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Abstract Photoelectrochemical (PEC) water splitting supplies an environmentally friendly, sus-

tainable approach to generating renewable hydrogen fuels. Oxides semiconductors, e.g. TiO2,

BiVO4, and Fe2O3, have been widely developed as photoelectrodes to demonstrate the utility in

PEC systems. Even though significant effort has been made to increase the PEC efficiency, these

materials are still far from practical applications. The main issue of metal oxides is the wide band-

gap energy that hinders effective photons harvesting from sunlight. In solar spectrum, over 40% of

the energy is located in the near-infrared (NIR) region. Developing sophisticated PEC systems that

can be driven by NIR illumination is therefore essential. This review gives a concise overview on

PEC systems based on the use of NIR-driven photoelectrodes. Promising candidates as efficient

yet practical NIR-responsive photoelectrodes are suggested and discussed. Future outlooks on

the advancement of PEC water splitting are also proposed.
� 2020 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

As the population and economy continue to surge, global
demand for energy is increasing rapidly. Among energy
sources, solar power is considered a promising alternative
energy source due to its endless and considerable supply. In
one year, solar energy can provide approximately 173,000

TW (Archer, 2011), which is around 9,600 times higher than
the value of annual world energy consumption (18.39 TW in
2018 (Full Report, 2019). There exist many techniques to uti-

lize solar energy, such as solar thermal power plants, solar
cells, and solar fuels. Photoelectrochemical (PEC) water split-
ting provides an ideal method to obtain clean chemical fuels

from the periodic solar power (Grätzel, 2001; Walter et al.,
2010; Sivula and Krol., 2016). Water splitting produces hydro-
gen and oxygen, which are stable and harmless. Furthermore,
hydrogen possesses a larger energy density (141.9 MJ/kg) than

conventional fossil fuels (55.5 MJ/kg for methane; 47.5 MJ/kg
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for gasoline; 20.0 MJ/kg for methaneol) (Kim et al., 2019a),
making the PEC technique an appealing approach to meeting
the global energy demand. Typical PEC systems comprise a

working electrode (WE) along with a counter electrode (CE)
immersed in specific eleectrolyte. In a typical configuration,
semiconductors with photoactivity are selected as the WE,

and Pt wire acts as the CE. Fig. 1 depicts the fundamental of
PEC water splitting by using semiconductors as photoelec-
trodes. For an n-type semiconductor, light irradiation with

energy larger than its bandgap (Eg) generates electron-hole
pairs. These charge carriers then diffuse to the electrode sur-
face for participation in the subsequent redox reactions. The
chemical potential equilibrium between n-type semiconductor

and electrolyte creates an upward band bending at interface.
Under anodic bias condition, the photoexcited holes drift
along the bent band to inject into the electrolyte, oxidizing

water to produce oxygen; meanwhile, the photogenerated elec-
trons transfer through the external circuit to the CE, reducing
water to produce hydrogen. In this configuration, n-type semi-

conductor functions as photoanode since water oxidation
takes place at the electrode surface. For p-type semiconduc-
tors, photoexcited charge carriers transfer in an opposite direc-

tion as a consequence of downward band bending at interface,
evincing electron injection into electrolyte and hole transporta-
tion to the CE. Under this scenario, water reduction occurs at
the semiconductor surface for producing hydrogen, while

water oxidation takes place at CE to generate oxygen. There-
fore, p-type semiconductor acts as photocathode in a PEC cell.

