Fe2O3@Ag@ZIF-
67 ternary composite photoanode (Fig. 7) [57]. The highest PEC
water splitting performance of a-Fe2O3@AgNR-I@ZIF-
67photoelectrodes was observed (Fig. 10c). The construction of
hematite@ZIF-67p-n junction improved the electron-hole pair
separation (Fig. 10f, h). The ZIF-67 outlayer also elevated the sur-
face charge transfer efficiency (Fig. 10g). The FDTD results and
the better spectra overlap between Ag nanorod a-Fe2O3/ZIF-67
indicated that PRET dominated the plasmonic energy transfer
from Ag to a-Fe2O3 and ZIF-67 in this system.

Zhang et al. studied TiO2 nanorods enclosed by MIL-125-NH2

and MIL-125-(NH2)2 with plasmonic Au NPs. The TEM images of
the ternary nanostructured photoanode are shown in the
Fig. 11a.i–ii. In this work, MIL-125-NH2 and MIL-125-(NH2)2
were utilised to strengthen the photocatalytic performance of
the photoanode for water splitting and the photocurrent densi-
ties of TiO2/Ti-MOFs were investigated, as shown in Fig. 11a.iii.
The photocurrent density of TiO2/MIL-125-(NH2)2 can achieve
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32 mA/cm2 at 1.23 V vs. RHE, which is more than a 2 times
enhancement of the value for bare TiO2 (15mA/cm2 at 1.23 V
vs. RHE). Due to the more negative LUMO level of Ti-MOFs than
the conduction band edge of TiO2, there is a favourable electron
transfer from Ti-MOFs to TiO2, which increases the separation of
charge carriers and reduces the electron-hole pair recombination.
By visible light irradiation, electrons in the HOMO level of MIL-
125-NH2 and MIL-125-(NH2)2 are excited to the LUMO level and
immediately injected into the conduction band of TiO2. The
excited electrons are transported through the TiO2 and reach
the counter electrode via the external circuit to reduce water.
Simultaneously, the generated holes in the HOMO level can
drive water oxidation. By loading plasmonic Au nanoparticles
onto TiO2/Ti-MOFs, the photocatalytic activity of the photoan-
ode can be significantly enhanced, as shown in Fig. 11a.iv. The
Au/TiO2/MIL-125-NH2 photoanode displayed an approximately
two-fold photocurrent density increase compared to TiO2 nanor-
ods due to LSPR enhancement and light absorption extension to
visible range. The photocurrent density can reach 35 uA/cm2 at
1.23 V vs. RHE under visible light illumination. The plasmon-
induced visible light absorption of Au nanoparticles enabled
greater light harvesting efficiency. Meanwhile, due to the LSPR
effect, a strong electromagnetic field is generated around the sur-
face of Au nanoparticles. In addition, the photocatalytic perfor-
mance of Au cannot be ignored. There is a superior
enhancement of IPCE in the visible light range (420–500 nm),
as shown in Fig. 11a.v, and an additional peak for Au/TiO2/
MIL-125-NH2 at 550 nm, matching the absorption peak of Au
nanoparticles. In summary, they successfully demonstrated the
improved light absorption in the visible light range and
improved photocatalytic performance [103].



FIG. 11

(a) i–ii. TEM images of Au/MIL-125-NH2/TiO2 [103]. J-V curves of (iii) TiO2/Ti-MOFs and TiO2 and (iv) Au/TiO2/MIL-125-NH2 and other controlled photoanodes
under visible light illumination (k > 420 nm). v. IPCE results of Au/TiO2/MIL-125-NH2 and other controlled photoanodes under visible light irradiation
(k > 420 nm) [103]. Reproduced with permission from [103]. Copyright John Wiley and Sons, 2015. (b) i. J-V curves of Ag/MIL-125-NH2/TiO2 and other
controlled photoanodes under 100 mW/cm2 illumination and (ii) J-V curves of Ag/NH2-MIL-125/TiO2 with different loading content of Ag under 100 mW/cm2

