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          Introduction 
 The conversion of renewable solar energy to chemical energy 
represents a promising strategy to reduce current reliance on 
fossil fuels. The effi cient utilization of solar energy in chemi-
cal transformations requires photocatalysts to strongly absorb 
light in the visible region (which constitutes 42% of solar 
radiation).  1   Plasmonic metal nanoparticles (NPs) (e.g., Au, 
Ag, and Cu) possess broad absorption across the whole visible 
region, a quality that attracts tremendous scientifi c interest in 
photochemistry.  2   –   6   Such capability originates from the unique 
optical property called surface plasmon resonance (SPR),  7 

which can be understood as a coherent oscillation of conduc-
tion electrons induced by incident light when the frequency 
of the light matches the intrinsic resonant frequency of the 
plasmonic metal NPs.  8 , 9   The SPR excitation consequently 
generates an intense localized electromagnetic (EM) fi eld on 
plasmonic metal NPs, which in turn amplifi es the absorption 
of light at the same frequency.  8 , 9 

 Upon SPR excitation, the oscillation of conduction elec-
trons quickly decays to generate hot electrons that play essen-
tial roles in prompting photochemical reactions.  2 , 3   However, it 
is challenging for these hot electrons to directly drive chemi-
cal reactions on the surface of plasmonic metal NPs as there is 
a signifi cant mismatch between the lifetimes of hot electrons 
(femtoseconds to nanoseconds) and the time scale of chemical 

reactions (microseconds to seconds).  2 , 3   In addition, the chemical 
inertness of plasmonic noble metals prevents them from 
facilitating a wider range of reactions.  10   The development 
of plasmonic metal–semiconductor heterostructures offers a 
strategy for resolving these two limitations. In these hetero-
structures, Schottky barriers are formed at the plasmonic metal–
semiconductor interface, which prolong the lifetime of hot 
electrons into the time scale of chemical reactions once they 
are transferred into semiconductors.  11 , 12   Meanwhile, surface 
defects on semiconductors, such as oxygen vacancies, provide 
additional active sites to promote chemical reactions by simul-
taneously functioning as trapping sites for hot electrons and 
adsorption sites of reactant molecules.  13 , 14 

 This article focuses on recent progress in using plasmonic 
metal–semiconductor heterostructures for hot-electron-driven 
photochemistry. We begin by summarizing the application of 
plasmonic heterostructures using oxides as substrates in pho-
tochemistry, including the most commonly used modifi cation 
strategies for improving the performance of these heterostruc-
tures. Subsequent sections describe other types of semiconduc-
tors, such as two-dimensional (2D) materials and metal–organic 
frameworks (MOFs), as supports for plasmonic metal NPs. The 
article concludes with an outlook on potential directions in 
designing high-performing plasmonic metal–semiconductor 
heterostructures for hot-carrier-driven photochemistry.   
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Hot-electron-driven photochemistry on 
plasmonic metal–oxide heterostructures
Plasmonic metal–oxide heterostructures have been extensively 
utilized for hot-electron-driven photochemistry due to their 
interfacial Schottky barrier that enables carrier separation as 
well as additional active sites provided by oxides for photo-
chemical reactions. The addition of Au NPs onto TiO2, ZnO, 
and CeO2 has been employed to successfully drive hydrogen 
production,11,15 CO2 reduction,16,17 and organic transforma-
tions.18–20 Recently, numerous modifications have been applied 
to plasmonic metal–oxide heterostructures to further improve 
their performance in hot-electron-driven photochemistry.

Modifications on plasmonic metal NPs
Altering the size of plasmonic metal NPs has enabled cata-
lytic enhancement in hot-electron photochemistry. Wei and 
co-workers12 found that Au/TiO2 heterostructures with large 
Au NPs 67 nm in diameter outperformed those with small 4.4-nm  
Au NPs in H2 production. The authors attributed this size-
dependent activity difference to a larger optical absorption 
cross section of 67-nm Au NPs compared with 
that of the 4.4 nm ones, resulting in the genera-
tion of more hot electrons to transfer into the 
conduction band (CB) of TiO2 for H2 produc-
tion. Similarly, Pradhan and co-workers21 dem-
onstrated that increasing the size of Au NPs on 
SnS improved the photocatalytic activity of 
methylene blue reduction.

