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5.2 Plasmonic Photocatalysis: Experiments 

5.2.1 Photocatalysis by Plasmonic Metals 

Plasmon-enhanced photocatalysis is an active area of research in many laboratories, as has been 

reviewed,[4-14] with recent experimental reports in which Ag, Au or Al NPs have been involved 

in such processes as water oxidation,[15] H2 dissociation,[16-18] propylene epoxidation,[19] and 

many others.[20, 21] There is also much interest (both experiment and theory) in using the hot 

electrons that are thought to be important in plasmon enhanced chemistry in hot-carrier solar 

cells and other devices.[9, 10, 22-29] And in the Van Duyne group at Northwestern, surface-

enhanced Raman scattering (SERS) spectra have observed negative ions and other electron-

driven photoproducts of the molecules 4,4′-bipyridine (BPY)[30] and trans-1,2-bis(4-

pyridyl)ethylene (BPE)[31] after irradiation of Au NPs with 500 nm light, thus directly revealing 

the initial effects associated with plasmon driven electrons. It was shown that plasmon-enhanced 

chemistry can give different product selectivity compared to its thermal counterpart.[32, 33] 

Catalysis by hot electrons/holes generated from interband transitions on plasmonic metals by UV 

illumination is possible,[32, 34, 35] but we do not consider this type of reaction in this Chapter 

as it does not involve plasmons. 
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Another important role of the oxide layer is as the ‘dampener’ of the kinetic energy of the H2 

molecule. The porous oxide layer has a higher accommodation coefficient for H2 than the bare 

Au NP, and the H2 molecules stay physisorbed for a longer time near the Au NPs. In the same 

research group, an Al–Pd nanodisk heterodimer was fabricated so that the strong absorption 

cross-section feature of Al and the catalytic character of Pd are combined.[18] Here, plasmons 

first generated in the Al disk force plasmon excitation in the Pd disk. Then hot electrons are 

generated and transferred to the anti-bonding orbital of the dihydrogen molecules, leading to 

dissociation. The influence of polarization angle, power of the incident light, wavelength, and the 

gap between the two disks was investigated. 

 

Studies by Christopher, Xin, and Linic [37] provides a comprehensive view of the mechanism of 

plasmonic photocatalytic oxidation reactions through analyzing the O2 dissociation step. In this 

work, Ag nanocubes were used to generate ethylene oxide from ethylene and O2, and the O2 

dissociation step was postulated as the rate-determining step (RDS). The reactivity as a function 

of long-pass filter wavelength matched the 

plasmon intensity profile (calculated by 

multiplying the wavelength-dependent source 

intensity by the wavelength-dependent 

extinction spectrum and integrating over the 

wavelength to the filter cutoff wavelength), 

confirming that the reaction occurs through the 

photocatalytic mechanism (plasmons). The 

energy difference between O2 and O2- on the Ag 

Fig. 3 Schematic of the photothermal process via a 
transient negative ion, which reduces the required 
thermal energy for the chemical reaction of the 
adsorbate 
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thermal bath directly contributes to the energy gaining process through gain and loss of an 

electron (see above), since the electron transfer rate from the metal particle to the adsorbate is 

higher for adsorbates that are more vibrationally excited.[45] Second, with the plasmonic 

contribution to the dissociation step, the thermal energy required for the subsequent elementary 

steps may be greater than the dissociation step, enabling one of these steps to control the overall 

reaction rate. In this case, the increased charge recombination rate due to the higher temperature 

becomes less relevant to the overall reaction rate. Third, removal of the product may exclusively 

depend on vibrational energy from the thermal bath. Because catalysis may be the most efficient 

at plasmonic hot spots, removal of the end-product is essential before introduction and catalysis 

of a new reactant molecule. Fourth, phonon transfer from the thermal bath leads to a Boltzmann 

distribution of vibrational states, which gives a range of vertical energy difference between the 

neutral and the excited state. This may better utilize the finite bandwidth of the light source. 