illumination. iii. IPCE plots of Ag/NH2-MIL-125/TiO2 and other controlled photoanodes [90]. iv. J-V curves of ZnO/Au/ZIF-67 and other controlled photoanodes
under 100 mW/cm2 illumination. v. J-V curves of ZnO/Au/ZIF-67 and other controlled photoanodes under visible light illumination (k > 420 nm). vi. IPCE plots
of ZnO/Au/ZIF-67 and other controlled photoanodes [91]. Reproduced with permission from [90,91]. Copyright Elsevier, 2020. Copyright Royal Society of
Chemistry, 2017.
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Compared with the limited light harvesting range of Au
nanoparticles, Ag NPs possess superior capacity for light absorp-
tion between 400 and 450 nm, which is relatively matched with
the heterojunction of TiO2/MIL-125-NH2. Cui et al. fabricated Ag
NPs decorated core–shell structured TiO2 nanorods-MIL-125-NH2

as photoanodes for PEC water splitting. The J-V curves of Ag/
MIL-125-NH2/TiO2 are shown in Fig. 11b.i. The PEC perfor-
mance of the photoanode is enhanced by the LSPR effect and
the photocurrent density can achieve 1.06 mA/cm2 at 1.23 V
vs. RHE, which is 4.42 times larger than that of pristine TiO2.
They also investigated the influence of Ag NP density on a PEC
photoelectrode performance, shown in Fig. 11b.ii. The Ag/MIL-
125-NH2/TiO2 also had larger IPCE value of 51% at 390 nm than
TiO2, which is shown in the Fig. 11b.iii. In addition, TiO2/MIL-
125-NH2 has slightly higher IPCE value than that of Ag/MIL-
125-NH2/TiO2 in the UV region. By loading Ag NPs, the colour
of the photoanode’s surface become slightly dark, which
decreases the light absorption in Ultraviolet region. However,
due to LSPR effect of plasmonic Ag nanoparticles, the photoan-
ode has a larger IPCE value in the visible region [90].
Dou et al. fabricated a heterojunction photoanode consisting
of Au/ZnO/ZIF-67 for PEC water splitting. As shown in Fig. 11b.
iv, the Au/ZIF-67/ZnO photoanode exhibits a cathodic shift of
the onset potential from 0.05 to �0.1 V and the photocurrent
density of 2 mA at 0.5 V vs. SCE increases six-fold compared to
a ZnO photoanode. Shown in Fig. 11b.vi, the IPCE value of
Au/ZIF-67/ZnO and ZIF-67/ZnO photoanodes at 360 nm are
4.82% and 3.12%, a 6-fold and 4-fold increase, respectively, com-
pared to the control photoelectrode of ZnO. Clearly, the incorpo-
ration of ZIF-67 to form a hybrid electrode clearly improved the
PEC performance, as confirmed by IPCE characterisation. ZIF-67
provides more surface active sites for the catalytic reaction. More-
over, due to the extremely porous structure, it also enhances ion
diffusion and O2 escape. There are peaks in the region of 450–
700 nm for both Au/ZIF-67/ZnO and ZIF-67/ZnO, which indi-
cates the enhancement of visible light harvesting by ZIF-67.
The photocurrent density of Au/ZIF-67/ZnO under visible light
irradiation also was measured and shown in the Fig. 11b.v. In
the range of visible light (greater than420 nm), the photocurrent
density of Au/ZIF-67/ZnO still maintained 0.4 mA/cm2 at 0.5 V
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vs. SCE, which confirms the visible light harvesting and fast elec-
tron transfer from ZIF-67 to Au/ZnO [91].

Photocatalytic and photoelectrochemical CO2 conversion
The CO2 cycle that produces carbohydrates for life has been car-
ried out for thousands of years through natural photosynthesis.
Recently, with the assistance of plasmonic metal/MOF/semicon-
ductor platforms, efficient CO2 conversion into carbon-based
fuels has been realised. Compared with conventional semicon-
ductors, plasmonic/MOF/semiconductor hybrid systems provide
excellent CO2 active sites, highly porous surfaces, and great crys-
tallinity, which allow more CO2 adsorption, a faster mass diffu-
sion, and fewer structural defects. Therefore, CO2 conversion
reactions can be catalysed with a higher reactants surface con-
centration and shorter charge carrier diffusion length. The
electron-hole pairs recombination will also be suppressed
[12,111].