It should be noted that the photoexcited charge carriers are

inclined to charge recombination when they diffuse from the
bulk of the semiconductor to the surface. Only a fraction of
the charge carriers can be extracted and contribute to water

splitting reactions. The measured photocurrent density (Jpec)

serves as a global index to evaluate the carrier utilization effi-

ciency in PEC water splitting. The recorded Jpec equates the

product of theoretical photocurrent density (Jabs), charge sep-
aration efficiency at bulk (gsep), and carrier injection efficiency

at surface (ginj). The following equation shows the relationship

among these values: Jpec ¼ Jabs � gsep � ginj. Here, Jabs denotes

the maximum photocurrent attained by presuming all of the
Fig. 1 Fundamental principle of employing semiconductor

photoelectrodes to conduct PEC water splitting.
harvested photons are converted into electrons; gsep represents
percentage of charge carriers produced at bulk that can even-

tually reach to the semiconductor surface; ginj stands for per-
centage of charge carriers reaching to surface that are
ultimately injected into the electrolyte. Empirically, Jabs can

be calculated by measuring the photons harvesting efficiency
and integrating it over the AM 1.5G spectrum. On the other
hand, when Jpec is measured in an electrolyte containing charge

carrier scavenger (e.g. sulphite for photoanode, peroxide for

photocathode), the kinetics loss of charge injection can be
neglected and ginj is assumed to be 100%. The value of gsep
can then be obtained by dividing Jpec (measured in the presence

of scavenger) by Jabs. The actual ginj can be further calculated

by dividing Jpec measured in a regular electrolyte by Jabs and

gsep (Lee et al., 2019a). It is noteworthy that the band structure

of semiconductors determines whether or not water splitting

reaction can occur. The chemical potential of water reduction
and oxidation is respectively located at 0 and 1.23 V vs. rever-
sible hydrogen electrode (RHE). In order for water splitting to
spontaneously occur, the conduction band minimum (CBM)

and valence band maximum (VBM) of selected semiconduc-
tors must straddle 0 and 1.23 V vs. RHE such that sufficient
thermodynamic driving force can be supplied. However, an

overpotential of approximately 0.5 eV is needed to conquer
the kinetic barrier of surface reactions (Jiang et al., 2017).
Therefore, the required bandgap of the semiconductor is at

least 1.8 eV; otherwise, extra energy input is required to initiate
the reactions. Aside from the typical single-photoelectrode
PEC construction, a tandem cell composed of two photoelec-
trodes (PEC-PEC) or one photoelectrode and one photo-

voltaic cell (PV-PEC) has emerged as a new frontier in PEC
water splitting. Such a tandem configuration can absorb inci-
dent light by two absorbers and operate under unbiased condi-

tions, which holds promise of converting solar energy into
chemical fuels in a sustainable manner.

The bandgap energy of semiconductors provides a major

parameter that affects the solar to hydrogen (STH) conversion
efficiency. Note that solar spectrum comprises around 7% of
energy in ultraviolet (UV) region (k< 400 nm), 39% of energy

in visible region (400 < k < 700 nm), and 54% of energy in
near-infrared (NIR) region (700 < k < 3000 nm). Obviously,
the NIR region constitutes most of the energy in sunlight.
Non-toxic and highly stable TiO2 is first demonstrated as pho-

toelectrode to conduct water splitting. However, the large
bandgap (~3.2 eV) prohibits TiO2 from harvesting a large por-
tion of sunlight (Do et al., 2020). Even though all the harvested

photons are converted to electrons, the STH of TiO2 is merely
1%. Some other metal oxides with medium bandgap, for
example, BiVO4 (Tayebi and Lee, 2019; Kim and Lee,

2019b), Fe2O3 (Shen et al., 2016; Sharma et al., 2019), Cu2O
(Pan et al., 2018; Bagal et al., 2019) have demonstrated
remarkable visible light-driven photoactivity in PEC water
splitting. A decent STH as high as 2.67% can be achieved by

BiVO4 photoanode (Ye et al, 2019). Despite the advances
made so far, the solar energy utilization in these PEC systems
is limited to UV and visible regions, and the achievable STH is

still far from the requirement of industrial applications
(STH = 30%). In the aim of further improving the PEC effi-
ciency, exploitation of photoelectrodes to utilize NIR is highly

desirable. In this review article, we first introduce the up-to-
date development of NIR-driven PEC systems. After that,
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we propose several promising candidates as NIR-responsive
photoelectrodes and photocatalysts, and provide insights into
the future advancement of PEC water splitting.

