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Plasmonic nanoparticle-semiconductor
composites for efficient solar water splitting

M. Valenti,*a M. P. Jonsson,b G. Biskos,cd A. Schmidt-Otta and W. A. Smith*a

Photoelectrochemical (PEC) water splitting is a promising technology that uses light absorbing

semiconductors to convert solar energy directly into a chemical fuel (i.e., hydrogen). PEC water splitting

has the potential to become a key technology in achieving a sustainable society, if high solar to fuel

energy conversion efficiencies are obtained with earth abundant materials. This review article discusses

recent developments and discoveries in the mechanisms by which the localized surface plasmon

resonance (LSPR) in metallic nanoparticles can increase or complement a neighbouring semiconductor

in light absorption for catalytic water splitting applications. These mechanisms can mitigate the intrinsic

optical limitations of semiconductors (e.g., metal oxides) for efficient solar water splitting. We identify

four types of enhancement mechanisms in the recent literature: (i) light scattering, (ii) light

concentration, (iii) hot electron injection (HEI), and (iv) plasmon-induced resonance energy transfer

(PIRET). (i) Light scattering and (ii) light concentration are light trapping mechanisms that can increase

the absorption of light with energies above the semiconductor optical band-edge. These two

mechanisms are ideal to enhance the absorption of promising semiconductors with narrow bandgap

energies that suffer from limited absorption coefficients and bulk charge recombination. On the other

hand, (iii) HEI and the recently discovered (iv) PIRET are mechanisms that can enhance the absorption

also below the semiconductor optical band-edge. Therefore, HEI and PIRET have the potential to extend
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the light utilization to visible and near-infrared wavelengths of semiconductors with excellent

electrochemical properties, but with large bandgap energies. New techniques and theories that have

been developed to elucidate the above mentioned plasmonic mechanisms are presented and discussed

for their application in metal oxide photoelectrodes. Finally, other plasmonic and non-plasmonic effects

that do not increase the device absorption, but affect the electrochemical properties of the

semiconductor (e.g., charge carrier transport) are also discussed, since a complete understanding of

these phenomena is fundamental for the design of an efficient plasmonic NP-semiconductor water

splitting device.

1. Introduction

Photoelectrochemical (PEC) water splitting offers a sustainable

and clean way to store solar energy in the form of a chemical

fuel, i.e. hydrogen. This process has beneted from over 40

years of research,1,2 and many advances have been made with

respect to the materials used today,3,4 while our overall

understanding of the photo physical–chemical processes

involved in the overall reaction has improved signicantly. The

main challenges that remain for PEC water splitting are nding

materials that can simultaneously harvest solar irradiation,

create and separate electronic charges (electrons and holes),

and drive the water reduction and oxidation reactions.

Furthermore, in order to bring this technology to a practical

level, the entire process must be accomplished by inexpensive

earth abundant materials that are stable in an electrochemical

environment.

The most successful materials used to drive the solar water

splitting reaction are semiconductor photoelectrodes, where

metal oxides like TiO2,
1 WO3,

5,6 Fe2O3,
7–9 Cu2O,

10,11 and BiVO4

(ref. 12–15) have received the most attention. These materials

have been extensively studied and have emerged as promising

candidates for practical applications as they are made from

earth abundant materials that are generally stable in aqueous

environments. However, metal oxide photoelectrodes oen

have less than ideal opto-electronic and catalytic properties,

exhibited by low absorption coefficients, large band gap ener-

gies, short charge carrier diffusion lengths and life-times, and

sluggish reaction kinetics at their surface.3 Therefore, signi-

cant efforts have been devoted to functionalize metal oxide

semiconductors photoelectrodes to improve their optical, elec-

tronic, and catalytic properties.16–18
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One promising solution is to decorate semiconductors with

plasmonic nanoparticles (NPs).19–21 These metallic NPs can

increase the absorption of thin lm semiconductor photo-

electrodes (with low absorption coefficients) by either conning

or scattering the light into the semiconductor (i.e., light trap-

ping).20–22 In addition, plasmonic NPs can absorb visible light

with lower energies (i.e. higher wavelengths) than the semi-

conductor band gap and subsequently transfer the absorbed

energy to the semiconductor in the form of “hot electrons”

(electrons with energies higher than the metal Fermi level)23,24

or in a dipole–dipole interaction,25 effectively extending the

semiconductor absorption range. At the same time, the plas-

monic NPs can signicantly improve the electronic26 and cata-

lytic27 properties of semiconductors when the NPs are placed at

the semiconductor–electrolyte interface. All these possibilities

have resulted in the synthesis and photoelectrochemical testing

of many different plasmonic NP/semiconductor composites, to

elucidate the phenomena and exploit their use for solar driven

water splitting.18,25,28–31

Recent reviews19,32,33 on plasmonic photocatalysis have

mainly focused on plasmonic mechanisms that enhance the

semiconductor absorption. However, less emphasis has been

given to plasmonic and non-plasmonic NP effects on the charge

transport properties and energetics of the semiconductor. In

this review, we discuss how plasmonic NP size, shape, and

composition affect the optical properties, charge transport and

energetics of semiconductor photoelectrodes for PEC water

splitting. Particular emphasis is given to decoupling plasmon-

induced and non-plasmon-induced effects that are generated by

NP/semiconductor composites, in order to gain mechanistic

insights into the structure–functionality relationship of these

promising architectures to improve PEC water spitting.

2. Localized surface plasmon
resonance

Light in the UV-visible wavelength range can induce collective

oscillations of the valence electrons in noble metal NPs.34,35 This

phenomenon is known as localized surface plasmon resonance

(LSPR). The oscillating electron cloud (called localized surface

plasmon) exhibits a life-time on the order of femtoseconds that

is limited by different radiative and non-radiative damping

processes.36 The population of surface plasmons that decays by

radiative damping is converted into photons, whereas, the

population that decays by non-radiative damping is converted

into electron–hole pairs by interband and intraband excitations

(cf. Fig. 1).36

2.1. Absorption and scattering cross sections

Metal NPs whose surface plasmons mainly decay through non-

radiative processes are called light absorbing NPs, since the

irradiating energy (e.g., solar radiation) is absorbed by the NPs

and subsequently transferred to their surroundings (e.g., by

releasing heat). For applications where non-radiative processes

are desired, light absorbing NPs with a large absorption cross-

section and a small scattering (radiative decay) cross-section are

selected. In 1908, Gustav Mie derived analytical expressions for

the absorption and scattering cross-sections of spherical NPs of

arbitrary size.34 This theory has evolved to the generalized Mie

theory that can also accurately predict the optical behaviour of

particles of different shapes, such as ellipsoids and rods.37 The

NP scattering cross section (ssca) and absorption cross section

(sabs) for small spheres can be approximated using eqn (1)–(3).

This approximation is justied by Mie theory for spherical

particles in the limit ak� 1 and |m|ak� 1, where a is the radius

of the particle, k is the wave number and m is the refractive

index of the particle relative to that of the medium:38

sabs ¼ kIm(a) (1)

ssca ¼
k4

6p
jaj

2 (2)

where a is the particle polarizability, which for a small sphere

can be expressed as:38

a ¼ 3Vp

3� 3M

3þ 23M
(3)

where Vp is the particle volume, and 3 and 3M are the wavelength

dependent dielectric function of the NP material and

surrounding medium, respectively. Resonant enhancement of

the polarizability can hence occur for particles of materials with

a negative real dielectric function (assuming a relatively small

imaginary part). This illustrates why plasmonic excitations are

found in metal nanoparticles.

For ellipsoidal NPs, a simple expression for the polarizability

along direction i ¼ 1, 2, 3 can be obtained with the, less

rigorous, electrostatic approximation (or dipole approximation)

for small particles compared with the light wavelength:38

ai ¼ Vp

3� 3M

3M þ Lið3� 3MÞ
(4)

where Li are geometry factors along direction i ¼ 1, 2, 3 and

whose sum should equal 1. For spheres, Li ¼ 1/3, which repro-

duce the expression in eqn (3) above.

Eqn (1)–(4) clearly show that the absorption and scattering

cross sections depend on the NP size (Vp), shape (Li) and

composition (3), along with the surrounding media (3M).

Regarding size, the scattering cross section is proportional to

Vp
2, while the absorption cross section is proportional to Vp. For

example, Fig. 2 shows that the scattering cross section of

Fig. 1 Illustration of radiative (left) and non-radiative (right) decay of

the NP surface plasmon. The non-radiative decay occurs due to

intraband excitation within the conduction band.

This journal is © The Royal Society of Chemistry 2016 J. Mater. Chem. A, 2016, 4, 17891–17912 | 17893
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a spherical gold NP nearly vanishes when its radius is decreased

from 35 nm (Fig. 2A) to 10 nm (Fig. 2B), while the absorption

cross section is decreased to a lesser extent. Therefore, small

NPs are used for applications where only non-radiative decays

are desired.