Distinct morphologies of plasmonic metal 
NPs have also been developed for photochemi-
cal reactions. Au nanorods (NRs) with a sig-
nificantly broadened absorption in the visible 
and near-infrared (NIR) region are able to drive 
photochemistry using low-energy photons.22–25 
For instance, Ye and co-workers22 loaded Au 
NRs onto TiO2 and achieved the oxidation of 
2-propanol using visible-NIR light. Majima 
and co-workers23 utilized Au NRs as photosen-
sitizers and achieved H2 production on Au NR/
La2Ti2O7 heterostructures under visible-NIR 
irradiation. Au nanocubes and nanocages with 
flat surfaces ensure face-to-face interfacial 
contact with oxides, and this well-defined  
interfacial contact benefits hot-electron transfer 
from Au into oxides.26 Xiong and co-workers26 
integrated Au nanocubes and nanocages onto 
TiO2 nanosheets and detected higher activity of 
H2 production compared to that on Au NR/TiO2 
nanosheet heterostructures, in which the smaller 
contact area between the curved Au NR surface 
and TiO2 nanosheets limited the efficiency of 
interfacial electron transfer. Moreover, Au 
nanostars were found to possess an intense EM 
field at their spikes.27 Upon loading onto TiO2, 
this intense EM field promoted interfacial 

hot-electron transfer from the Au nanostars into TiO2, resulting 
in a higher activity of rhodamine B degradation than that on 
TiO2-supported Au nanospheres or NRs.

Recently, great efforts have been made in utilizing earth-
abundant and inexpensive metal NPs to substitute noble 
plasmonic metal NPs. Halas and co-workers28 observed the 
plasmonic properties of Al and successfully achieved a hot-
electron-driven reverse water-gas shift reaction using plasmonic 
Al/Cu2O heterostructures. Later, Wei and co-workers29 discov-
ered that Ni also exhibited plasmonic absorption in the visible 
range and the plasmon excitation of Ni induced the transfer of 
hot electrons into TiO2 for driving methylene blue degradation 
(Figure 1a). Additionally, Pd and Cu have also been reported 
as promising plasmonic nanomaterials for chemical reactions 
by constructing heterostructures with oxides.30,31

Modifications on oxides
Site-selective overgrowth of oxides as a means to manipulate the 
spatial arrangement of oxides with respect to plasmonic metal 
NPs has attracted substantial research interest. One advantage 

Figure 1.  Hot-electron-driven photochemistry on plasmonic metal–oxide heterostructures. 
(a) Ni is used as a novel plasmonic metal nanomaterial to transfer hot electrons into TiO2 
for methylene blue degradation. (b) H2 production on Au nanorod (NR)/TiO2 dumbbell 
structures. Upon surface plasmon resonance excitation of Au NR, hot holes on the lateral 
surface of Au NRs were consumed by methanol, leaving long-lived hot electrons in TiO2 for 
the H2 production reaction. (c) Plasmon-driven N2 fixation on Au/oxygen-vacancy-rich TiO2 
nanosheets. Surface oxygen vacancies (OVs) on TiO2 nanosheets trapped hot electrons 
from Au and strongly adsorbed N2 molecules, leading to the conversion of N2 molecules 
into NH3 molecules. (d) Schematic of anisotropic flow of hot electrons from the basal 
surface to the lateral surface of mesoTiO2. (a) Reprinted with permission from Reference 29.  
© 2019 Wiley. (b) Reprinted with permission from Reference 24. © 2016 American Chemical 
Society. (c) Adapted with permission from Reference 13. © 2018 American Chemical Society.  
(d) Adapted with permission from Reference 34. © 2013 American Chemical Society.
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of this site-selective overgrowth is allowing both hot electrons 
and hot holes to be freely accessed by reactant molecules.24,25 
A study by Stucky and co-workers24 selectively fabricated TiO2 
at the two ends of Au NRs, in which hot holes on the lateral 
surface of Au NRs were consumed by methanol and long-lived 
hot electrons accumulated in TiO2 enabling the H2 production 
reaction (Figure 1b). CeO2 was also grown onto the two ends 
of Au NRs for N2 fixation.25 A 6.2-fold higher yield of ammo-
nia formation was detected as compared to Au NR/CeO2 core–
shell nanostructures, in which hot holes were blocked by the 
CeO2 shell and led to recombination with hot electrons. Another 
advantage of controlling oxides at specific sites of plasmonic 
metal NPs is to facilitate hot-electron transfer at the plasmonic 
metal–oxide interface.32 For example, the attachment of Cu2O 
at the high-curvature vertices of hexoctahedral Au NPs took 
advantage of an intense EM field at the vertices to promote 
hot-electron transfer into Cu2O for improving H2 production.32

