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1 | INTRODUCTION

Abstract

Many technological approaches have been searched in order to overcome the
main challenges concerning the world energy crisis and global environmental
issues. Among them, plasmon-driven photoelectrochemical reactions towards
water electrolysis attract great attention due to their capacity to efficiently har-
vest solar energy. Synergism between tunable optical features and catalysts active
sites of plasmonic nanomaterials gives rise to a singular perspective for photo-
chemical processes. Through resonant photonic excitation, hot carriers’ motion
facilitates the charge transfer process on the catalyst surface for chemical reac-
tions. In this minireview, recent experimental research with emphasis on water
splitting reactions have been summarized with the purpose of understanding
the mechanistic hot electrons generation and transfer on the plasmonic noble
metal nanoparticles (MNPs) and transition metal oxides (MOs) heterostructures.
Examples of plasmonic nanomaterials are highlighted and compared for both
water electrolysis semi reactions. Finally, this work concludes by describing
the remaining challenges and gives some perspectives regarding the promising
future of plasmon-driven reactions investigations.
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energy conversion technology, water electrolysis consists
of two pairs of reversible electrochemical reactions: oxy-

In the field of energy, the implementation of new tech-
nologies is sought to optimize and develop alternative
approaches for electric energy generation. Until now,
the world’s energetic matrix is based on the consump-
tion of fossil fuels, which can increase global climatic
issues!'l. Solar-driven water splitting is a regenerative and
greener alternative process that addresses the main heat-
driven energy generation drawbacks!?!. In the core of this

gen reduction reaction (ORR), hydrogen oxidation reac-
tion (HOR), and oxygen evolution reaction (OER), hydro-
gen evolution reaction (HER)!**l. The electrochemical
reactions involving H, generation/consumption present
relatively faster electron transfer kinetics, when com-
pared to their counterpart reactions. However, the imple-
mentation of “hydrogen economy” (hydrogen as fuel for
generation of electrical energy on industrial scale) faces
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FIGURE 1
which the valence electron coherent oscillation generates a local

(A) The LSPR effect on metallic nanoparticles, in

enhanced electromagnetic field. (B) The relation between
absorption spectrum, represented in purple line, and the hot
electrons and holes (hot carriers), described as e” and h,
respectively. Reprinted with permission from ref. [11]. Copyright
2018 American Chemical Society

disadvantages, such as gas storage and the high cost of Pt,
which is the benchmark catalyst for HER. However, the
reactions involving oxygen species are considered the lim-
iting step of the overall water electrolysis, shortly owing
to the requirement of a significant amount of energy
and sluggish kinetics caused by the mechanism of multi-
electronic transferl*°].

Regarding these challenges, metal nanoparticles
(MNPs), such as Au, Ag, and Cu, have recently aroused
great interest due to the localized surface plasmon reso-
nance (LSPR), generated by the interaction of such metals
with lightl>®7], When these MNPs are irradiated, the
conduction band electrons oscillate due to the electric
field of the incident photons. Then, a dipole is formed
on the MNPs surface, as the electrons are induced to
move in one direction, generating a positive charge in the
opposite direction. In specific wavelengths, a resonance is
formed by this collective oscillation and gives rise to an
enhanced local electromagnetic field and separation of
charges due to the generation of hot electrons and holes
(Figure 1).15-10]

The LSPR phenomenon produces hot carriers that
can participate in photoelectrochemical reactions. Mecha-
nisms’ insights have shown that these carriers can directly
interact with adsorbed molecules on MNPs. Plasmonic
excited carriers can also be transferred to vicinal semi-
conductor support materials, by the so-called plasmon-
mediated electron transfer (PMET). In this way, hot car-
rier lifetime can be prolonged, by trapping them in the
conduction band of the semiconductor, and avoiding rapid
electron-hole recombination on MNPs!'2], Moreover,
this physical effect is highly dependent on the composition,
size, geometry, and spacing of the metallic nanoparticles,
making it possible to tune the wavelength required for the
LSPR across the visible and near-infrared spectrum!'?!3] -

In recent years, plasmon-enhanced techniques have
shown very promising advances in areas such as

catalysis!'*!%], electrochemical sensors!'°!, biosensing!'”!,
energy storagel’®!, and water splitting!"°!. Concerning
energy applications, the possibility of harvesting light on
the visible range of the spectrum, in a tunable manner,
represents a progress in the fabrication of more efficient
materials for the electrochemical production of different
kinds of fuels!®"*]. Despite the advantages of LSPR, devel-
oping energy devices using noble metals can be expensive,
and the hot electron-hole recombination represents a
barrier to their efficient application!®201,