2.2. Plasmon resonance frequency

The light frequency at which the NP extinction coefficient is the

greatest is called the NP plasmon resonance frequency, and it

can be tuned by changing the material composition, shape and

size of the NPs as shown in Fig. 3. Fig. 3A also highlights that

noble metal NPs interact signicantly with light that is abun-

dant in the solar irradiation spectrum, which makes them

excellent candidates to be used in solar energy conversion

devices. The NP absorption and scattering spectra are also

affected by the dielectric function of the surrounding medium

(cf. eqn (1)–(3)). Even though the dielectric function of the

surrounding medium is determined by the application (e.g.,

aqueous solution for PEC water splitting), it can be partially

modied by coating the NP with a thin semiconducting or

insulating layer. The dielectric function and the thickness of the

coating can be changed to tune the resonance frequency of the

NPs.39

Signicant tunability of the LSPR extinction spectra has been

achieved with metal NP rods and NP dimers (two closely spaced

NPs), since they are characterized by two LSPR modes corre-

sponding to excitation at different polarizations (i.e., transversal

and longitudinal modes).40–42 In NP rods, the longitudinal mode

can be accurately tuned by modifying the length of the rod,40

whereas, for NP dimers the longitudinal mode can be tuned by

modifying the interparticle distance (cf. Fig. 4).41,43

2.3. Light connement (NP near-eld)

An important characteristic of the LSPR is the highly localized

electric eld enhancement around the plasmonic NP. Fig. 5A

shows the electric eld contours of a silver NP when illuminated

with light at the NP resonance frequency. It can be seen that the

Fig. 3 (A) Normalized extinction spectra of spherical Ag (38� 12 nm in diameter), Au (25� 5 nm) and Cu (133� 23 nm) particles. The intensity of

solar radiation (data for air mass 1.5 solar spectrum from the National Renewable Energy Laboratory, http://rredc.nrel.gov/solar/spectra/am1.5/)

is also shown, in black. Dashed portions of the metal extinction curves indicate interband transitions (that is, no surface plasmon resonance in

these regions). (B) Normalized extinction spectra for Ag wire, cube and sphere nanoparticles. Wire-shaped particles are 90� 12 nm diameter and

>30 aspect ratio, cubic particles are 79 � 12 nm edge length and spherical particles are 38 � 12 nm diameter. (C) Normalized extinction spectra

for Ag nanocubes as a function of size (56 � 8 nm, 79 � 13 nm and 129 � 7 nm edge lengths correspond to orange, red and blue spectra

respectively). The inset shows a photograph of the three nanocube samples suspended in ethanol.20 Reprinted with permission from ref. 20.

Copyright 2011 Macmillan publishers limited.

Fig. 4 Discrete dipole approximation-simulated extinction efficiency

spectra of Au nanodisc pairs for varying interparticle separation gap for

incident light polarized parallel to the interparticle axis (longitudinal

mode). Reprinted with permission from ref. 43. Copyright 2007 ACS.

Fig. 2 Extinction, scattering and absorption spectra of a gold NP with

a radius of 35 nm (A) and a radius of 10 nm (B) calculated using Mie

theory. In both cases, the refractive index of the environment is 1.33.

17894 | J. Mater. Chem. A, 2016, 4, 17891–17912 This journal is © The Royal Society of Chemistry 2016
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magnitude of the applied electric eld is enhanced by �50 fold

at the NP surface. This near-eld effect plays an important role

in several applications, such as waveguiding along particle

chains,44 surface-enhanced Raman scattering (SERS),45 light

trapping to enhance light absorption in semiconductors46

(discussed in the following section), among others. Higher eld

enhancements are achieved with particles having sharp edges,

such as the NP rod shown in Fig. 5B. Finally, the formation of

NP dimers (e.g., spherical,47 rod48 and triangular prism47,49,50

dimers) give rise to the largest eld enhancements that are

order of magnitudes larger than the applied eld (cf. Fig. 5C).

3. Plasmonic NP/semiconductor
composites
3.1. Harvesting the surface plasmon's energy to drive the

water splitting half reactions on semiconductors

For a NP in contact with a semiconductor, (part of) the surface

plasmon's energy can be extracted for both radiative damping

and non-radiative damping (Fig. 6A and B). The surface plas-

mon energy can be transferred from the NP to the semi-

conductor and then further converted to chemical energy, for

example, to drive the water splitting reactions. This energy

transfer is possible through four different mechanisms that

form the core of this review. These are (i) light scattering

(radiative decay, Fig. 6A), (ii) hot electron injection (HEI,

Fig. 6B), (iii) light concentration (Fig. 6C) and (iv) plasmon-

induced resonance energy transfer (PIRET, Fig. 6D). Light

scattering by radiative decay (i) can enhance the effective optical

path length in the semiconductor. This leads to corresponding

enhanced absorption and generation of charge carriers that can

drive the water splitting half reactions (Fig. 6A).22 Instead, when

the surface plasmon decays by exciting an electron–hole pair

within the NP (non-radiative decay, Fig. 6B) (ii), hot electrons

can be transferred to the conduction band of the semi-

conductor. Once the hot electron and hole are separated, they

can carry out the corresponding water splitting half reactions.23

In the third (light concentration) and fourth (PIRET) mecha-

nisms, the highly localized electric eld enhancement (i.e.,

near-eld) around the plasmonic NP induces interband excita-

tions in a neighbouring semiconductor (Fig. 6C and D).51,52 In

both mechanisms, the plasmon energy transfer to the semi-

conductor is mediated by coupling between photons, plasmons

and excitons (electron–hole pairs) in the NP near-eld. Unlike

direct light excitation, the near-eld can induce excitations not

only above, but also below the optical band gap edge (OBGE) of

the semiconductor. This review distinguishes between near-

eld effects acting above the OBGE (i.e., light concentration

mechanism) and below the OBGE (i.e., PIRET), since they have

different implications (cf. Section 4.2.2). In the light concen-

tration mechanism (iii) the NPs act as optical antennas that

localize the incident electromagnetic eld in the neighbouring

semiconductor, increasing the electron–hole generation rate in

the semiconductor (Fig. 6C).31,46,53 In PIRET, the near-eld

energy is transferred non-radiatively to the semiconductor

through strong dipole–dipole coupling with band edge states

that are optically inaccessible (Fig. 6D).25

Because the light scattering (i) and the light concentration

(iii) mechanisms both effectively guide and/or localize the

incoming photons, these mechanisms are referred to as light

trapping or photonic effects (Fig. 6A and C).54 While the light

trapping mechanisms are only effective with incident photon

energies above the OBGE, HEI and PIRET can extend the light

utilization to photon energies below the OBGE (Fig. 6B and D).

These four energy transfer mechanisms (i.e., light scattering,

HEI, light concentration and PIRET), allow decorating plas-

monic NPs to enhance or complement the insufficient light

absorption of bare semiconductors and, therefore, improve the

overall performance of conventional water splitting semi-

conductor devices.

New strategies and materials have been developed in recent

years to efficiently exploit the surface plasmon energy in plas-

monic NP/metal oxide photoelectrodes in order to mitigate the

optical limitations of bare semiconductor metal oxide photo-

electrodes (i.e., large bandgap energies and low absorption

coefficients).18,19,25–27,54–56 Recent key publications that have

Fig. 5 (A) Electric field enhancement contours for a Ag sphere.

Reprinted in part with permission from ref. 35. Copyright 2002 ACS (B)

electric field enhancement contours for a rod. Reprinted in part with

permission from ref. 47. Copyright 2004 AIP (C) electric field

enhancement contours external to a dimer of Ag nanoparticles

separated by 2 nm, for a plane that is along the inter-particle axis and

that passes midway throng the two particles. In the 3D plots, the axis

perpendicular to the selected plane represents the amount of electric

field enhancement around the dimer.47 Reprinted in part with

permission from ref. 47. Copyright 2004 AIP.

This journal is © The Royal Society of Chemistry 2016 J. Mater. Chem. A, 2016, 4, 17891–17912 | 17895
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elucidated the roles of each mechanism for the water splitting

performance of NP-metal oxide photoelectrodes are reviewed in

Section 4 along with a more detailed description of the corre-

sponding mechanisms.

3.2. Electrochemical effects

The plasmonic mechanisms described above are summarized

in Fig. 7 together with other metal NP mechanisms, either

plasmonic or non-plasmonic, that enhance the performance of

semiconductor photoelectrodes. HEI, PIRET and light trapping

are the mechanisms by which plasmonic NPs can increase the

light absorption in the semiconductor. In addition, decorating

plasmonic NPs on semiconductors can also cause other

important electrochemical effects that can enhance the water

splitting performance of the semiconductor. In turn, these

electrochemical effects can be divided into those that affect (i)

the semiconductor's charge transport, and (ii) its electronic

band energetics (cf. Fig. 7). A signicant challenge in plasmonic

water splitting research has been to differentiate these two

electrochemical effects from the plasmonic mechanisms that

can increase the device absorption.22,27,28,55 Several optical,

electrochemical, and computational techniques have been

successfully used to distinctly recognize the role of each effect in

the water splitting process.18,22,27 Consequently, while this

review's main focus is to discuss the recent advances that

elucidate the potential of light trapping, HEI and PIRET to

enhance the absorption of metal oxide semiconductors,

a concluding section (Section 5) is dedicated to discuss other

plasmonic and non-plasmonic effects (cf. Fig. 7) that also play

an important role in improving the overall performance of the

metal NP/semiconductor composite for solar water splitting

devices.