Dou et al. fabricated a hierarchical structured BiVO4/Au/UiO-
66-NH2 for photocatalytic CO2 reduction via growth of UiO-66-
NH2 on the surface of Au NPs decorated with BiVO4, as shown in
Fig. 12a.iii. The transfer pathway of photogenerated charges and
band energy positions of BiVO4/Au/UiO-66-NH2 are described in
the Fig. 12a.i–ii. For a BiVO4/UiO-66-NH2 photoelectrode, due to
the p-n junction-like structure, the excited electrons in the CB of
BiVO4 can migrate to the CB of UiO-66-NH2 without difficulty
while photoinduced holes of UiO-66-NH2 can transit to the VB
of BiVO4 as well, leading to improved charge carrier separation
and fast surface CO2 reduction. For Z-scheme BiVO4/Au/UiO-
66-NH2, the excited electrons of BiVO4 can transfer to the Fermi
level of Au and the electrons in Au can recombine with the holes
of UiO-66-NH2, as shown in Fig. 12a.ii. In this case, the photo-
generated holes and electrons are further separated and the
kinetic process in CO2 reduction is extremely enhanced. In
Fig. 12a.iv, the photocurrent density under chopped-light irradi-
ation can be observed. The BiVO4/Au/UiO-66-NH2 possess much
higher photocurrent density than the control photoelectrodes
with �120 mA/cm2 at 0.5 V vs. SCE. Furthermore, the photocat-
alytic activity for CO2 reduction is evaluated, shown in
Fig. 12a.v–vi. Clearly, BiVO4/Au/UiO-66-NH2 displays a superior
product yield with 232.7 mmolh�1g�1 of CO and 10.18 mmolh�1-
g�1 of CH4, which are higher than that of the other controlled
photoelectrodes [13].

Duflot et al. synthesised the NH2-UiO-66/TiO2/Au composite
photocatalysts [104]. The NH2-UiO-66 to TiO2 ratio was opti-
mised to compromise between MOF surface area for CO2 adsorp-
tion sites, visible light photons absorption capacity and a large
interface contact area. The charge carrier and reaction pathways
are shown in Fig. 12b.i, and the preferable metal(Zr)-to-metal(Ti)
charge carrier transport pathway was ensured. Au NPs presum-
ably act as electron traps, co-catalyst or surface plasmon res-
onators. Fig. 12b.ii indicates that 10 wt% NH2-UiO-66/TiO2/Au
(at pH = 7) composite leads to the best-cumulated CH4 produc-
tion rate of 136 lmol/gcatalyst with 70% electronic selectivity over
5 h of the continuous test.

Butburee and co-workers developed a ternary photocatalyst
system with plasmonic AuCu nanoprisms embedded between a
porous single crystalline TiO2 nanoplate thin film and ZIF-8
nanoparticles for photocatalytic CO2 reduction. The photocat-
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alytic performance for CO2 reduction of AuCu/ZIF-8/TiO2 (sam-
ple 3J-2DT) has superior total production yield (CO + CH4) of
86.9 mmolh�1g�1, which is nearly a 21-fold increase compared
to that of bare TiO2, as shown in Fig. 12b.iv. In Fig. 12b.v, the
time-course evolution of CO and CH4 from CO2 on 3J-2DT and
2J-2DT is illustrated. Due to the nearly linear curves of products
yield with time, excellent photocatalytic stabilities of 3J-2DT and
2J-2DT are both confirmed. The novel design enabled high den-
sity photoinduced charges from the AuCu-TiO2 interface with
high density CO2 absorption on ZIF-8 to achieve remarkable
CO2 convention efficiency [92].
Other photocatalytic and PEC environmental applications
In addition to the applications in water splitting and CO2 reduc-
tion, ternary photoelectrodes consisting of plasmonic/MOF/
semiconductor could also be applied for other environmental
applications.