2. NIR-driven photoelectrodes

The theoretical, maximum photocurrent that the semiconduc-

tor photoelectrodes can generate is when all the harvested pho-
tons are converted to electrons. In other words, the photons
harvesting range of semiconductor directly determines the

maximum STH value. Therefore, broadening the absorption
wavelength as much as possible is a good strategy to enhance
the PEC efficiency. Below, we introduce three promising mate-

rials categories for practical use as NIR-responsive photoelec-
trodes in PEC water splitting.

2.1. Chalcogenides

Chalcogenides semiconductors have sufficiently narrow band-
gap energy that enables them to harvest photons from the NIR
spectrum. Much effort has thus been made to exploit these

ancient semiconductors for solar PEC water splitting. Earth-
abundant nontoxic SnS has a small bandgap (1.4 to 1.7 eV),
high absorption coefficient (>104 cm�1), and intrinsic p-type

semiconductor property, making it a hopeful photocathode
candidate in PEC system. Various synthetic approaches have
been devised to fabricate SnS photocathodes for PEC water

splitting (Antunez et al., 2014; Seal et al., 2015; Gao et al.,
2016; Shiga et al., 2016; Cheng et al., 2018). The measured
photocurrents can reach 0.6 to 0.7 mA/cm2 in an aqueous solu-
tion at pH 1. The PEC performance of SnS can be further

improved with proper surface modification. In Patel’s study
(Patel et al., 2017), SnS films were synthesized by radio fre-
quency magnetron sputtering and subject to a post-annealing

treatment to enhance the PEC performance. In Fig. 2(a1-a4),
the scanning electron microscopy (SEM) images displayed that
SnS did not undergo significant morphological change upon

thermal treatment at various temperatures. In Fig. 2(b-d),
the photocurrent of the as-deposited SnS was approximately
2.0 mA/cm2 at �0.2 V vs. RHE. The photocurrent density

was enlarged to 5.6 mA/cm2 upon heat treatment at 400 �C.
Such a photoactivity enhancement originated from the reduced
charge recombination at the SnS surface. The authors further
conducted incident photon to current conversion efficiency

(IPCE) analysis to observe the photoresponse wavelength of
SnS. As revealed in Fig. 2(e), the modified SnS photocathodes
exhibited photoactivity across UV, visible and NIR region. As

cathodically enlarging the voltage from +0.1 to �0.3 V vs.
RHE, the IPCE was enhanced by 14% under illumination at
k < 420 nm. This study demonstrated the promising potential

of SnS as NIR-driven photocathode for solar water splitting.
With favourable properties including narrow bandgap

energy (1.1–1.2 eV), large hole mobility (2.59 cm2/V/s) and

large absorption coefficient (>105 cm�1), Sb2Se3 is also con-
sidered an appealing NIR-responsive photocathode for solar
water splitting. Assuming 100% of IPCE, the theoretical pho-
tocurrent of Sb2Se3 can reach as high as 38 mA/cm2. However,

most of the previous studies on Sb2Se3 photocathodes failed to
achieve the theoretical photocurrent (Prabhakar et al., 2017;
Kim et al., 2017; Zhang et al., 2017; Yang et al., 2018; Park

et al., 2019; Lee et al., 2019b; Yang and Moon, 2019). This fail-
ure was because of the lack of concurrent control over film
thickness and crystallographic orientation, which induced
optical and electrical losses to deteriorate PEC performance.