4. Plasmonic energy transfer
mechanisms
4.1. Hot electron injection (HEI)

Hot electrons are generated through non-radiative damping

and hot electron injection (HEI) is therefore best exploited by

light absorbing NPs. Fig. 8 shows a more detailed illustration of

this mechanism. When the surface plasmons decay through

intraband excitations within the conduction band, the excited

electrons (hot electrons) obtain energies higher than the metal

Fermi energy (EF; cf. Fig. 8).
60,61 For plasmonic NPs smaller than

20 nm the hot electron exhibit energies (EH) within the range

EF < EH < EF + ħu, while larger particles exhibit much smaller hot

electron energies close to EF.
62 If the energy of the hot electrons

are larger than the interface Schottky energy barrier, the hot

electrons can be transferred to the conduction band of the

semiconductor.23,51,61,63–67 Charge neutrality in the metal NP is

Fig. 6 Illustration of four energy transfer mechanisms from a plasmonic NP to an n-type semiconductor to drive water oxidation: (A) light

scattering, (B) hot electron injection, (C) light concentration and (D) plasmon-induced resonance energy transfer (PIRET). OBGE denotes the

optical band gap edge of the semiconductor. EC, EF, EV are the conduction band, Fermi and valence band energies, respectively.
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restored by removing the “hot hole” with an oxygen evolution

catalyst (OEC) or an electron-donor solution (in the case of an

n-type semiconductor). Excited electrons with energies lower

than the Schottky barrier relax through, for instance, electron–

electron and electron-phonon collisions (releasing heat).68

Therefore, the efficiency of the HEI mechanism is expected to

decrease with increasing Schottky barrier energies, which

depend on the energetics of the selected metal/semiconductor

system. However, having energies larger than the Schottky

barrier is by nomeans the only requirement for a hot electron to

be injected to the conduction band of the semiconductor. The

hot electron also needs to reach the surface of the NP, before

undergoing another relaxation process.24 Further limitations

come from the non-ideal electron-acceptor ability of the semi-

conductor (i.e., limited density of states in the conduction band)

and the non-ideal electron-donor ability of the OEC/electrolyte

that replaces the injected hot electrons.24,69–71 The above limi-

tations signicantly affect the efficiency of HEI and it is of great

importance to theoretically and experimentally study each

limitation individually. One of the main challenges to experi-

mentally study the HEI efficiency comes from the fact that the

measured hydrogen/oxygen evolution in a plasmonic NP/semi-

conductor photoelectrode not only come from the HEI process

(due to the NP light absorption) but also from light absorption

of the semiconductor itself. Therefore, strategies must be

developed to accurately decouple these two contributions

before attempting the optimization of HEI. Two recent publi-

cations made key contributions to tackle this issue using two

different approaches. Mubeen et al.,23 fabricated a Au nanorod/

TiO2 composite system, where the TiO2 layer was so thin that its

only role was to remove the hot electrons from the nanorod

(electron lter) and did not contribute to the measured

Fig. 7 Summary of proposed effects of metal NPs on semiconductors for photoelectrochemical water splitting.20,23,25–27,56–59

Fig. 8 (A) Plasmonic energy conversion: electrons from occupied

energy levels are excited above the Fermi energy. (B) Hot electrons can

be injected into a semiconductor by forming a Schottky barrier with

the plasmonic nanostructure. Hot electrons with energies high

enough to overcome the Schottky barrier 4SB ¼ 4M � cS are injected

into the conduction band EC of the neighbouring semiconductor,

where 4M is the work function of the metal and cS is the electron

affinity of the semiconductor. Reprinted in part with permission from

ref. 24. Copyright 2014 Macmillan publishers limited.

This journal is © The Royal Society of Chemistry 2016 J. Mater. Chem. A, 2016, 4, 17891–17912 | 17897
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photocurrent. Chen et al.26 used a different strategy based on

a Au NP/ZnO composite and tested its photoelectrochemical

ability to split water by illuminating it only with visible light that

has lower energies than the ZnO band gap. That ensured that

only photocurrent related to the HEImechanism wasmeasured.

We start by reviewing the work by Mubeen et al. in detail in

order to gain further insights to the HEI mechanism.

Mubeen et al. fabricated an autonomous plasmonic solar

water splitting device where the oxygen and hydrogen evolution

reaction take place on the NP-semiconductor composite

without the use of external wires and without applying a bias

voltage. This device consists of an array of vertically aligned gold

nanorods in an aluminium oxide template. Fig. 9A and B, show

an illustration and a transmission electron microscope (TEM)

image of one of the nanorods, respectively. The plasmonic rod

is capped with a thin layer of crystalline TiO2, which in turn is

decorated with a hydrogen evolution catalyst (Pt NPs). On the

side of the nanorod a cobalt-based oxygen evolution catalyst is

deposited. In this device, all the charge carriers are derived from

surface plasmons (through HEI) and the semiconductor works

only as a hot electron lter as depicted in Fig. 9C. Using this

approach, once the hot electrons and holes are separated, they

migrate to the corresponding catalysts to carry out the water

splitting half reactions. The autonomous device was operated

with a 1 M potassium borate electrolyte (pH 9.6) under visible

light illumination (l > 410 nm), exhibiting an external quantum

efficiency (EQE) of �0.1% (averaged over the visible portion of

the solar spectrum). Several strategies were taken in this work to

conrm that all the charges indeed came from the HEI mech-

anism and not from conventional TiO2 light absorption. One of

them is shown in Fig. 10, where the hydrogen production of the

device was measured under illumination with light of different

spectral ranges. Under UV-dominated illumination (310 nm < l

< 520 nm), the hydrogen production rate is much lower than

when the device is illuminated with visible light (l > 410 nm or

l > 600 nm). The low performance under UV illumination

conrms that conventional electron–hole excitation due to light

absorption in the TiO2 does not contribute to the hydrogen

generation under AM 1.5 irradiation, since TiO2 only absorbs

light up to �380 nm. Therefore, this device is ideal to inde-

pendently study the different processes that limit the HEI effi-

ciency (e.g., electron-donor ability of the hydrogen evolution

catalyst). Finally, this work reports no decrease in activity over

66 hours of solar irradiation. This excellent stability represents

a great advantage for plasmon driven water splitting devices

when compared with conventional short bandgap metal oxide

semiconductors that decrease their performance over time due

to corrosion.72,73

Fig. 9 Structure and mechanism of operation of the autonomous plasmonic solar water splitter. (A) Schematic of the cross-section of an

individual photosynthetic unit showing the inner gold nanorod, the TiO2 cap decorated with platinum nanoparticles, which functions as the

hydrogen evolution catalyst, and the Co-OEC material deposited on the lower portion of the gold nanorod. (B) Corresponding transmission

electron micrograph (left) and magnified views of the platinum/TiO2 cap (top right) and the Co-OEC (bottom right). (C) Energy level diagram

superimposed on a schematic of an individual unit of the plasmonic solar water splitter, showing the proposed processes occurring in its various

parts and in energy space. CB, conduction band; VB, valence band; EF, Fermi energy. Reprinted with permission from ref. 23. Copyright 2013

Macmillan publishers limited.

Fig. 10 Hydrogen produced per hour with various illumination

wavelengths, each determined from an experiment in which the

device was continuously illuminated for 9 h. Reprinted with permission

from ref. 23. Copyright 2013 Macmillan publishers limited.
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More recently, the same authors reported74 photo-produc-

tion of hydrogen with a similar system for gold nanorods with

different aspect ratios, exhibiting longitudinal absorption

modes nearly throughout the solar spectrum (l � 400–1000

nm). In this work, instead of an electron donor oxygen evolution

catalyst, methanol was added to the electrolyte as a sacricial

reactant. The authors show that by using nanorods with

different aspect ratios the hydrogen production can be doubled

compared with a device that uses nanorods of the same

dimensions. The device presented a EQE of �0.1% (averaged

over the entire solar spectrum) and showed good stability for

over 200 hours of continuous operation.

Unlike in the previously described works, Chen et al.26

synthesized a NP/semiconductor composite where the semi-

conductor absorption contributes signicantly to the compo-

site's hydrogen generation. The NP/semiconductor composites

used in this work consist of arrays of ZnO nanorods decorated

with spherical gold NPs with an average size of less than 5 nm.

These composites were used as the working electrode in a three

electrode-based photoelectrochemical system, and cyclic vol-

tammetry measurements under AM 1.5 solar simulation irra-

diation are shown in Fig. 11A. It is clear that the performance of

the composite device increases with an increase in the plas-

monic NP concentration, until an optimum NP loading of 9.8%.