General environmental applications includes (i) NOx, NH3

and VOC decomposition in air, (ii) Selective chemical contami-
nant decomposition in water, (iii) Pollutant and degradation pro-
duct detection, (iv) Plasmonic-conjugated polymer catalysts for
pollutant decomposition. Yet, most of the plasmonic/MOF/semi-
conductor composites reported have be focused on the degrada-
tion of organic pollutants.

By chemical protonation coating and photodeposition, Feng
et al. fabricated a complex ternary photoelectrode Ag/g-C3N4/
UiO-66 for degradation of rhodamine B (RhB) dye and 2,4-
dichlorophenoxyacetic acid (2,4-d) [93]. By incorporation of
plasmonic Ag NPs and g-C3N4, separation and mobility of pho-
toinduced charges as well as visible light absorption are all effec-
tively enhanced. The microstructure and morphology of the
photoelectrode is shown in Fig. 8a–b. In their work, the band
structure diagram of the photoelectrode is established to explain
the mechanism of its superior photocatalytic performance, as
shown in Fig. 8c. The CB value of g-C3N4 is more negative than
the CB value of UiO-66, the electron transportation from the CB
of g-C3N4 to the CB of UiO-66 can occur. Thus, the recombina-
tion of photoinduced charges can be mitigated. Moreover, deco-
rated Ag NPs can not only serve as electron transfer bridges to
evolute separation of charge carriers, but also excite more elec-
trons in the visible light region by the SPR effect. Since the elec-
tron potential in the CB of g-C3N4 is lower than O2/

�O2A, the
generated electrons can react with O2 to produce �O2A. In addi-
tion, due to the lower VB value of g-C3N4 than the standard E0
(�OH/H2O), photoinduced holes cannot oxidize H2O to produce
�OH. However, the holes can destroy RhB and 2,4-d directly, so
both generated �O2A and holes can degrade RhB and 2,4-d.
Meanwhile, the excited electrons of UiO-66 react with H2O2 to
form �OH as well as Zr4+ to produce Zr3+ in the Zr-O clusters in
UiO-66. The Zr3+ can reduce O2 absorbed to form �O2A. Further-
more, UiO-66 provide more catalytic active sites in liquid phase,
which potentially accelerate the reaction. An Ag/g-C3N4/UiO-66
photoelectrode exhibits superior photocatalytic performance for
degradation of RhB and 2,4-d. The highest reaction rate constant
of Ag/g-C3N4/UiO-66 for RhB and 2,4-d degradation are
0.01096 min�1 and 0.00623 min�1, which are 26.7 and 18.8
times of that than g-C3N4 respectively [93].



FIG. 12

(a) i. Fabrication process of BiVO4/Au/UiO-66-NH2. Schematic illustration of the electron and hole separation routes in (ii) BiVO4/UiO-66-NH2 and (iii) BiVO4/Au/
UiO-66-NH2 [13]. vi. J-V curves, v. CO yield, vi. CH4 yeild of BiVO4/Au/UiO-66-NH2 and other controlled photoelectrodes under chopped-light illumination [13].
Reproduced with permission from [13]. Copyright Elsevier, 2020. (b) i. Schematic charge carrier and reaction pathways on NH2-UiO-66/TiO2 composites. ii.
Specific H2 (blue) and CH4 (red) average production rate in presence of water vapor (during 5 h) under continuous CO2 flow (0.3 mL/min) and under solar
light irradiation on NH2-UiO-66/TiO2 composites at pH = 7 (at 5, 10 and 15 wt% MOF), and average production rate in function of SBET on (iii) NH2-UiO-66/TiO2