Introducing active sites onto oxides has been extensively 
investigated as a strategy to further increase the activity of 
photochemical reactions. Yu and co-workers13 created oxygen 
vacancies on TiO2 nanosheets to both trap hot electrons from Au 
NPs and strongly adsorb N2 molecules (Figure 1c), resulting in 
the conversion of N2 molecules into ammonia with the apparent 
quantum efficiency of 0.82% under 550-nm irradiation. Another 
method of creating active sites is to integrate secondary materi-
als. Depositing Pt NPs onto Au/TiO2 heterostructures has been 
widely used for promoting the H2 production reaction.33–35 Other 
metal NPs, such as Ag and Pd, have also been employed as active 
sites on Au/TiO2 heterostructures.19,26,33 Gong and co-workers14 
deposited a thin amorphous TiO2 layer on Au/TiO2 heterostruc-
tures and discovered that this amorphous TiO2 layer provided 
oxygen vacancies to facilitate hot-electron-driven N2 fixation.

The development of oxides with different intrinsic electronic 
properties allows for the anisotropic flow of hot electrons to 
facilitate carrier separation. Majima and co-workers34 depos-
ited Au NPs on the basal surface of anatase TiO2 mesocrystal 
(MesoTiO2) and found that hot electrons originally transferred 
from Au onto the basal surface further migrated to the lateral 
surface due to different electron affinities between these two 
surfaces (Figure 1d). Efficient electron–hole separation on 
Au/MesoTiO2 heterostructures resulted in more than an order of 
magnitude higher activity of organic molecule degradation than 
on conventional Au/TiO2 heterostructures. Later, they deposited 
Au NRs onto La2Ti2O7 with (010) and (012) facets.23 Since 
the (010) facet had a more negative CB minimum potential 
(–0.72 eV versus NHE) than that of the (012) facet (–0.52 eV 
versus NHE), hot electrons transferred to the (010) facet would 
further diffuse to the (012) facet, suppressing the electron–hole 
recombination and leading to enhancement in H2 production.

Hot-electron-driven photochemistry 
on plasmonic metal–2D semiconductor 
heterostructures
In recent years, combining plasmonic metal NPs with thin-
layer 2D semiconductors has attracted increasing interest in 

hot-electron photochemistry.36–41 The electronic structure of 
2D semiconductors is usually tunable by controlling their 
thickness or phase,42,43 which makes it possible to design suit-
able Schottky barriers between 2D semiconductors and plas-
monic metal NPs for the efficient utilization of hot electrons. 
Meanwhile, their large surface area provides more active sites 
for targeting reactions.42,43 Both properties predict the great 
potential of plasmonic metal–2D semiconductor heterostruc-
tures as photocatalysts for chemical reactions.