Fig. 11B, shows a similar type of experiment, but this time the

sample was irradiated only with visible light (>420 nm). This

visible light has lower energies than the semiconductor band

gap and, as expected, no photocurrent was obtained in the

cyclic voltammetry of the bare ZnO sample (cf. Fig. 11B). Aer

NP deposition the photocurrent increased up to �0.3 mA cm�2

at 1 V vs. Ag/AgCl, which the authors attribute to the HEI

mechanism. In order to further elucidate the HEI effect, wave-

length dependent photocurrent measurements were performed

and compared with the NP absorption spectra. Fig. 12 shows

that the measured photocurrent presents a peak around 2.4 eV,

which corresponds well to the NP plasmon absorption mode.

This correlation between the photocurrent and the absorption

spectra gives further evidence that the obtained photocurrent is

due to a plasmonic effect. This type of comparison is now

commonly used to prove plasmonic effects and has become an

important tool in the plasmon driven water splitting eld.

However, it should be pointed out that hot electrons with

sufficient energy to overcome the Schottky barrier may be

excited also without plasmonic effects, via the photoelectric

effect. Chen et al. also compared the measured photocurrent

with the number of photoelectrons that derive from direct light

excitation (photoelectric effect) and have sufficient energy to

overcome the Schottky energy barrier. These photoelectrons

(Fowler hot electrons) are calculated according to Fowler theory:

hi ¼ Cf

ðhv� fÞ2

hv
(5)

where Cf is the Fowler emission coefficient and f is the Schottky

energy barrier. Eqn (5) was tted to the obtained photocurrent,

Fig. 11 (A) Linear-sweep voltammograms of Au–ZnO photoelectrodes with nanoparticles deposited for various periods, and a dark scan,

performed in a 0.5 M aqueous Na2SO4 with a pH of 6.8 under an AM 1.5 solar simulator. (B) Linear-sweep voltammograms of Au ZnO pho-

toelectrodes with nanoparticles deposited for various periods, obtained under illumination by visible light (>420 nm). Reprinted with permission

from ref. 26. Copyright 2012 ACS.

Fig. 12 Absorption spectrum of Au nanospheres and plots of photo-

current versus wavelength, fitted to Fowler's law, indicating that

photocurrent comprises mainly hot electron flow, with additional

contribution from hot electrons that are injected from Au under plas-

monic-induced irradiation that is amplified by localized surface plasmon

resonance. Reprinted with permission from ref. 26. Copyright 2012 ACS.

This journal is © The Royal Society of Chemistry 2016 J. Mater. Chem. A, 2016, 4, 17891–17912 | 17899
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as shown in Fig. 12. It can be clearly seen that the photocurrent

diverges from the Fowler's relation around the NP resonance

frequency, conrming that the hot electrons, associated with

the surface plasmon resonance effect, signicantly contribute

to the composite's measured photocurrent (cf. Fig. 11A and B).

4.1.1. Transient absorption analysis. A more complex

plasmonic composite, containing three light absorbing

components, was synthesized by Li et al.18 They used a CdS–Au–

TiO2 sandwich nanorod array as the photoanode in a water

splitting PEC cell and studied the role of the plasmonic gold

NPs on the composite's performance. The sandwich composite

consists of a gold-decorated TiO2 nanorod with an external

coating of CdS quantum dots (QDs), as illustrated in Fig. 13. The

CdS QDs, like the plasmonic NPs, can be used as photosensi-

tizers to extend the light absorption range of large band gap

semiconductors.75–77 Therefore, in this composite a large frac-

tion of the solar spectrum is absorbed. TiO2 absorbs light with

wavelengths below �400 nm, CdS QDs below �525 nm and the

plasmonic NPs below �725 nm. Fig. 14A shows the incident

photon to current efficiency (IPCE) of the composite, with and

without the gold NPs. It can be seen that the IPCE is slightly

increased in the region of the spectrum around 650 nm, which

corresponds to the location of the LSPR mode of the gold NPs.

Moreover, at this wavelength neither of the semiconductor

components (i.e., TiO2 and CdS QDs) absorb light, which indi-

cates that the photocurrent may be due to the HEI mechanism

in the plasmonic NPs. The authors used transient absorption

analysis to elucidate the origin of this photocurrent increase.

Fig. 14B shows the transient absorption signal (bottom of the

gure) that corresponds to the TiO2 trap state absorptions in the

visible region. As expected, under 400 nm illumination for bare

TiO2 it can be clearly seen the lling of the TiO2 trap states by

the photogenerated charge carriers (blue line in Fig. 14B). What

is more interesting is that under 675 nm illumination, lling

of the TiO2 trap states is also observed in the Au–TiO2 and

CdS–Au–TiO2 composites (green and orange lines in Fig. 14B,

respectively). Since neither of the semiconductors absorb

675 nm light, the lling of the TiO2 trap states must be due to

hot electron transfer from the plasmonic NP. Fig. 14B (top of the

gure) also shows the blue-shi in the gold NP LSPR mode of

Fig. 14 (A) IPCE. (B) NP absorption in Au–TiO2 and in CdS–Au–TiO2 (Top) and full-spectrum transient absorption signal at 20 ps after excitation

(bottom). (C) The change in back-transfer dynamics and filling of the TiO2 electron-trap states without charge transfer into CdS is explained by

the energy of the hot plasmonic electron distribution relative to the interfacial Schottky barrier. Reprinted with permission from ref. 18. Copyright

2014 ACS.

Fig. 13 Illustration of the sandwich CdS–Au–TiO2 composite.

Reprinted with permission from ref. 18. Copyright 2014 ACS.
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Au–TiO2 compared with CdS–Au–TiO2. From the location in the

spectrum of the LSPR and the transient absorption signal

(Fig. 14B), the authors were able to shed light on the dynamics

of the hot electron in the composites (i.e., CdS–Au–TiO2 and

Au–TiO2) upon illumination with light at 675 nm (cf. Fig. 14C). A

key observation is that the lling of the TiO2 trap states is more

efficient in CdS–Au–TiO2 than for Au–TiO2 (green and orange

lines in Fig. 14B). This is consistent with the fact that, in

comparison with Au–TiO2, the hot electrons in CdS–Au–TiO2

have a lower energy (red-shied LSPR). As a result the hot

electrons are not able overcome the Schottky energy barrier, and

are efficiently transferred to the TiO2 trap states (green arrows in

Fig. 14C). On the other hand, the hot electrons in Au–TiO2 (with

blue-shied LSPR) exhibit a higher offset energy from the gold

Fermi level and can overcome the Schottky energy barrier,

reaching the TiO2 conduction band (orange arrows in Fig. 14C).

Therefore, by looking at the lling of TiO2 trap states the

authors were able to study the HEI efficiency of the synthesized

plasmonic composites, which makes transient absorption

analysis a very powerful tool to study the HEI in complex

systems.

4.1.2. Other design parameters for HEI devices

4.1.2.1. NP composition. As discussed above, the HEI effi-

ciency highly depends on the hot electron energy. Hot elec-

trons can be generated either by intraband or interband

transitions. Recent theoretical studies78–81 have shown that

interband transitions induced by visible light (from the

d-band) result in high energy hot holes but low energy hot

electrons (�EF), due to the position of the d-band relative to

the Fermi level in noble metals. By contrast, hot electrons

generated by intraband transitions can have energies up to

EF + ħu.62 Therefore, it is advantageous to use materials with

a relatively large interband energy threshold to maximize the

intraband excitation spectrum. Ag exhibits an interband

energy of �3.7 eV and, therefore, only intraband transitions

are expected when illuminated with visible light. Au on the

other hand, has an interband energy of �2.3 eV and its HEI

efficiencies may be limited by interband excitations when

illuminated with violet, blue and green light.

The above reasoning holds for HEI over the Schottky energy

barrier (as illustrated in Fig. 8), where the HEI efficiency

depends on the hot electron energy. However, it has been

recently proposed that low energy hot electrons (generated by

interband transitions) can also be transferred to the semi-

conductor by tunnelling through the Schottky energy barrier.82

Further research must be undertaken to study the efficiency of

this hot electron transfer process.

The material composition of the NP is of great importance in

the design of HEI water splitting devices, because it affects three

important HEI parameters: (i) LSPR frequency, (ii) Fermi level

equilibration, and (iii) the energy of the resulting charge

carriers. Even though materials other than Au and Ag have been

used for HEI applications, including Pt83,84 and Al,30 we believe

that alloy NPs are particularly promising for future HEI devices.

The use of alloy NPs allows for ne-tuning of these three

important parameters to t the requirements of specic hot

electron acceptor semiconductor for specic applications.