composites at pH = 7 (at 5, 10 and 15 wt% MOF). (iv) Production yields of CO and CH4 in CO2 photocatalytic reduction on AuCu/ZIF-8/TiO2 and various
controlled samples. (v) Time-course productions of CO and CH4 in CO2 photocatalytic reduction on 3J-2DT and 2J-2DT [92]. Reproduced with permission from
[92]. Copyright Elsevier, 2019. Reproduced with permission from [104]. Copyright Elsevier, 2023.
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In 2020, Shao and co-workers developed a novel ternary pho-
tocatalyst of ZIF-67/AgCl/Ag for Methyl Orange (MO) decompo-
sition by chemical etching, deposition–precipitation and a light-
induced reduction approach [105]. The band structure diagram
of the photocatalyst is established and exhibited in Fig. 13a. As
can be seen, SPR-excited electrons of Ag can be transferred to
the CB of AgCl through the Ag-AgCl interfaces, which can facil-
itate MO degradation. Meanwhile, ZIF-67 can easily absorb visi-
ble light due to its lower band gap energy (1.92 eV). The
photoinduced electrons can recombine with holes in the VB of
Ag simultaneously. Furthermore, �OH can be formed from OHA
oxidation by excited holes. Therefore, �OH and excited electrons
can both decompose MO. Instead of monodirectional transporta-
tion of excited electrons in Ag nanoparticles, the photoinduced
electrons also can be transferred to bothMOF and semiconductor
in the heterojunction of Ag/UiO-66/Ag2WO4.

Sofi et al. reported a novel design of Ag/UiO-66/Ag2WO4 as
photocatalyst under visible light for photodegradation of RhB
and Ponceau BS (PBS). The schematic band structure diagram
of Ag/UiO-66/Ag2WO4 is shown in the Fig. 13b. Due to the wide
band gap of UiO-66 and Ag2WO4, visible light cannot be
absorbed directly. By the SPR effect of plasmonic Ag NPs, gener-
ated electron- hole pairs can be separated under visible light irra-
diation and excited electrons can be transferred to UiO-66 and
Ag2WO4. The generated electrons in the CB of UiO-66 can reduce
O2 to form �O2A. Due to more positive potential of CB of Ag2-
WO4 than the standard redox potential of O2/

�O2A, O2 reduction
cannot occur. Furthermore, �OH can not only be produced by
reaction of the H2O2 that is formed from O2 and the excited elec-
FIG. 13

(a) Band structure diagram of Ag/AgCl/ZIF-67 [105]. (b) Schematic diagram show
Band alignment diagram of Ag/Ag3PO4/MIL-125-NH2 and mechanism of photoca
in the presence of Ag/Ag2WO4/UiO-66. (f) The photocatalytic performance
[105,106,109]. Copyright Royal Society of Chemistry, 2020. Copyright Elsevier, 2
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trons in the CB of Ag2WO4 but also generated through water oxi-
dation by holes on the surface of Ag. The equations are exhibited
in Fig. 13a as well. The photocatalytic activity of Ag/UiO-66/
Ag2WO4 is demonstrated in the Fig. 13d–e. Compared with other
controlled photocatalysts, Ag/UiO-66/Ag2WO4 exhibits the
highest photocatalytic efficiency (0.09136 min�1 for PBS and
0.0335 min�1 for RhB), which is due to the enhanced charge car-
rier separation, deduction of recombination and extension of
light absorption under visible light [106]. In 2018, Sofi and co-
workers also designed a ternary photocatalysts of Ag/HKUST-1/
AgPO4 for PBS degradation. The photocatalytic performance of
PBS degradation under visible light irradiation was also shown.
Clearly, Ag/HKUST-1/AgPO4 possesses the highest photocatalytic
efficiency (0.0246 min�1), which is 6 times higher than pristine
HKUST-1 with enhanced charge separation, a decrease of the
recombination and an SPR effect of Ag NPs [95].