A 2D molybdenum disulfide (MoS2) nanosheet, which is 
known for its high activity for the H2 evolution reaction,44,45 
is one of the most promising candidates for constructing plas-
monic metal–2D semiconductor photocatalysts. For instance, 
Au NRs with a SPR peak at around 810 nm were deposited 
on chemically exfoliated MoS2 nanosheets.37 Upon SPR  
excitation of the Au NRs, the transfer of hot electrons from Au 
NRs into MoS2 elevated the Fermi level of MoS2 to the energy 
level of the H+/H2 redox pair, resulting in enhanced activity of 
MoS2 for the electrochemical H2 evolution reaction (Figure 2a).  
Similar improvement in the activity of the H2 evolution  
reaction has also been reported on MoS2 nanosheets decorated 
with Au nanotriangles.36 Recently, a study observed fourfold 
enhancement of the plasmon-driven H2 evolution reaction on 
Au/MoS2 heterostructures by introducing a Pd layer between 
the Au and MoS2.38 In these Au/Pd/MoS2 heterostructures, the 
lattice mismatch between Pd and MoS2 induced a phase varia-
tion of MoS2 from 2H (the semiconducting phase of MoS2) 
to 1T (the metallic phase of MoS2), known to have lower 
electronic resistance and provide more active sites for the H2 
evolution reaction.46 As a result, the construction of such a 
Au/Pd/MoS2 heterostructure contributed to a more efficient 
hot-electron transfer from Au to MoS2, eventually leading to 
higher activity of the H2 evolution reaction (Figure 2b).

Graphene-like structures such as reduced graphene oxide 
(rGO) and graphitic carbon nitride (g-C3N4) exhibit high elec-
tronic conductivity due to their large conjugated π system, 
which is beneficial for facilitating the separation of carriers 
in photochemistry.47,48 Majima and co-workers39 fabricated 
rGO nanosheets decorated with Au nanotriangles and Pt 
nanoframes as photocatalysts for the H2 evolution reaction, 
in which hot electrons generated in Au efficiently transferred 
to rGO and further transported to catalytically active Pt nano-
frames. Similarly, g-C3N4 substrates with both Au and Pt 
nanostructures co-deposited were also reported as photocata-
lysts for chemical reactions, including the H2 evolution reac-
tion and tetracycline hydrochloride degradation.40,41

Hot-electron-driven photochemistry on 
plasmonic metal/MOF heterostructures
Due to their high surface-to-volume ratio, tunable porosi-
ties, and adjustable internal surface properties, MOFs are 
known for the outstanding capability for capturing reactant 
molecules.49 Meanwhile, multiple options of metal ions (or 
clusters) and organic ligands enable the fabrication of dif-
ferent types of MOFs with distinct catalytic properties.50,51 
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These advantages make plasmonic metal–MOF heterostruc-
tures catalytically active for photochemical reactions, such as 
the H2 production reaction52,53 and the reverse water–gas shift 
reaction.54

Jiang and co-workers52 assembled Au NRs onto Pt-decorated 
MIL-125 (a TiO2/1,4-benzenedicarboxylate (bdc) MOF) as 
photocatalysts for the H2 production reaction. The transfer  
of hot electrons from Au to Ti centers of MIL-125 and sub-
sequently Pt sites efficiently suppressed the recombination 
of carriers, facilitating the production of H2 molecules on 
Pt sites (Figure 2c). Similarly, Au NR-incorporated CoFe-MOF 
nanosheets were developed, in which hot electrons were 
transferred from Au NRs to Co centers to boost the activity of 
the H2 evolution reaction.53 Recently, Halas and co-workers54 
reported the use of a novel plasmonic metal, Al nanocrystal 
(NC), as the core to grow Al NC@MIL-53(Al) core–shell 
structures for the plasmon-driven hydrogen-deuterium  
(H-D) exchange. These Al NC@MIL-53(Al) core–shell 
structures were also catalytically active for the plasmon-
driven reverse water-gas shift reaction, which showed a 
higher selectivity toward CO molecules rather than the side 