As an alternative for neat noble metal-based materi-
als toward energy applications, transition metal oxides
(MOs) have received great attention!?’-?2l. These oxides
present several advantages such as low cost, abundance,
easy synthesis, long-term mechanical and chemical sta-
bility, and they are clean and environmentally friendly
alternatives!?>2*!, Nevertheless, MOs application still faces
few challenges, as they mostly absorb in the UV region
of the spectrum, present high charge recombination rates,
and improper band edge position for several reactions.
Approaches to address those challenges consist of cou-
pling MOs with dye molecules!?’!, quantum dots[?°],
and, more recently, with metallic nanoparticles[27]. When
coupled to oxides, MNPs can increase their light har-
vesting to the visible range of the spectrum, reduce
electron-hole recombination, and enhance the MOs cat-
alytic activity!?’2°]. For these coupling cases, gold and
silver are commonly used for plasmonic applications in
the visible range of the spectrum/*°l. Ag nanoparticles
have stronger plasmon resonance throughout the spec-
trum (300-1200 nm), with lower rates of intrinsic energy
lossl3!, Nonetheless, Au nanoparticles show high stabil-
ity, oxide-free surface, and biocompatibility and are usually
preferred! 30321,

This minireview focuses on the recent progress of
plasmon-driven enhancement of the photoelectrochemi-
cal reactions toward water splitting, showing the state-of-
art nanostructures based on noble metal nanoparticles and
transition metal oxides. The discussion ahead describes
detailed water splitting processes (Section 2), and then,
it is divided into two subsections. The first one, (Sec-
tion 2.1) dealing with hydrogen evolution reaction (HER),
explores recent nanomaterial developments and mecha-
nistic insights of the possible electron-transfer pathway
considering the plasmonic effect and the semiconductor
electronic structure. Section 2.2 is reserved for the dis-
cussion of oxygen evolution reaction (OER), presenting
recent developments and mechanistic particularities, as
aforementioned for the HER section. By the end (Sec-
tions 3 and 4), some conclusions and future perspectives
for the challenges currently encountered in the matter
of the plasmon-driven photoelectrochemical reactions in
oxide semiconductors, are presented.
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2 | WATERSPLITTING

The overall water splitting consists of two half-reactions,
the hydrogen and oxygen evolution reaction (HER and
OER, respectively), and their equation and equilibrium
potential (Ey) can be seen as below!*:

4H+ +4e” — 2H2Eeq = (O — 0059pH) VRHE

2H20 d 02 + 4H+ + 4e_Eeq = (123 - 0059pH) VRHE

The HER reaction follows a two-electron transfer to
generate hydrogen. The reaction kinetics of HER is faster
when compared to the OER, due to the simplicity of its
reactants and products and, consequently, lower energy
inputl®l. In acidic media, the general HER mechanism can
be described by two of the three reaction steps: Volmer-
Heyrovsky or Volmer-Tafel. The Volmer step is the elec-
trochemical hydrogen adsorption, leading to the forma-
tion of the hydrogen intermediate (H') on the catalyst
surfacel**]. After the Volmer step, two paths are possi-
ble: the Heyrovsky, which is electrochemical desorption
of the intermediate, or the Tafel step, which is its chem-
ical desorption/**]. The HER mechanism depends on the
catalyst nature, and an optimal catalyst toward the reac-
tion is considered to have a moderate metal-hydrogen (M-
H) bond energy, facilitating the adsorption and desorption
process!**7]. The limiting reaction step is determined by
the Tafel slope from the polarization curve of the HER.
The equations and Tafel slope of each step can be seen as
below:

Volmer Step H' +e~ — H*(118.2mV /dec)

Heyrovsky Step H* + Ht + e~ — H, (39.4mV /dec)

TafelStep H* + H* —» H, (29.6 mV /dec)