Wang's research group has presented an additional instance
involving ternary composites comprising Ag/Ag3PO4/MIL-125-
NH2 for the purpose of photocatalytic reduction of Cr(VI)
[109]. Upon exposure to illumination, Ag3PO4 and MIL-125-
NH2 engender the generation of electron-hole pairs. In this con-
text, photo-induced electrons traverse from Ag3PO4 to Ag(0),
while holes migrate from MIL-125-NH2 to Ag(0), driven by the
alignment of band energy levels. Notably, Ag(0) functions as
an electron transfer mediator, thereby enhancing the efficacy
of charge separation. This mechanism results in the suppression
of charge recombination on MIL-125-NH2, leading to a height-
ened influx of electrons available for facilitating the reduction
of Cr(VI).
ing the band of Ag/Ag2WO4/UiO-66 under visible light irradiation [106]. (c)
talytic Cr(VI) cleanup [109]. The degradation efficiency of (d) PBS and (e) RhB
of samples prepared toward Cr(VI). Reproduced with permission from
019. Copyright Elsevier, 2020.
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The optimised Ag/Ag3PO4/MIL-125-NH2 composite exhibits a
reaction rate of 0.0621 min�1. This impressive rate surpasses that
of MIL-125-NH2 by a factor of 2.77, and remarkably, it is 124.2
times greater than that of Ag3PO4.

Akgün, and Dükkanc synthesised a series of g-C3N4 supported
Ag/AgCl doped MIL-88A composite materials (Fig. 14a–e) to eval-
uate their photodegradation performance for a herbicide diuron
(DRN) used in agriculture [107]. The optimised Ag/AgCl@MIL-
88A/g-C3N4 (ACM-gC-7, Fe:Ag mole ratio 0.25:0.75) material
show considerably higher photoactivity to that of a single com-
ponent (MIL-88A) and double component (MIL-88A/g-C3N4) in
the visible-light and degrade nearly 100% DRN on irradiation
for 1 h without using any oxidant (Fig. 14f). At the same time,
ACM-gC-7 completely degrade DRN in 15 min and 30 min on
the use of H2O2 or persulfate (PS) (Fig. 14g), respectively. Thus,
this work highlights that the construction of a ternary system
attributed to the effective charge carriers separation through Z-
scheme formation, whereas the surface plasmon resonance
(SPR) effect of Ag nanoparticles, significantly accelerates the
charge transfer and the absorption efficiency of the light absor-
ber involved in photocatalytic reaction. Through the schematic
energy diagram reported in Fig. 14h-i, Akgün, and Dükkanc also
proposed the DRN degradation mechanism over MIL-88A/g-
C3N4 and Ag/AgCl@MIL-88A/g-C3N4, respectively.

Quite similar work had been reported earlier by Chen et al.,
where they constructed a Z-scheme hybrid materials by control
coating of MIL-100(Fe) MOF on plasmonic Ag/AgCl nanowire
for boosting visible light photodegradation of organic pollutants
(rhodamine B (Rh B) and tetracycline hydrochloride (TC�HCl))
(Fig. 15) [108]. The schematic illustration reported in Fig. 15a
provides the morphology associated with the synthesis proce-
dure and the corresponding SEM, TEM, HR-TEM and TEM-EDX
elemental mapping images (Fig. 15b–i) substantiate the construc-
tion of Ag/AgCl/MOFs core–shell nanowire (ACN). The improved
photocatalytic performance of MIL-100(Fe) on conjugating with
FIG. 14

SEM micrographs of (a) MIL-88A, (b) g-C3N4, (c) Ag/AgCl@MIL-88A, (d) M
Photodegradation of DRN in various degradation processes (f), and (g) aqueo
MIL-88A/g-C3N4 and (i) Ag/AgCl@MIL-88A/g-C3N4 under visible LED light irradia
plasmonic Ag/AgCL nanorods has been confirmed by evaluating
the light absorbance efficiency and photodegradation of organic
pollutants (Fig. 15j–l).