product (CH4) when compared with the ther-
mally driven pathway.54

Conclusion
A wide range of plasmonic metal–semiconductor 
heterostructures have been developed to drive 
hot-electron photochemistry. Further improve-
ment in the efficiency of chemical reactions 
requires the use of semiconductors that enable 
the more efficient accumulation of hot electrons. 
Metal halide perovskite has been proposed as 
a promising candidate. Xiao and co-workers55 
observed that the quantum efficiency of  
interfacial hot-electron transfer in Ag/CsPbBr3- 
heterostructures reached 50 ± 18%, higher 
than the 40% in Au/TiO2 heterostructures.56 
Meanwhile, the long diffusion lengths of car-
riers in metal halide perovskites would ben-
efit electron–hole separation,57 allowing more 
hot electrons to be available for participating  
in chemical reactions. However, the fast decom-
position of metal-halide perovskites upon expo-
sure to moisture, oxygen molecules, and light 
limits their applications in photochemistry.58 
Recently, studies have been reported to modify 
metal-halide perovskites to improve their sta-
bility. For instance, introducing a larger organic 
cation into inorganic metal halide perovskites 
induces morphology transformation from 3D 
into 2D structures. Similarly, using less acidic 
cations enabled the stability enhancement 
of metal halide perovskites.58 This progress 
supports the potential of using plasmonic metal–
metal halide perovskite heterostructures for 

photochemical reactions.
In addition to hot electrons, there is increased research in-

terest in the utilization of hot holes for oxidation reactions. 
For example, Li and co-workers59 used hot holes accumu-
lated at the Au–TiO2 interface for water oxidation reaction; 
however, the insufficient amount of hot holes at active 
sites limited the overall yield of O2 molecules. Therefore, 
the strategies of efficiently accumulating hot holes on plas-
monic metal–semiconductor heterostructures need to be 
explored. Atwater and co-workers60 utilized the interfacial 
Schottky barrier between Au NPs and p-GaN to prevent the 
relaxation of hot holes back to Au NPs once they were trans-
ferred to p-GaN. Meanwhile, introducing a hole-storing  
material onto plasmonic metal–semiconductor heterostructures 
has also been developed for the accumulation of hot holes.35,61 
However, effects of hole-storing materials on the activity of 
hot-hole-driven oxidation reactions were found to be sensitive 
to their spatial distributions on plasmonic metal–semiconduc-
tor heterostructures. For instance, Moskovits and co-workers35 
attached cobalt-based oxygen evolution catalysts (Co-OEC) 
on the Au surface of Au nanorod/TiO2 heterostructures, in 

Figure 2.  Hot-electron-driven photochemistry on other plasmonic metal–semiconductor 
heterostructures. (a) H2 evolution reaction on Au NR/MoS2 heterostructures. Hot 
electrons excited in Au NRs transferred to the CB of MoS2 driving the H2 evolution 
reaction. (b) Efficient hot-electron transfer from Au/Pd to 1T phase MoS2 (the metallic 
phase of MoS2) for the H2 evolution reaction. (c) H2 production on Au NR/MIL-125/Pt  
heterostructures. Hot electrons transferred from Au into Ti3+ states of MIL-125 and further 
diffused into Pt to achieve the H2 production reaction. (a) Reprinted with permission 
from Reference 37. © 2015 American Chemical Society. (b) Reprinted with permission from 
Reference 46. 2019 American Chemical Society. (c) Reprinted with permission from 
Reference 52. © 2018 Wiley. Note: CB, conduction band; VB, valence band; HOMO, 
highest occupied molecular orbital; LUMO, lowest unoccupied molecular orbital.
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which Co-OEC could trap hot holes and promote the water 
oxidation reaction. In contrast, Li and co-workers59 observed 
that the deposition of MnOx (a commonly used electrocatalyst 
of water oxidation) near the Au–TiO2 interface supressed 
the activity of water oxidation. Therefore, insights into the 
importance of spatial distribution of hole-storing materials in 
determining plasmonic photochemistry would greatly assist 
in the optimization of photochemical reactions on plasmonic 
metal–semiconductor heterostructures.
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