4.1.2.2. NP size. NPs of less than 20 nm are used as hot

electron injectors, since their hot electrons exhibit high ener-

gies (up to EF + ħu),
62 and can readily reach the NP surface where

they are extracted. Since hot charge carriers created by intra-

band transitions have a mean free path of�10–40 nm,78 most of

the generated hot carriers in these NPs (<20 nm) are expected to

reach the surface before thermalization. In contrast, hot

carriers created by interband excitations are expected to have

much shorter mean free paths (�1 nm)78 and, therefore, even

smaller NPs (2–3 nm) are required for charge extraction. Parti-

cles smaller than 2 nm in size are called metal clusters, and

exhibit a discrete molecule-like band structure. It has been re-

ported that Au clusters with distinct highest occupiedmolecular

orbital (HOMO)-lowest unoccupied molecular orbital (LUMO)

gap can act like a semiconductor with short band gap.85 Even

though this review focuses on plasmonic NPs, it is important to

highlight that metal clusters can also be used as co-absorbers to

enhance the absorption of metal oxides.86

4.1.2.3. NP shape. Varying particle shape enables tuning of

the NP LSPR frequency, which makes possible to absorb and

utilize light throughout the complete solar spectrum. In addi-

tion, it has been suggested that NP shape also affects the

amount and location of generated hot carriers within the

NP.87,88 Harutyunyan et al.87 studied the hot charge carrier

dynamics with standard pump-probe measurements for

different nanostructure geometries and reported ultrafast

dynamics in nanostructures with “hot spots” (areas with greatly

enhanced electromagnetic eld). The authors ascribed this

ultrafast response to an efficient generation of hot electrons

from hot spots. In good agreement with this, Sousa-Castillo

et al.88 showed that the photochemical response of TiO2 is

enhanced to a larger extent when functionalized with nanostars

than when functionalized with nanorods or spherical NPs. The

high photocatalytic activity was ascribed to hot spots present

around the spikes of the NP, which promotes the hot carrier

generation near the NP-semiconductor interface and the

subsequent HEI to the semiconductor.

As will be explained in the following section, the HEI

mechanism is the only known plasmonic mechanism that can

expand the absorption of a semiconductor water splitting device

to longer wavelengths without depending on spectral overlap

with the semiconductor. Therefore, if well-dened plasmonic

NPs that absorb light beyond the semiconductor absorption

edge are used, the HEI can be studied independently, as was

done in the works discussed above. However, in most reports on

plasmonic water splitting, an overlap between the semi-

conductor absorption and the NP absorption/scattering may

give rise to many other plasmonic and non-plasmonic effects

that simultaneously affect the semiconductor absorption and

electrochemical properties.27,28,55,56,89–97 These ideas are dis-

cussed in the context of recent literature reviewed in the

following two sections.

4.2. Light scattering, light concentration and PIRET

Unlike the HEI mechanism, the light scattering, light concen-

tration and PIRET mechanisms do not transfer the plasmon

This journal is © The Royal Society of Chemistry 2016 J. Mater. Chem. A, 2016, 4, 17891–17912 | 17901
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energy by charge transfer, but radiatively or by a dipole–dipole

interaction, inducing interband excitations in a neighbouring

semiconductor. The benets of these mechanisms in photo-

electrochemical water splitting are illustrated in Fig. 15 for

backside illumination (light reaching the semiconductor rst).

Most bare semiconductor lms exhibit incomplete absorption

and the transmitted light is unexploited (Fig. 15A). When the

semiconductor is decorated with light scattering NPs

(cf. Fig. 15B), the transmitted light interacts with the metal NPs,

inducing surface plasmons that subsequently decay by scat-

tering the photons back into the semiconductor. As a result, the

optical path length through the semiconductor is increased,

which increases its absorption and water splitting perfor-

mance.22 Fig. 15C illustrates a similar principle, where the

transmitted light induces LSPR in the metal NP, which gener-

ates a highly localized electric eld in the vicinity of the NP. This

NP near-eld can locally excite additional electrons from the

valence band of the semiconductor to the conduction band (i.e.,

through the light concentration and PIRET mechanisms),

again, improving the device performance.

Essentially, light concentration and light scattering only

increase the interaction of light with the semiconductor by

concentrating it and by increasing its path through the semi-

conductor. Therefore, these mechanisms are called light trap-

ping or photonic enhancement mechanisms. They can increase

the absorption of the semiconductor for plasmonic NP systems

with resonances with energies above the optical band gap edge

(OBGE) of the semiconductor.46,51 PIRET, as with light concen-

tration and light scattering, also occur at wavelengths that

overlap with the semiconductor's absorption spectra. However,

PIRET has also been demonstrated to generate electron–hole

pairs below the semiconductor OBGE, suggesting strong

dipole–dipole coupling with band edge states that are optically

inaccessible (see Section 4.2.2).25,74

4.2.1. Light scattering. An important characteristic of light

scattering plasmonic NPs is that the light is scattered prefer-

entially towards the surrounding material that has the largest

refractive index.98 Therefore, when a metal NP is placed on the

semiconductor/electrolyte interface (Fig. 15B), light is scattered

preferentially towards the semiconductor, since they generally

have a larger refractive index (RI, e.g., RI�2.5 for BiVO4, RI�2.6

for TiO2 and RI �2.9 for Fe2O3) that an aqueous electrolyte

(RI � 1.3). We recently22 demonstrated a purely scattering effect

by decorating the surface of BiVO4 photoanodes with light

Fig. 15 Illustration of absorption enhancement in a water splitting photoanode due to light scattering, light concentration and PIRET.
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scattering 65 nm silver NPs. Fig. 16A shows the increase in

absorption of �100 nm BiVO4 grains aer NP deposition. It can

be clearly seen that the absorption increases only within the

semiconductor light absorption range and according to the

absorption coefficients of the semiconductor. This suggests that

the NPs only absorb negligible light on their own and prefer-

entially scatter the light back to be absorbed by the semi-

conductor. If the decorating NPs would, instead, be absorbing

light and subsequently releasing the energy to the surroundings

(e.g., releasing heat), the measured absorption increase would

be expected to be only proportional to the surface plasmon

resonance curve and not to the semiconductor absorption

spectrum. In order to investigate the effect of this absorption

increase on the conversion efficiency of the device, IPCE

measurements were carried out with and without adding a hole

scavenger in the electrolyte (cf. Fig. 16B). The IPCE increase

upon NP functionalization without the hole scavenger may be

due to the contribution of two benecial effects: (i) surface

effects (e.g., increase catalysis) and (ii) bulk effects (e.g.,

absorption increase due to the light scattering mechanism). On

the other hand, with the addition of the hole scavenger, the hole

transport from the semiconductor surface to the electrolyte (i.e.,

surface effects) is no longer rate limiting and, therefore, any

change in the IPCE aer NP deposition can be assigned to

a bulk effect (e.g., increase in absorption).99 We therefore

assigned the IPCE increase with H2O2 (hole scavenger) shown in

Fig. 16B to the absorption increase shown in Fig. 16A. In the

same work, an even larger absorption increase (�6%) was ob-

tained for front illumination (light reaching the NPs rst),

demonstrating that the preferential scattering mechanism can

reduce the reected light at the semiconductor–electrolyte

interface.

4.2.2. Near-eld effects: light concentration and PIRET.

Plasmonic NPs with large absorption cross sections (cf. Section

2.1) can act as efficient light concentrators.51,100–102 In the light

concentration mechanism the NP near-eld energy is radia-

tively transferred to the semiconductor, locally generating

electron–hole pairs in the semiconductor.20 As with direct light

excitation, in this near-eld effect the electron–hole formation

rate in the semiconductor is proportional to the local intensity

of the electric eld (i.e., |E|2). This is an important feature of

this mechanism, since it allows the ability to locally increase the

electron–hole generation by orders of magnitude due to the

extreme eld enhancements that can be achieved around

plasmonic NPs (cf. Section 2.3).53 Moreover, concentrating the

light allows the ability to promote electron hole pair generation

in specic/predened regions of the semiconductor lm, where

the photogenerated charge carriers are expected to be efficiently

separated (e.g., space charge region, see discussion below).