On the other hand, the OER is a more complex reac-
tion and is considered the limiting step of the overall water
electrolysis!*’]. It consists of a multistep reaction with four
consecutive single-electron transfer steps!*!l. This reac-
tion presents a sluggish kinetic and requires a significant
amount of energy in order to overcome the thermody-
namic barrier (E® = 1.23 V)[*°]. Although there are several
proposed mechanisms for the OER, the most accepted is

described as below! 24371

M+ H,0 - MOH + H* + e~

MOH - MO + H" + e~

2MO — 2M + O, + 2e~
or

MO + H,0 - MOOH + Ht + e~

MOOH + H,0 - M+ 0O, + HY + e~

As reported for the HER, an intermediate binding
energy of the metal and reaction intermediates (as *OH,
O*, and HOO¥*) plays a key role in obtaining an opti-
mal catalyst!*”3%] as well as good stability and small
overpotentials!*'!. To implement such alternative technol-
ogy, a myriad of distinct materials has been designed and
investigated in the past few years, aiming at gathering the
benefits from natural abundant resources, such as water
and sunlight.

2.1 | Hydrogen evolution reaction

Among MOs materials, zinc oxide (ZnO) has attracted
attention in photocatalysis due to its remarkable proper-
ties, such as its easy crystallization, high chemical sta-
bility, facile synthesis, high electron mobility (200-300
cm? V7! s71), and photosensitivity. Nonetheless, its wide
bandgap (3.37 eV) and high exciton binding energy (60
meV) are the major drawbacks toward its application in
photocatalysis!**0].

ZnO has been modified with several noble metals such
as Ag, Au,l*!l and Cul*?l. However, gold presents a higher
capability of effectively promoting the charge carrier sepa-
ration, due to its work function (5.1 eV). The work function
indicates the direction in which the electrons will flow, and
the electron transfer will only happen when there is a dif-
ference in work function!**]. When the NP work function
is higher than that of the MO, electrons will flow from NP
to MO. However, when the work function of MO is higher,
electrons will be transferred from MO to NPI**l, As the
gold work function is higher, it guarantees that the electron
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TABLE 1 Comparative materials for HER
Materials Light source Electrolyte Photoconversion j (mA/cm?) Reference
Au/B-ZNnONW 300 W Xe lamp 0.5M Na,S0, 0.52%@0.8 Vg 1.45 @ 1.0 Vg [46]
100 mW/cm?
Au/ZnO NW 300 W Xe lamp 0.5 M Na,SO, 0.45%@0.8VRHE 1.06 @ 0.8 VRHE [47]
100 mW/cm?
ZnO NS/Au Xe lamp 100 mW/cm? 0.5 M Na,SO, 0.51%@0.23 VAg/AgCl 1.26 @ 0.6 VAg/AgCl [48]
Au/ZnO NR 300 W Xe lamp 0.1 M Na,SO, 30x10-3 @ 0.8 [49]
100 mW/cm? VAg/AgCl
Au-ZnO 150 W Ha]ogen lamp 100 01M NHZSO4 048%@10 VRHE 9.11 @ 1.0 VAg/AgCl [52]
mW/cm?
Au-ZnO Xe lamp 0.5M NHZSO4 = 20x10-3 @ 0.0 [51]
100 mW/cm? VAg/AgCl
Au@ZnO Xe lamp 0.25M Na,S + 035 - 3.0@ 0.4 VAg/AgCl [111]
100 mW/cm? M Na,S0,
Au-ZnO Xe lamp 0.5 M Na,SO, = 1.5@ IVAg/AgCl [112]
100 mW/cm?
3D Au-in-TiO, Xe lamp 25% Methanol - 1.8x10-3 @ 0.2 [68]
VAg/AgCl
Au/TiO, 200 W Hg (Xe) lamp 0.5M H,SO, + 50 - 5%10-9 @ OCP [110]
mM methanol
Au/TiO,/Au AM15G 1M KOH - 9%x10-3 @ O [62]
100 mW/cm? VAg/AgCl
AU/TIOZ Visible hght source 0.1 M KOH = 0.1x10-3 @ 0.6 [113]
VAg/AgCl
Au-TiO, 300 W Xe lamp 0.5M Na,SO, - 130x10-3 [63]
Au/TiO, AM1.5G 0.1M KH,PO, + . 2x10-3 @ 0.4 VRHE  [64]
100 mW/cm? 25% methanol
Au/TiO, AM15G 0.05 M Na,SO, - 4x10-3@ 0 [65]
100 mW cm—2 VAg/AgCl
TiO,-on-Au Xe lamp 0.1 M Na,SO, - 0.12 [114]

transfer process will happen from the oxide to Au, and not
in the opposite sense. As Ag work function is lower (4.26
eV) when compared to gold, this metal is less efficient to
promote charge carrier separation. Nonetheless, it can still
contribute to an improved activity and it has been exten-
sively explored toward the semiconductor improved pho-
tocatalytic activityl >3],

