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Harnessing single-active plasmonic nanostructures 
for enhanced photocatalysis under visible light 

Hefeng Cheng,a Kojirou Fuku,a Yasutaka Kuwahara,ab Kohsuke Moriab and 
Hiromi Yamashita*ab  

The past several decades have witnessed the fast-growing field of plasmonics that localize and 
concentrate the incident light at the nanoscale, providing the source of light, heat and energetic 
carriers. Plasmonic nanostructures, which are able to harvest and convert the abundant sunlight 
to drive chemical reactions, have shown great prospects in heterogeneous photocatalysis. To 
maximize solar energy utilization, rational design and precise manipulation of the plasmonic 
nanostructures are therefore essential for their strong light-matter interaction. In this review, 
we focus on the very recent advances in harnessing single-active plasmonic nanocatalysts (that 
is, plasmonic materials as the only photo- and catalytic-active species), involving noble metals 
and doped-semiconductors, for enhanced photocatalytic reactions with visible light. 
 

 

 

 

 

1. Introduction 

 
Heterogeneous catalysis, which employs catalysts to drive or 
facilitate the chemical reactions, is of paramount importance to 
chemical and energy industries. To activate the reaction, in 
most cases higher temperature is required to conquer the 
potential barrier, leading to huge energy consumption. As an 
alternative to traditional fossil fuels, solar energy is by far the 
largest detectable resource to fulfil the increasing worldwide 
energy demands for its great abundance, environmentally 
benign nature and in particular the renewable availability.1 
Through introduction of light irradiation, it will alter the 
thermodynamical equilibrium and may enable the chemical 
reactions to be implemented at ambient conditions instead of 
the thermal treatments.2 Sunlight-driven catalytic reactions 
could be actualized via either semiconductor photocatalysis,3–7 
where photo-generated electrons/holes upon light excitation 
would participate in the subsequent reduction/oxidation 
processes, or by the plasmon-mediated photocatalysis.8  

    Since the discovery of Honda-Fujishima effect on the TiO2 
photoelectrode,3 semiconductor photocatalysis has played a 
great role in energy exploitation and environmental 
decontamination, which allows water reduction into H2 or toxic 

pollutant molecules oxidation.4–7 Nevertheless, the intrinsic 
wide band gaps (WBG, >3.1 eV) render the conventional used 
semiconductors (e.g., TiO2, ZnO) solely responsive to 
ultraviolet (UV) light. Furthermore, under UV irradiation, the 
involvement of active oxygen radical intermediates such as 
superoxide anion radical (O2

•–) and hydroxyl radical (•OH) is 
usually non-selective, thereby resulting in the complete 
decomposition of organic molecules into small inorganic 
species (CO2, H2O, etc.).7 In terms of energy proportion, 
sunlight contains less than 5% of UV light, while visible light 
(400–800 nm) accounts for the majority (ca. 43%). Therefore, it 
is more appealing to develop visible light driven photocatalysis 
with narrow band gap (NBG) semiconductors, which entail 
broader visible light absorption and higher selectivity towards 
organic synthesis.          

Nanostructured plasmonic metals such as Au, Ag and Cu 
represent another class of important materials that strongly 
absorb visible light in a wide range of the solar spectrum owing 
to their localized surface plasmon resonance (LSPR).8–11 LSPR 
can be described as the collective oscillation of free conduction 
electrons confined in metallic nanoparticles (NPs) resonant 
with the incident light. As a consequence, light is amplified in 
the near-field region of plasmonic NPs, and it has led to an 
array of applications in as diverse as surface-enhanced Raman 
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new avenues for efficient conversion of the abundant sunlight 
into chemical energy.  

The photocatalytic reactions involve the participation of 
oxidizing and reducing agents in the following redox 
procedures; hence interfacial charge transfer is a key to 
understand the underlying mechanism. Despite the fact that 
direct chemical reactions occur on the adsorbed molecules, 
vectorial electron transfer between metal NPs and the supports 
is required to obtain higher efficiency. On one hand, prior to 
recombination, plasmon-induced energetic electrons are able to 
cross the Schottky barrier between noble metals and wide band 
semiconductors, leading to interfacial charge separation. On the 
other hand, the presence of strong metal-support interactions 
(SMSI) enables the inherent electronic and chemical stability of 
surface noble metals,145,146 and thus reducible oxide 
semiconductors (e.g., CeO2, TiO2) usually outperform the non-
reducible ones (e.g., Al2O3, ZrO2) to support the plasmonic 
photocatalysis of metal NPs. Therefore, for specific reactions 
with favorable electron-withdrawing or donating effect, it is of 
crucial importance to choose appropriate oxide support 
materials.  

As the most investigated plasmonic photocatalysts, Au and 
Ag nanostructures have been paid much attention. Nevertheless, 
the high cost and earth-rarity restrict their large-scale practical 
applications. It seems more appealing to use earth-abundant 
plasmonic elements/oxides such as Cu, Al and MoO3-x with 
comparable plasmonic absorption to Au and Ag in the visible 
light region. To this end, the control of their surface oxidation 
states and guarantee of their chemical stability should be well 
addressed. The presence of light irradiation31 or hybridization 
with electron-rich graphene130 has turned out to be possible 
routes to protect and maintain the stabilities of the instable 
plasmonic metal nanostructures. Other strategies, for example, 
photoelectrocatalysis with the aid of voltage bias, could be 
further developed to enhance the plasmonic-mediated 
photocatalysis as well as the chemical stability of metallic 
nanostructures.   
    In single-active plasmonic photocatalysis, metallic NPs 
function as both the photo- and catalytic-active sites, and they 
have shown high potentials in selective organic transformation 
with mild oxidation ability. In addition to enhancing the 
catalysis of metallic NPs themselves, the surface plasmons do 
have the ability to boost the catalytic activities of adjacent 
semiconductors, molecular complexes as well as metal NPs. 
Among these, metal/semiconductor hybrids account for the 
majority and have been applied dominantly to improve the 
photocatalytic performance of semiconductors in water splitting 
and toxic pollutants removal. Recently, electron transfer from 
the plasmonic metals to the other catalytic ones could also 
improve the photocatalytic activity of the latter in chemical 
synthesis, such as Pd-catalyzed Suzuki-coupling reactions147–149 
and Ru-catalyzed ammonia synthesis.150  

Albeit with the arresting progress, plasmon-directed 
photocatalysis is still in its infancy. A great many issues such as 
the interfacial structure, band alignment and contacting 
architectures between plasmonic metals and support materials 

should be clarified for preferential charge transfer. The 
plasmonic property of metallic nanostructures is strongly 
dependent on their metal species, sizes, shapes and supporting 
materials, which in turn offer the guidelines and protocols to 
allow one to harvest the broad absorption across the whole solar 
spectrum by harnessing the rationally devised nanostructures. 
With the on-going in-depth investigations, it is envisaged that 
this burgeoning field will bring greater achievements in 
exploiting highly efficient and robust plasmonic photocatalysts 
working under visible light. 
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