Since this plasmon-induced absorption occurs due to the near-

eld interaction with the semiconductor, the probability of

absorption is expected to increase with the plasmon life-time.103

Moreover, it was suggested that for this mechanism to be

effective, the reciprocal of the surface plasmons life-time (decay

rate) must be smaller than the rate of absorption of the semi-

conductor.51 Therefore, this antenna effect is limited by the

decay of the surface plasmons through other competing

damping processes (e.g., intraband and interband excitations in

the metal).21

Cushing et al.25 discovered that, unlike direct light excitation,

the plasmon's strong dipole moment can also locally induce

excitations below the OBGE, extending the light utilization of

the semiconductor to longer wavelengths. In this near-eld

mechanism, called PIRET, the surface plasmon decays through

a non-radiative dipole–dipole energy transfer to the semi-

conductor, resulting in electron–hole excitations in the semi-

conductor. This mechanism was studied in an Au–SiO2–Cu2O

sandwich NP (Fig. 17A) by transient absorption spectroscopy

(TAS) and wavelength dependent photocatalysis. In this study

the insulating SiO2 layer prevent HEI from the metal to the

semiconductor outer layer (i.e., Cu2O), while the near-eld can

still penetrate the SiO2 layer and interact with the semi-

conductor. Wavelength dependent photocatalytic measure-

ments showed a clear enhancement in the conversion efficiency

at energies both above and below the semiconductor OBGE

(Fig. 17B) when compared with the efficiency of the bare

semiconductor (Fig. 17C). These results, accompanied by tran-

sient analysis and theoretical calculations, lead the authors to

identify the PIRET mechanism as being responsible for the

observed enhancement. Two important advantageous charac-

teristics of PIRET are that (i) unlike light trapping mechanisms,

Fig. 16 (A) Back illumination absorption increase in the BiVO4 spectra

upon deposition of 65 nm Ag NPs. (B) Back illumination Incident

photon to current conversion efficiency (IPCE) measurements before

and after 65 nm Ag NP functionalization. Reprinted with permission

from ref. 22. Copyright 2016 Wiley-VCH.

This journal is © The Royal Society of Chemistry 2016 J. Mater. Chem. A, 2016, 4, 17891–17912 | 17903
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it allows for absorption enhancement of the semiconductor at

energies below its OBGE due to dipole–dipole coupling to weak

band edge states (yet still requiring a spectral overlap with the

semiconductor absorption) and (ii) unlike HEI, it does not

require specic band energy alignment of the semiconductor

with respect to the Fermi level of the plasmonic NP. The

discovery of PIRET modies the previous understanding of the

light concentration mechanism since the localization of the

incident electromagnetic eld in the vicinity of the NP (NP near-

eld) cannot only induce electron hole-pairs radiatively (pro-

portionally to the square of the electric eld) but can also non-

radiatively induce electron–hole pairs below the OBGE in the

near-eld through a dipole–dipole interaction (PIRET). Since

PIRET is a relatively new discovery, most water splitting publi-

cations that use small light absorbing NPs to locally increase the

semiconductor absorption discuss their results solely under the

context of the light concentration mechanism, and should be

revisited including PIRET in the interpretation.

For small light absorbing NPs, it is still not clear what

percentage of the surface plasmons energy is transferred to the

semiconductor through near-eld mediated energy transfer

(e.g., PIRET) and what percentage is through HEI. However,

recently, Cushing et al.54 shed light on this issue by studying the

charge carrier dynamics in TiO2 coated silver NPs with transient

absorption spectroscopy (TAS). The authors report that in these

coated NPs, HEI and PIRET take place simultaneously, with

PIRET being the more prominent mechanism. This points out

the fact that the HEI is generally more limited than PIRET, due

to its strict dependence on several operating parameters

(cf. Section 4.1., e.g., Schottky energy barrier). In the same work,

Cushing et al., also studied other coated NP architectures with

transient absorption analysis, nding the conditions needed for

HEI and PIRET to occur in a plasmonic NP/semiconductor

composite as summarized in Fig. 18. Their ndings conrm

that (i) unlike HEI, PIRET only takes place at the region of the

spectrum where there is spectral overlap between the semi-

conductor and the NP and (ii) unlike HEI, PIRET can occur even

when there is not direct contact between the NP and the semi-

conductor, since the NP near-eld can penetrate through a thin

insulating layer. Due to the latter, plasmonic NPs with an

insulating coating block the HEI mechanism and, therefore,

facilitates the study of PIRET and the light concentration

mechanisms. Combined with additional reasons described

below, this has led to a signicant number of publications that

Fig. 17 (A) Au@SiO2@Cu2O sandwich structure (top) and an enlargement of the micrograph for the interface regions of the sandwich structure

shows the various crystal orientations (bottom). Ultraviolet-visible spectra and photocatalytic action spectra for (B) Au@SiO2@Cu2O and (C)

Cu2O. Reprinted with permission from ref. 25. Copyright 2012 ACS.

17904 | J. Mater. Chem. A, 2016, 4, 17891–17912 This journal is © The Royal Society of Chemistry 2016
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use plasmonic NPs coated with an insulating layer in

NP/semiconductor composite water splitting devices.55,89,104

Thomann et al.,104 functionalized Fe2O3 lms with 50 nm

gold NPs coated with a 10 nm shell of SiO2 in two congurations

that have the (i) NPs embedded in the lm and (ii) the NPs at the

semiconductor–electrolyte interface. Both congurations

showed a clear enhancement in the wavelength dependent

photocurrent compared with the bare semiconductor sample.

The spectra of this photocurrent enhancement closely followed

the simulated absorption increase due to the plasmonic NPs,

which evidenced a plasmonic effect for both congurations.

This photocurrent enhancement was assigned, with the help of

full-eld electromagnetic simulations, to the semiconductor

absorption increase in the vicinity of the plasmonic NPs.

However, for conguration (ii) (NPs at the semiconductor

surface) a background wavelength independent enhancement

was seen, which could not be explained by plasmonic mecha-

nisms such as PIRET or light trapping. The authors speculate

that such wavelength independent enhancement arise from

surface effects such as catalytic effects on water oxidation by the

NPs.

Abdi et al.,55 decorated the surface of BiVO4 photoanode

lms with 50 nm SiO2 coated Ag NPs and found a 2.5-fold

photocurrent enhancement under simulated sun illumination

at 1.23 V vs. RHE. The authors ascribed this enhancement to

both catalytic and optical effects due to the decorating plas-

monic NPs. By adding a hole scavenger (H2O2) in the electrolyte,

the authors were able to identify the absorption enhancement

contribution to the total IPCE enhancement. An absorption

enhancement of 33% was in good agreement with full-eld

electromagnetic simulations and was ascribed to far-eld (light

scattering) and, in a lesser extent, to near-eld effects. As can be

seen in Fig. 19, the IPCE increase reported in this work is larger

than 15% IPCE at �425 nm. Such a large IPCE enhancement

can be explained by the signicant overlap between the

semiconductor and the plasmonic NPs absorption spectra,

which is a requirement for the light trapping mechanisms

(concentration and scattering of light) and PIRET. In order to

increase such spectral overlap, the NPs' geometry,89 composi-

tion89 and their spatial distribution (e.g., dimer formation22,30)

can be modied. As example, Erwin et al.89 synthesized Au–Ag

core–shell nanostructures to expand the absorption overlap of

the NP with the semiconductor. When compared with the

absorption of spherical NPs, the Au–Ag core–shell nano-

structures (e.g., nanopyramids) exhibited a second absorption

mode and broader absorption spectra. These particles were

coated with a thin insulating layer of SiO2 and embedded in

mesoporous TiO2 photoanodes. The absorption and IPCE of the

bare TiO2, Au–Ag core–shell nanostructures/TiO2 composite

and spherical Au NPs/TiO2 composite are shown in Fig. 20. The

Au–Ag core–shell nanostructures clearly increased the absorp-

tion of the photoanode in a larger extent than the spherical Au

NPs, throughout the measured range. Accordingly, the IPCE

enhancement was also increased in a larger extent for the Au–Ag

core–shell nanostructures/TiO2 composite. This shows that

broadening the absorption overlap between the NP and the

semiconductor by modifying the NP geometry and composition

can efficiently extend the action of light trapping and PIRET.

However, the obtained IPCE increase was low (�0.01%,

Fig. 20B) due to the poor visible light absorption of TiO2

(Fig. 20A). In the same work, the authors also characterized

their samples by measuring the photocurrent under solar

simulated light, modulated at different light intensities (i.e.,

from 50 mW cm�2 to 300 mW cm�2). While the bare photo-

current of the semiconductor showed a half order dependency

to the light intensity, the photocurrent of the functionalized

composites showed a rst order dependency. This phenomenon

was previously reported46 for TiO2 samples functionalized with

Ag NPs, and can be explained by the near-eld mechanisms.20

These mechanisms concentrate the light at the semiconductor/

electrolyte interface, increasing the generation of charges near

the semiconductor surface where the space charge region is

located. Therefore, all the near-eld induced charges are effi-

ciently separated due to the built-in electric eld in the space

Fig. 18 Variables that control the possible plasmonic enhancement

near-field mechanisms for extending photoconversion. Connecting

the line between the properties of the given core@shell nanoparticle

gives the corresponding enhancement mechanisms present. Reprin-

ted with permission from ref. 54. Copyright 2015 ACS.

Fig. 19 IPCE of bare BiVO4 and Ag@SiO2/BiVO4 at 1.23 V vs. RHE in the

presence of 0.5 M H2O2 in the electrolyte. Reprinted with permission

from ref. 55. Copyright 2014 RSC.