Au/ZnO nanostructures have been explored in various
arrangements, including nanowires!“®*’1, nanosheets!**,
nanoarrays!*>°°l, among others®! to evaluate their
plasmon-enhanced performance toward HER. Table 1
resumes some of the results found in the literature for
Au/ZnO plasmon-enhanced HER. For instance, Wu

et al.l®?] produced a matchlike heterostructure, composed
of ZnO nanowire arrays with Au spheres on their tip and
evaluated their plasmonic catalytic activity.

The synthesized heterostructure showed a sharp
absorption band below 390 nm, which was attributed to
Zn0. However, this band was extended until the visible
range of the spectrum and centered at 480 nm due to
the Au NPs; increasing the ZnO light-harvesting capabil-
ity. Moreover, photoluminescence and electrochemical
impedance spectroscopy (EIS) measurements showed an
electron trapping effect when comparing the bare ZnO and
the ZnO-Au structures!®?l. Bare ZnO showed improved
performance with light irradiation; nonetheless, ZnO-Au
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FIGURE 2
pristine ZnO nanorod array and matchlike ZnO/Au plasmonic
heterostructure photoanode measured from 380 to 600 nm at +0.60
Vag/agal and in 0.1 mol/L Na,SO, and under 100 mW/cm? light
irradiation (150W xenon lamp with 1.5 AM filter). (B) Schematic
illustration of the charge separation mechanism under light

(A) Incident photon-to-current (IPCE) curves of

irradiation for a general ZnO/Au heterostructure. Adapted with
permission from ref. [52]. Copyright 2014 American Chemical
Society

heterostructure exhibited a 16 times enhancement in
efficiency compared to pristine ZnO. The photocurrent
observed was 9.11 mA/cm? at 1.0 Vag/agcl, Whereas the
photoconversion achieved 0.48%. Photon-to-current
efficiency (IPCE) measurements showed the activity
dependency on the wavelength of the light source
(Figure 2A). The highest activity was observed at 500 nm,
which is in accordance with the LSPR band in the extinc-
tion spectral®2!. The proposed plasmon-enhanced mecha-
nism is described in Figure 2B. When the heterostructure
is irradiated by light, ZnO valence band (VB) electrons are
photoexcited to its conduction band (CB), generating holes
in the VB of the oxide. The excited electrons are transferred
from ZnO to gold, decreasing the electron recombination
rate due to the electrons’ trapping in the nanoparticle.
Finally, Au LSPR leads to the production of hot electrons,
which are injected in the semiconductor CB. Later, these
electrons flow to the Pt counter electrode to produce
hydrogen.

Although Ag nanoparticles are less explored than Au
due to their lack of stability, some authors have discussed
their plasmonic activity combined with ZnO towards HER.
When coupled with a support, Ag stability and outstand-
ing plasmonic performance are increased!>*!. Several mor-
phologies and arrangements of Ag/ZnO were also explored
in the literaturel>*-71,

Another transition metal oxide that has also been exten-
sively studied toward the water-splitting reaction is tita-
nium dioxide, since its first demonstration by Fujishima
and Hond[*®l. This oxide attracted much attention due
to its low cost, high stability, and superior electronic
and chemical properties!®’!. However, its application is
limited by the high charge recombination ratel®!, wide
bandgap (3.2 eV), and low solar collection efficiency (4-
5% of the total solar spectrum)!®'!. Au/TiO, nanomateri-
als have been applied in HER in several studies with dif-
ferent conformations as nanosheets!®?l, janus!®* and half-
dome heterostructures!®l, films!®!, among others!®®67],
Table 1 resumes some of the results found in the literature
for Au/TiO, plasmon-enhanced HER.

For instance, Zhan et al.l®] proposed a three-
dimensional Au embedded in TiO, electrode to perform
the plasmon-enhanced HER. The system with the best
performance was composed of two Au layers embedded in
TiO,. The structure showed an enhanced absorption band
in the visible range of the spectrum, centered at 625 nm.
The authors addressed this band to a synergic effect of the
dielectric interaction of the NP and the semiconductor!®].