 

When the plasmons decay, hot holes as well as hot electrons are generated and can be used for 

chemical reactions. For example, citrate molecules attached to Au NPs on an indium tin oxide 

(ITO) substrate[46] and Ag NPs on a various substrates[47] undergo oxidation reactions (photo-

Kolbe reaction) when weakly irradiated. 

 

Another type of plasmon driven photochemical reaction is the photocatalyzed size growth of 

plasmonic particles. Photoinduced conversion of Ag nanospheres to nanoprisms was reported in 

2001.[48] In addition, when the nanospheres are irradiated with light whose wavelength matches 

the dipole resonance wavelength of the prisms, a bimodal distribution of nanoprism sizes was 

obtained, suggesting that the plasmon drives fusion of the prisms. In a subsequent work, a 
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In semiconductor systems (Fig. 7), electron–hole pairs are generated when the light is absorbed 

in the semiconductor, and each charge carrier separates and diffuses to the catalytically active 

site at the interface of the semiconductor and solvent. Electrons and holes may recombine at trap 

sites caused by defects in the bulk or on the surface. In water splitting, the electrons and holes 

participate in the hydrogen evolution and the oxygen evolution half-reactions, respectively, 

which can be described at low pH in terms of the reactions 

2𝐻' + 2𝑒* → 𝐻, 

𝐻,𝑂 + 2ℎ' → 2𝐻' + .
,
𝑂,. 

While semiconductor photocatalysis is very appealing, it suffers from a number of factors for 

practical use. The band gap may be too large such that only a narrow region of the solar 

spectrum can be utilized; for example, TiO2 has a 3.2 eV band gap, which means only UV light 

can generate electron–hole pairs in TiO2. Also, the diffusion rate of the charge carriers is often 

not high enough that most charge carriers relax through charge recombination before reaching 

the reaction sites. Moreover, semiconductors may have poor catalytic activity, i.e., the activation 

energy may be too high at the semiconductor–solvent interface for the catalysis to be useful. 

 

It has been demonstrated that these limitations can be partially lifted by using composite 

plasmonic metal–semiconductor systems and much higher reaction rates are achieved compared 

to their semiconductor-only counterpart.[56-71] The most important example of a plasmonic 

metal used with a semiconductor is as the sensitizer for visible light. For instance, García and 

coworkers tested various gold loading and calcination temperatures for Au/TiO2 catalysts for 

water splitting and obtained a maximum quantum yield of 7.5% for H2 and 5.0% for O2 at a 



visible wavelength (560 nm), while using a TiO2 catalyst without plasmonic metal at the same 

wavelength resulted in quantum yields of less than 0.1%.[57] This is because the utilized 

wavelength is consistent with the dipole resonance frequency of Au NPs (spheres) but is too long 

compared to the band gap of TiO2. It is important to harvest visible light in photocatalysis 

because while UV light constitutes less than 10% of the solar energy that reaches the surface of 

Earth, visible light accounts for around a half of the total energy. Moreover, a broad range of the 

solar spectrum can be utilized with plasmonic NPs since resonance frequencies of plasmonic 

NPs are tunable by changing shape, size, and dielectric environment. One can imagine using NPs 

having a range of size to maximize the utilized wavelength range. 

 

Photocatalysis mechanism in the composite systems falls into one of two categories depending 

on the wavelength of the light source that when the photon energy is comparable to the band gap 

of the semiconductor charge carriers are 

generated directly in the semiconductor 

and the plasmonic metal merely serves as 

reaction sites and when plasmons in the 

metal can be excited plasmon-enhanced 

chemistry is relevant.[57] The two 

mechanisms can act together in one 

system, although one may be more 

dominant depending on the wavelength. In 

the processes that involve plasmons, the 

role of the metal around the semiconductor 

Fig. 8 Two possible mechanisms (charge injection and EM 
enhancement) of plasmon-mediated semiconductor 
photocatalysis. D and A stand for electron donor and 
acceptor, respectively. 
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