This journal is © The Royal Society of Chemistry 2016 J. Mater. Chem. A, 2016, 4, 17891–17912 | 17905
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charge layer. Consequently, in composites where the near-eld

induced charges are prominent contributors to the total

photocurrent, the bulk charge separation is not a limiting step

and the photocurrent shows a rst order dependence on light

intensity. This important feature of promoting the generation of

charges at the space charge region was also studied by Valenti

et al.,28 by comparing the light absorption increase of CuWO4

lms when plasmonic NPs were deposited either (i) at the back

contact/semiconductor interface or (ii) at the semiconductor/

electrolyte interface. It was found that the increase in absorp-

tion was more effectively extracted as photocurrent when the

NPs were placed at the surface of the semiconductor (ii). This

result can again be explained by the efficient separation of the

near-eld induced charges at the space charge region. Naldoni

et al.105 also studied the effect of plasmonic NPs at the semi-

conductor–electrolyte interface and their ndings suggest that

both decreasing the interparticle distance and partially

embedding the NPs in the semiconductor can enhance the light

concentration in the semiconductor and its photocatalytic

activity.

It is important to highlight that the near-eld induced

charge carriers are not only well separated (due to the electric

eld of the space charge region) but also the hole (in the case of

n-type semiconductors) can readily reach the semiconductor/

electrolyte interface in the vicinity of the NP, where other plas-

monic or non-plasmonic effects can enhance its injection effi-

ciency to the electrolyte (cf. Section 5.1). Therefore, the light

concentration and PIRET effects are promising tools that could

effectively enhance the absorption, bulk separation and injec-

tion efficiency to the electrolyte.

In addition to discrete NPs, nanotextured and at metallic

lms have also been used to increase the semiconductor light

absorption at specic regions of a neighbouring semi-

conductor.90,106,107 The increase in absorption for such systems

is (i) related to the evanescent elds of the surface plasmon

polaritrons (SPPs) of nanotextured lms,90,108 or (ii) due to the

ability of metal lms to reect light and generate resonant cavity

modes.107 In both cases, the lms can also be used as back

contact current collector in the water splitting device.90,107 A

synergetic approach combines the LSPR effects provided by

plasmonic NPs at the electrolyte–semiconductor interface with

additional enhancement mechanisms provided by a metallic

lm used as back contact. Fang et al.106 showed that this

conguration enables light to be efficiently trapped by scat-

tering-reecting back and forth through the semiconductor

between Au nanodisk and a Au mirror lm.

Fig. 20 (A) Absorption spectra showing enhancement in light

absorption with Au–Ag@SiO2 nanostructures (blue) and Au@SiO2

nanoparticles (red) embedded within the mesoporous TiO2 photo-

anodes relative to TiO2 only anodes (control, black). (B) IPCE curves of

nonenhanced (TiO2 only) and plasmon enhanced photoanodes. The

plasmon enhanced photoanodes are at the optimized concentration.

Reprinted with permission from ref. 89. Copyright 2014 RSC.

Table 1 Optical, physical and electronic characteristics of the plasmonic mechanisms that increase the overall absorption of semiconductor

photoelectrodes

Light scattering Light concentration PIRET HEI

Origin of enhancement Photonic enhancement Dipole–dipole energy transfer Charge transfer
NP-semiconductor spectral overlap Required Required Not required
Enhancement above optical bandgap
edge

3 3 3

Enhancement below optical bandgap
edge

7 3 3

NP-semiconductor contact Not required Not required Required
Alignment of band energies Not required Not required Required

17906 | J. Mater. Chem. A, 2016, 4, 17891–17912 This journal is © The Royal Society of Chemistry 2016
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Table 1 summarizes the most important physical, optical

and electronic characteristics of the above described LSPR

mechanisms (i.e., light scattering, light concentration, HEI and

PIRET) that can increase the overall absorption of a semi-

conductor photoelectrode. This table can be used in the design

of a plasmonic NP/semiconductor composite photoelectrode to

optimize the performance of the semiconductor or to further

elucidate the nature of these plasmonic mechanisms.

5. Electrochemical effects

Besides light absorption, plasmonic NP can also induce effects

in the semiconductor's charge transfer properties (cf. Subsec-

tion 5.1.), energetics (cf. Subsection 5.2.), and band structure

(cf. Subsection 5.3.). In this section we discuss these plasmon-

induced and non-plasmon-induced NP effects that do not

increase light absorption, but instead facilitate the electro-

chemical processes in a semiconductor-based water splitting

device.

5.1. Effects on charge transfer

Depending on where the plasmonic NPs are placed in the

semiconductor device (embedded or on the surface), the NPs

can affect the bulk and/or surface charge transfer processes that

the photogenerated charge carriers undergo in the semi-

conductor to carry out the water splitting half reactions.27,28 In

the case of n-type semiconductor photoanodes, the photo-

generated holes rst move through the semiconductor towards

the semiconductor surface (bulk charge transport). Subse-

quently, the hole needs to be transferred from the valence band

to the semiconductor surface, where the hole is injected to the

electrolyte to evolve oxygen. In particular this last step (charge

injection from the semiconductor surface to the electrolyte) has

oen been ascribed as main responsible for photocurrent

increase upon plasmonic NP functionalization.22,27–29,109–113 Haro

et al.,27 obtained a signicant increase in the catalysis and, in

a lesser extent, an increase in the bulk conductivity aer

embedding gold NPs in a mesoporous TiO2 photoanode. Aer

discarding HEI and light trapping mechanisms (based on PEC

characterization), the authors studied the inuence of the NPs

on the bulk conductivity, chemical capacitance and surface

charge transfer resistance of the TiO2 with electrochemical

impedance spectroscopy (EIS) analysis. In this technique, the

impedance (complex voltage to current ratio) spectrum of the

system is obtained by applying a bias AC voltage to the PEC cell

at different frequencies and recording the current response.

Subsequently, the impedance spectrum is modelled with an

equivalent circuit (EC), consisting of capacitors and resistors,

that represents the limiting transport processes in a well-known

PEC system. Haro et al.,27 used a well-established transmission

line model as EC to t the impedance spectra at different

applied potentials. The parameters for the surface charge

transfer, chemical capacitance and bulk conductivity were

extracted from the ttings, as shown in Fig. 21. It can be clearly

seen that the charge transfer resistance at the surface progres-

sively decreased with the NP load in the photoanode. The

Fig. 21 (A) Charge transfer resistance, (B) chemical capacitance, and

(C) conductivity of mesoporous TiO2 films without and with different

loading of Au NPs under illumination at 100 mW cm�2. The conduc-

tivity has been only calculated in the potential range where the

transmission line is observed. Reprinted with permission from ref. 27.

Copyright 2014 Elsevier Ltd.

This journal is © The Royal Society of Chemistry 2016 J. Mater. Chem. A, 2016, 4, 17891–17912 | 17907
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chemical capacitance also increased upon NP functionalization,

which is explained in this work by the increase of the density of

states due to the gold NPs. Finally, Fig. 21C shows that the bulk

conductivity slightly increased with the NP load.

The increase in the charge carrier injection to the electrolyte

could be due to the inherent catalytic properties of the metal,

Fermi level equilibration59 (cf. Section 5.2.1.) or due to plasmonic

effects, such as plasmonic heating,57 improved adsorption of

polar molecules that align in the direction of the NP near-eld58

and hot electron induced activation of co-catalysts.114While EIS is

a powerful tool that allows the ability to quantify the resistance of

the charge injection to the electrolyte, other techniques must be

developed in order to elucidate and distinctly recognize the

different plasmonic and non-plasmonic effects that facilitate the

charge transport processes. These charge transfer effects are of

extreme importance when they occur in combination with plas-

monic mechanisms that increase the absorption of the semi-

conductor, since for this case the NP plays the dual role of (i) light

absorber and (ii) co-catalyst. This dual effect has already been

demonstrated in different NP/semiconductor systems where the

NP facilitate the charge carrier transport and also enhance the

absorption through HEI18 or light trapping.22,40 In particular for

near-eld effects (light concentration and PIRET) occurring near

the semiconductor surface, the additional plasmonic induced

charge carriers (i) are well separated due to the space charge

region, (ii) more readily reach the semiconductor surface, and

(iii) exhibit enhanced charge injection to the electrolyte due to

the enhanced catalysis near the NP. In this way, near-eld

induced charge carriers are expected to efficiently contribute to

the overall photocurrent.