The 3D Au-in-TiO, structure showed a photocurrent
of 1.8 uA/cm?* at 0.2 Vg /aeci (Figure 3A,B), which is
five times higher than the one observed for Au-on-TiO,.
Although a plasmonic enhancement was observed, it can
not be explained by a direct charge transfer of electrons
and holes, as the TiO, layers hinder this effect. In this way,
simulations were performed and showed an intense elec-
tromagnetic field enhancement in the 3D nanostructure,
which could explain the observed activity. A strong local-
ized electromagnetic field is formed in the vicinity of Au-
TiO,, inducing the formation of electron-hole pairs. Those
pairs are trapped in the embedded structure, guarating an
improved charge separation. Finally, the generated elec-
trons are injected in the platinum counter electrode and
generate hydrogen, whereas the holes will be collected by
the hole scavenger!®!. The mechanism is summarized in
Figure 3C.

TiO, was also combined with other metals such as
Cul®l, Pdl”’l and Agl”7?], making possible to harvest
light in the visible and near-infrared range of the spectrum,
and using photothermal energy from the NPs to increase
the TiO, catalytic capability.
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FIGURE 3 (A) Polarization curves of under dark and light conditions (Xe lamp) and (B) on-off current—time transients at a bias of 0.2

Vag/agar Of 3D Au-embedded TiO, electrode. (C) Schematic illustration of the proposed plasmon-enhanced mechanism of the 3D
Au-embedded TiO, electrode (two layers of Au particles embedded in TiO, matrix). Adapted with permission from ref. [68]. Copyright 2014

American Chemical Society

2.2 | Oxygen evolution reaction

Hematite (a-Fe,03) is a promising photoanode for water
splitting applications due to its intrinsic stability, environ-
mental compatibility, and favorable bandgap energy (~1.9-
2.3 eV), granting a theoretical maximum solar to hydrogen
efficiency of 15 % and the utilization of around 40% of the
incident solar radiation!”>-7]. Despite its advantages, there
are a few drawbacks for its application, such as the rela-
tively low absorption coefficient of visible light, the short
lifetime of generated holes, and diffusion length, granting
a high recombination rate and low OER kinetics!”*"”], In
recent years, gold nanoparticles have been used in order
to improve the performance of Fe,O; photoanodes by
increasing the absorption of light and the efficiency in the
diffusion of holes and electrons due to LSPRI7*-%!], Table 2
resumes some of hematite, and other MOs, structures stud-
ied for plasmon-assisted OER with Au NPs.

For OER kinetics involving hematite with Au NPs,
parameters like the position of the Au on the material %],
thickness of the hematite film!%3], and the direct contact
of the oxide with Au nanoparticles!®*! can cause a poor, or

in some cases, a negative effect on the photocurrent of the
electrode. A better understanding of these interactions and
the mechanisms of charge separation are of great impor-
tance for building up an efficient photoanode.

Thimsen et al.l%2] compared the photocurrents of Fe,0s
in the form of thin films embedded with Au NPs and
platelets with the NPs on the surface. It was observed that
the Fe,0; modified with gold on the surface, led to a lower
photocurrent. The modification with Au NPs produced
a negative effect on the catalyst activity. In the embed-
ded configuration the photocurrent increased very slightly,
which was due to the introduction of traps in the inter-
face of Au and Fe,0;. It was also observed a red shift in
the absorbance of the material in the embedded config-
uration, which Thomann et al.I35] minimized by coating
the AuNPs with a thin silica layer. With this methodology,
the absorbance of the plasmonic material was maintained
at around 550 nm both on top and the bottom of a Fe,0;
film. By removing the direct contact of the oxide with
the AuNPs, an increase in the photocurrent enhancement
was possible, by avoiding the fast recombination effect of
charges in Fe,0;.
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TABLE 2 Comparative materials for OER
Materials Light source Electrolyte Photoconversion  j (mA cm™) Ref.
Au-Fe,0, 300 W Xe lamp 1.0 M KOH - 1.0 @ 1.23 Vg [82]
100 mW/cm?
Fe,0;/Au/ZnO AM 1.5 G 100 mW/cm? 0.5M NaOH 0.02% @ 0,8 Vrur 0.5@ 0.5 Vrur [115]
Au/Fe203 300 W Xe ]amp 1.0 M KOH - 1.7 @ 1.23 VRHE [116]
100 mW/cm?
Si/Fe,0;/Au AM 1.5 G 60 mW/cm? 1.0 M NaOH 6% @ 0 Vp; 2.60 @ 0 Vp, [86]
Au/Fe203 300 W Xe ]amp 1.0 M KOH - 2.0 @ 1.23 Vyyg [117]
100 mW/cm?
Fe,03/A1,03/Au 100 mW/cm?
Au array/Fe, 0, AM15G 1.0 M KOH - 1.07 @ 1.23 Vyyug [88]
100 mW/cm?
Au-MnO, 532 nm laser 200 mW 1.0 M KOH - 10.0 @ 1.55 Vgyg [101]
Au/Co;0,/TiO, 300 W Xe lamp 0.5 M Na,S0; - 0.37 @ 1.16 Vyyg [110]
100 mW/cm?
CoOx/Au/TiO, Xe lamp 60 mW/cm? 0.1M KOH 0.052% 0.003 @ 1.07 Vg [118]
AU/COOOH 525 nm laser 1.2 W 1.0 M KOH - 10.0 @ 1.52 VRHE [119]