Additionally, plasmonic Au nanoparticles also are utilised. Til-
gner and Kempe developed a core–shell structured Au/MIL-101/
anatase as a photocatalyst under visible light illumination for
the degradation of RdB, methyl orange, methylene blue and
ciprofloxacin. The Au/MIL-101/anatase possesses a rate constant
of 2.34 ± 0.06 (�10�3min�1) and a convention rate of 59% under
the selected conditions and the excellent stability during 5 times
cycle can be confirmed as well. By measurement and calculation,
the rate constants for the degradation of methyl orange, methy-
lene and ciprofloxacin can achieve 3.30 ± 0.06 (�10�3min�1),
5.00 ± 0.01 (�10�3min�1) and 4.62 ± 0.19 (�10�3min�1) respec-
tively [96].
Summary and future perspectives
For decades, researchers have extensively explored methods to
improve the performance of semiconductor-based photoelec-
trodes via doping, morphology control etc. Considering the three
basic steps of PC/PEC catalysis: the absorption of photons, the
separation of electron-hole pairs, and charge transportation for
reacting with water molecules. Plasmonic nanostructures could
build SPP and LSPR fields, which promote light absorption and
charge separation. While MOFs could expand the spectral light
absorption range. The porous structure of MOFs favours the
charge and mass transport for the surface redox reaction. There-
fore, we review emerging plasmon-MOF-based materials for pho-
toelectrodes and propose the ternary Plasmon-MOF-
semiconductor structure, which takes advantage of both MOFs
and plasmons and is listed in Table 2. This could potentially be
an effective strategy for reliable photoelectrodes for large-scale
light harvesting technology. However, these approaches are still
at their infant stage for commercial applications. The efficiency
IL-88A/g-C3N4, and (e) Ag/AgCl@MIL-88A/g-C3N4 (ACM-gC-7) samples.
us matrix over ACM-gC-7 composite. Charge transfer mechanism over (h)
tion. Reproduced with permission from [107]. Copyright Elsevier, 2023.
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FIG. 15

(a) Schematic presentation of the morphology of the products and the synthesis process of Ag/AgCl/MOFs core–shell nanowire (ACN). SEM images of (b) Ag
nanowire, (c) Ag/AgCl nanowire and (d) HR-TEM image of Ag/AgCl nanowire. (e) SEM image of ACN-2 sample. TEM images of (f) ACN-1, (g) ACN-2, and (h)
ACN-3 samples. (i) TEM-EDX mapping images of Ag, Cl, Fe, C, and O elements in ACN-1 sample. (j) UV–visible diffuse reflection spectra of pure MIL-100 (Fe),
ACN-1, ACN-2 and ACN-3 samples. Photocatalytic degradation of (k) rhodamine B (Rh B), and (l) tetracycline hydrochloride (TC�HCl). (m) Schematic of
photodegradation of organic pollutants over the ACN series under light irradiation. Reproduced with permission from [108]. Copyright Royal Society of
Chemistry, 2022.
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of the photoelectrodes hardly achieves the requirement of prac-
tical use. The cycling stability of the ternary photoelectrodes is
rarely studied and reported, especially in high-temperature envi-
ronments and strong bases. Due to the limitation of the large
number of synthesized MOFs, the ternary heterojunctions with
MOFs are hard to be utilised in commercial products. During
the decades of research, there still is a huge quantity of other
MOFs with redox-active metals and/or functional organic linkers
to be explored. Non-noble plasmonic metal is also in potential.
We believe that new ternary photoelectrodes with higher effi-
ciency and excellent cycling stability in water splitting, CO2

reduction and photodegradation of organic pollutants will be
explored and developed in the near future. The development of
new ternary photoelectrodes holds immense potential for trans-
forming sustainable technologies related to energy conversion,
net zero, circular economy, and environmental remediation.
Despite the challenges involved, the synergy between different
materials and their ability to be designed and tailored to the
specific applications offers exciting opportunities for advancing
the field of photoelectrochemistry and sustainability. Ternary
photoelectrodes, which combine three different materials with
complementary properties, have the potential to achieve higher
energy conversion efficiencies compared to binary or single-
component materials. Through careful selection and optimiza-
tion of these materials, researchers can create synergistic effects
that enhance light absorption, charge separation, and catalytic
activity, leading to improved conversion of solar energy into
chemical fuels. This could result in significant economic and
environmental benefits, driving the adoption of these technolo-
158
gies on a larger scale. Furthermore, plasmonic metal-
incorporated ternary photoelectrodes can be designed to perform
multiple tasks simultaneously, as the tailored interactions
between different components (photocatalyst, plasmonic metal,
and MOFs) enable efficient utilization of solar energy for various
applications.
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