5.2. Effects on energetics

5.2.1. Semiconductor-metal Fermi level equilibration. In

a photoelectrochemical cell, the semiconductor photoelectrode

Fermi level equilibrates with the redox couple in the electrolyte

(n-type semiconductors equilibriate with oxidation potentials

and p-type semiconductors equilibriate with reduction poten-

tials). When a n-type semiconductor is illuminated with light,

electron–hole pairs are generated and the Fermi level shis to

more negative potentials. The difference between the Fermi level

in the dark and under illumination determines the internal

photovoltage.115 Similarly, when a metallic NP/semiconductor

composite photoelectrode is used, the Fermi level equilibrates

between the metal, semiconductor and redox couple. Interest-

ingly, when the metallic NP/semiconductor composite is illumi-

nated, the Fermi level of the composite can have an even larger

negative shi (compared to the bare semiconductor) due to the

ability of metallic NPs to store the photogenerated electrons

coming from the semiconductor (cf. Fig. 22).59 The transfer of

electrons from the excited semiconductor to the NP continues

until photoequilibrium between the metal and the semi-

conductor is obtained. Such a metallic NP induced negative shi

in the Fermi level results in an increased photovoltage and

photocatalytic activity (cf. Fig. 22).59,116

A clear correlation between the extent of the negative

induced Fermi level shi and the increased catalytic activity was

shown by Subramanian et al.59 The authors decorated TiO2 NPs

with Au NPs of different diameters (i.e., 3-, 5- and 8 nm) and

found that decreasing NP size consistently increased the Fermi

level negative shi and the photocatalytic activity of the

composite. The increase of the Fermi level shi with decreasing

NP size could be explained by the discrete nature of the energy

levels in Au NPs, which results in a larger shi in energy level

per stored electron for the smaller NPs.59

This subsection shows that metallic plasmonic NPs can not

only increase the absorption of the semiconductor and improve

its charge transfer properties, but they can also alter its elec-

tronic band energetics. Since properties like the plasmonic NP

size determine the efficiency of both (i) plasmonic mechanisms

that increase the semiconductor absorption, and (ii) non-plas-

monic mechanisms that improve the energetics, a trade-off

typically needs to be made according to the specic semi-

conductor limitations.

5.2.2. HEI induced Fermi level shi. The work of Chen

et al.26 and Mubeen et al.23 (see Section 4.1.) demonstrate that

the oxygen and hydrogen evolution reactions on NP/semi-

conductor composite photoelectrodes can be driven by hot

holes and hot electrons, respectively. However, Shi et al.56

recently suggested that hot electrons and holes can improve the

performance of water splitting electrodes in other ways apart

from directly driving the water splitting half reactions. They

report an increase in the electrocatalytic activity (i.e. higher

current at lower over-potentials) for the hydrogen evolution

reaction on MoS2 upon gold nanorod decoration. This increase

is explained by a change in the MoS2 Fermi level due to hot

electron injection from the illuminated gold nanorods to the

semiconductor (i.e., MoS2). The absorption spectra of the

materials synthesized in this work are shown in Fig. 23A. The

nanorod-decorated material (Au–MoS2) exhibit a LSPR longitu-

dinal absorption mode of the gold nanorods at 813 nm. The

electrocatalytic activity of the synthesized materials without

illumination, using a typical three-electrode conguration, is

shown in Fig. 23B together with the activity of the Au–MoS2
composite under illumination with an 808 nm laser. The result

of interest for this review is the positively shied onset potential

(from �0.22 to �0.16 V vs. RHE) when the composite electrode

Fig. 22 Fermi level equilibration in a semiconductor–metal nano-

composite system. Reprinted with permission from ref. 59. Copyright

2004 ACS.
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(i.e., Au–MoS2) is illuminated with the 808 nm laser. The activity

of this composite was also tested with 532 nm and 650 nm

lasers but no activity improvement was observed. The fact that

activity only improved under illumination with the light energy

that corresponds to the LSPR mode (i.e., 808 nm, cf. Fig. 23A),

strongly suggests a surface plasmon resonance effect. Moreover,

in situ electrochemical LSPR scattering measurement under

a dark-eld microscope suggest hot electron injection from the

Au nanorod to the MoS2 semiconductor. Based on these results,

Shi et al. propose themechanism illustrated in Fig. 24A (following

the processes I, III and V) to explain the observed enhancement

(Fig. 23B). Process I represents the hot electron–hole formation

due to the non-radiative SPR decay. The hot electron could then

recombine within the NP (process II), be injected to the conduc-

tion band of the semiconductor (process III) and be injected to

the electrolyte to drive the hydrogen evolution reaction (process

IV). The authors discard this last option (IV) as a main process,

since gold is not a good hydrogen evolution catalyst. The hot

electron injection to the semiconductor's conduction band

(process III) is a more likely process to occur due to the low

Schottky barrier between gold and MoS2. Once in the semi-

conductor conduction band, the hot electron could then be

injected back into the electron-decient NP (process V in

Fig. 24A). The continuous hot electron injection to the conduction

band of the semiconductor increases its Fermi level (cf. Fig. 24B),

bringing it closer to the energy level of the redox pair H+/H2. This

effect can decrease the overpotential of the semiconductor for the

hydrogen evolution reaction as observed by the authors

(cf. Fig. 23B). Finally, different hole scavengers were added to the

electrolyte in order to avoid charge recombination in the gold

nanorod (process II in Fig. 24A), which would in turn promote the

hot electron injection to the semiconductor. In accordance with

the suggested mechanism, the use of hole scavengers (e.g.,

ethanol, methanol, glucose) provided higher current densities.

More specically, ethanol further lowered the onset potential of

the composite under laser illumination as much as �0.12 mV.

These results show that plasmonic NP decoration can also

increase the catalytic activity of semiconductors and promises to

be a key component towards the replacement of precious metals

(e.g., platinum) as catalyst electrodes for the hydrogen evolution

reaction in water splitting devices.

5.3. Effects on band structure

Finally, Chen et al.,26 studied the inuence of gold NPs' near-

eld on the conduction/valence band of ZnO nanorods (same

system discussed above in Section 4.1.) with X-ray absorption

near edge structure (XANES). In this study, the gold NPs (with

sizes of 4.7 nm � 0.7 nm) were sitting uniformly on the surface

of the ZnO nanorods. With XANES the authors observed

a signicant increase in the ZnO conduction band vacancies

under plasmon-induced illumination, which can promote the

separation of photogenerated electrons and holes. Such

changes in the band structure near the NP/semiconductor

interface were ascribed to the NP near-eld. Therefore, the

authors show that two advantageous plasmonic effects can

Fig. 23 (A) UV-vis spectra of MoS2 (ce-MoS2) nanosheet, gold nanorod and Au–MoS2. (B) Hydrogen evolution reaction polarization curves

obtained on several catalysts as indicated. Reprinted with permission from ref. 56. Copyright 2015 ACS.

Fig. 24 (A) Different plausible hot electrons transfer pathways likely to occur during SPR. (B) Schematic Au–MoS2 and energy level diagram

illuminating hot electrons injection and change of MoS2 Fermi level. Reprinted with permission from ref. 56. Copyright 2015 ACS.

This journal is © The Royal Society of Chemistry 2016 J. Mater. Chem. A, 2016, 4, 17891–17912 | 17909
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occur in a plasmonic NP/semiconductor composite: (i) near-

eld induced generation of vacancies in the conduction band,

and (ii) absorption increase through HEI (cf. Section 4.1.).

6. Conclusions and outlook

Signicant progress has been made in the last several years to

elucidate the mechanisms (i.e., light scattering, light concen-

tration, PIRET and HEI) by which plasmonic NPs can improve

the solar light utilization of semiconductor photoelectrodes for

efficient solar water splitting. Research on metal oxide water

splitting photoelectrodes, which exhibit good catalytic activity

and stability in aqueous media, benets particularly from these

new plasmonic mechanistic insights to circumvent the specic

optical weaknesses of the different metal oxides. Table 1

summarizes some of the most important characteristics of each

plasmonic mechanism that can enhance the light utilization in

NP/semiconductor water splitting devices. As shown in this

table, PIRET and HEI are mechanisms that can extend the light

utilization of metal oxide photoelectrodes with large bandgap

energies to the visible and near-infrared light. In particular, the

HEI mechanism, whose efficiency is independent of the semi-

conductor absorption, allows for light harvesting of the entire

solar irradiation spectrum by, for example, using rod NPs with

different geometrical aspect ratios that collectively absorb light

throughout the solar irradiation spectrum. However, the HEI

mechanism suffers from many requirements, including the

adequate alignment of the semiconductor band energies with

respect to the Fermi level of the metal NP, which restricts its use

to a limited number of material combinations. By contrast,

photonic enhancements and PIRET do not require any band

alignment, but their efficiency strongly depends on the NP-

semiconductor spectral overlap. Therefore, following the great

advances in the synthesis of well dened NPs and NPs systems

(e.g., NP dimers, NP-metallic lms systems, etc.) with predened

absorption spectra, more research needs to be directed towards

ideal spectral overlap to achieve complete light absorption in

promising new metal oxides with short band gaps by means of

photonic enhancement and PIRET.

While signicant progress has been made in the under-

standing of the mechanisms to increase the light utilization of

metal oxides, less attention has been paid to other roles that

plasmonic NPs play when used in high performing metal oxide

photoelectrodes (e.g., as a catalyst, co-catalyst, recombination

centers, etc.). In particular, metal oxide photoelectrodes oper-

ating at low applied biases are oen limited by poor bulk or

interfacial charge transfer processes that are highly sensitive to

the presence of metal NPs. In order to obtain a real optical

contribution of plasmonic NP in efficient plasmonic NP/semi-

conductor water splitting devices, a better understanding of the

NP charge transfer and energetics effects in the semiconductor

must be further elucidated.
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