Also to address the fast recombination of photo-
generated holes and electrons in Fe, 03, Wang et al.l*] pro-
posed a silicon/hematite core/shell nanowire array as a
basis for decorating the material with Au NPs (Figure 4A).
In this study, silicon was used for both increasing the
absorbance in the long-wavelength part of sunlight and
reducing the charges recombination in Fe,03. The photo-
generated electrons were transferred to the valence band
of silicon, leaving the holes to participate in OER at the
Fe,03/H,0 interface (Figure 4B). With the addition of Au
NPs localized both on the surface and embedded in the
Fe, 03, a higher conductivity was obtained. A photocurrent
of 2.60 mA/cmS$ was achieved at 0 Vp, bias in an aque-
ous 1.0 mol/L NaOH solution, with an efficiency of solar
water splitting of 6.0%. Compared with the control mate-
rial, the overpotential shifted considerably to the nega-
tive direction and the photocurrent increased significantly
(Figure 4C,D).

Another promising method to decrease recombination
rates in Fe,0; is through the passivation of the oxide’s
surface states. By doing so, the energy transfer mecha-
nism changes to a plasmon-induced resonant energy trans-
fer (PIRET), in which the Au NPs are separated by an
insulating material from the Fe,0;. In this case, there
is no direct electron transfer from Au to the oxide’s sur-

face states, and the charge separation is caused by the
increase of the localized electromagnetic field from LSPR
generated on the plasmonic metal!®’-%°]. Xu et al.[*°! stud-
ied a Ti-Fe,03/Al,05/Au photoanode for OER, in which
Al,0O5 acted as an insulating layer between Fe,O; surface
states and AuNPs, making PIRET the main mechanism for
the separation of charges. The insulating layer also pro-
moted a relaxed Fermi-level pinning, helping to increase
band bending and construct a Schottky barrier between Ti-
Fe,05; and Au NPs, increasing charge separation. It was
observed that with the insulating layer, the recombina-
tion rate dropped and, consequently, the photocurrents
obtained (1.5 mA/cm§ at 1.23Vyyg) were more than two
times higher than with Ti-Fe,03/Au material.

Aiming for plasmon-assisted OER using Fe,03, AgNPs
were also studied.!”’"%* These structures also presented
an increase in photocurrent and absorption in the visible
spectrum. Despite being an alternative plasmonic metal
for the reaction, the results obtained are still lower than
those obtained with Au NPs, due mainly to the lower work
function of Ag (4.26 eV compared with 5.1 eV of Au).
When these materials are excited with light, the hot elec-
trons generated by Ag can be injected into the conduc-
tion band of Fe,03, which increases the recombination
ratel°*]. Methods to overcome this limiting effect of Ag NPs
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FIGURE 4 (A) Schematics of the water-splitting cell containing SINW/hematite-AuNPs photoanode and (B) the approximate band

diagram scheme and flow of charges for the material under illumination in contact with electrolyte. (C) Photocurrent densities obtained for
different configurations of the photoanode under AM 1.5G illumination (60 mW/cm?) in 1.0 mol/L NaOH, and (D) the IPCEs obtained for the
mixed configuration under 0 Vp, applied under different wavelengths. Adapted with permission from ref. 86. Copyright 2014 American

Chemical Society

focus on the construction of heterostructures using materi-
als with an intermediary work function, achieving higher
photocurrents due to a more efficient energy transfer %293,

Manganese dioxide is another promising oxide toward
the catalysis of OER. Since Morita et al.l%! discovered its
remarkable activity for this reaction, MnO, has been thor-
oughly investigated for building up photoanodes towards
water splitting in alkaline medium!°*"7], Specifically, thin
2D 6-MnO, nanosheets made through defect engineering
have been widely studied, as they lead to a great increase in
efficiency due to their unique electronic structurel %1001,
Despite the advances made on MnO, for OER, the mate-
rial presents some drawbacks as its low conduction band,
limited available active sites, and low conductivity, result-
ing in lower currents compared with other commonly used
MOs!01,

To improve its activity and conductance, Xu et al.
proposed a §-MnO, electrode decorated with Au NPs for
the LSPR assisted OER on alkaline medium. Under green
laser irradiation, the structure achieved an overpotential
of 0.32 V, greatly increasing the photocurrent compared
to the -MnO, nanosheets. This increase in performance
was explained by the formation of active Mn™ species by

[101]

the direct transfer of electrons from MnO, to the hot holes
generated on gold. The Mn™ species extract electrons from
OH™ in solution more effectively, granting a higher gener-
ation of O,.

Finally, the use of cobalt oxide-based electrodes has been
widely studied over the years showing good OER activ-
ity in alkaline solutions!'°>!9], Among the possible Co
oxides, Co30, is one of the most promising due to the pres-
ence of Co*t sites, which is essential for efficient water
oxidation!'*!. Despite a narrow bandgap (2.1 eV), the con-
ductance band of Co;0, is not negative enough for the
photoreduction of water; so, it is usually used with other
semiconductors like TiO,, ZnO, and CuO'%5-197] a5 well
as noble metals such as Au and Agl'**!1%8l. Zhao et al.
studied an Au/Co30,4/TiO, nanorod array as a plasmonic
photoanode for water oxidation in 0.5 mol/L Na,SO;!"0].
The Co;0,4 and AuNPs generate photoelectrons with visi-
ble light illumination, and these electrons are then trans-
ferred to the conduction band (CB) of TiO, to be used in
the reduction of water. Meanwhile, the vacancies gener-
ated on Co3;0, oxidize water with a higher efficiency, since
the removal of electrons by TiO, decreases the electron-
hole recombination.
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Recent nanomaterials development and electronic mech-
anistic insights for photoelectrochemical reaction of
noble metal/transition metal oxides hybrid nanoparticles
towards water splitting have been briefly described. Con-
sidering all the specifics features and the drawbacks for
each nanostructure, there are several requirements for
the catalysts, such as high chemical and electrochemi-
cal stabilities, low cost, facile synthesis, wide absorption
band in the visible region of the electromagnetic spectrum,
and high charge carriers’ lifetime, that are needed to be
achieved. The combination of the plasmonic noble metals
and aforementioned semiconductors oxides (Sections 2.1
and 2.2) constitute a group of nanostructures that supply
most of the essential necessities, nonetheless deeper inves-
tigations and developments are demanded.

4 | PERSPECTIVES

In perspective, research in plasmonic electrocatalysis
should focus not only on material synthesis, but also on the
bottom-neck subject in the field that comprises the mech-
anism pathway in which the oxidation and reduction reac-
tions take place. Even though there are several hypothe-
ses for the motion of hot carriers, none of them have
been definitively indisputable. The separation and identi-
fication of the photogenerated charges and the localized
increase of temperature, caused by their recombination,
contributions to the localized surface plasmon resonance
effect is the major issue that still prevents a broadened
understanding of the transfer of charge carriers. There-
fore, deep electrochemical investigations are needed to be
carried out in order to evaluate and comprehend the elec-
tronic dynamics. Moreover, beyond the new designs and
scientific specificities of the nanomaterials, the focus of the
photoelectrochemical studies has encountered some chal-
lenges. Mainly, the lack of accurate pattern for reporting
plasmonic and electrochemical results deeply masks the
real significance and true impact of the outcomes, which
cannot be properly compared to each other. Hence, further
improvements are expected in the field of plasmon-driven
photoelectrochemical reactions to surpass this demand for
methodization. Finally, once fulfilled and supplied those
requirements and the necessity for standardization of pho-
toelectrochemical results, this type of plasmonic nanoma-
terials can play a key role in this new solar technology to be
implemented on industrial scale and, therefore, constitute
a solid branch on the “hydrogen economy.”
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