In Park’s work (Park et al., 2020), a bilayer Sb2Se3 nanostruc-
ture comprising vertical nanorods assembled on a compact
monolayer was proposed to demonstrate the practical use of

Sb2Se3 photocathodes. Fig. 3(a1-a2) shows the SEM images
for the compact monolayer and bilayer structure of Sb2Se3.
For bilayer structure, the optimal thickness of each layer was

adjusted to 270 nm for bottom compact layer and 600 nm
for nanorod layer. As shown in Fig. 3(b), the recorded pho-
tocurrent of bilayer Sb2Se3 reached 30 mA/cm2 at 0 V vs.
RHE in H2SO4 electrolyte, almost twice that of the monolayer

structure. In Fig. 3(c), the bilayer structure exhibited 85%
IPCE at 750 nm, and the photoactivity spanned the NIR
region to 1000 nm. On the contrast, the IPCE of the mono-

layer was only 40% at 700 nm. The intensity-modulated pho-
tovoltage spectroscopic (IMVS) and electrochemical
impedance spectroscopic (EIS) data confirmed that nanorod

arrays enhanced charge dynamics as a consequence of the col-
lective effects from increased surface area and favourable
microstructural orientation. On the other hand, absorption

spectra showed that bilayer Sb2Se3 had increased photons har-
vesting ability by virtue of the decreased light reflection and
enhanced light scattering. The synergetic effect of efficient
charge carrier and effective photon absorption contributed to

the superior PEC performance observed for the bilayer struc-
ture. The findings of this work illustrated the promising poten-
tial of Sb2Se3 hierarchical nanostructures as NIR-driven

photocathodes for practical use in PEC systems.
Two-dimensional (2-D), few-atoms-thick layers of transi-

tion metal dichalcogenides (TMDs), for example, MoS2, WS2
and MoSe2 (Tekalgne et al., 2019a; Tekalgne et al., 2019b;
Guo et al., 2019; Nguyen et al., 2018; Tekalgne et al, 2020a),
and MXenes, which are composed of metal carbides and car-

bonitrides (Su et al., 2019; Nguyen et al, 2020a; Nguyen
et al., 2020b; Hasani et al., 2019a), have drawn intense atten-
tions for miscellaneous optoelectronics applications (Ma
et al., 2018; Lee et al., 2019c; Atkin et al., 2016; Asunción-

Nadal et al, 2020; Efekhari, 2017; Yu and Sivula, 2016; Jin
et al., 2018; Tekalgne et al., 2020b; Hasani et al., 2019b;
Nguyen et al., 2020c; Nguyen et al., 2020d). Particularly, the

suitable bandgap and large absorption coefficient make TMDs
(Hasani et al., 2019c) and MXenes (Nguyen et al., 2020e) ideal
candidates for utilization in solar water splitting. Nevertheless,

the highly variable concentration of defects resulting from the
dangling bonds at the structure edge and the non-
stoichiometry in the bulk has limited the practical use of these
few-layer 2-D structures as photons harvesting materials. How

to passivate the edge and internal defects of few-layer 2-D
structures has thus been the key to advancing their utilization
in solar energy conversion. In Yu’s study (Yu et al., 2018), the

practical use of WSe2 nanoflakes as photocathodes for solar
water splitting was realized with two passivation treatments
to target the edge and internal defects. As depicted in Fig. 4

(a), pre-annealing (PA) treatment at 1100 �C and post surfac-
tant treatment with hexyl-trichlorosilane (HTS) were per-
formed to WSe2 nanoflakes in order to passivate the internal

and edge defects. In this study, four exfoliated WSe2 samples
were prepared and compared, including one without any treat-
ment (EX-AR), one with PA treatment only (EX-PA), one
with HTS treatment only (EX-AR-HTS) and the other with



Fig. 2 SEM images of (a1) as-deposited SnS and modified SnS at (a2) 300 �C, (a3) 400 �C, and (a4) 450 �C. (b-d) I-V curves for as-

deposited SnS and modified SnS. (e) IPCE data and the corresponding absorption spectrum for modified SnS under different applied

potentials. Reprinted with permission (Patel et al., 2017). Copyright 2017, American Chemical Society.

Fig. 3 SEM images of (a1) compact monolayer, (a2) bilayer structure of Sb2Se3. (b) I-t curves, (c) IPCE data and the integrated

photocurrent values. Reprinted with permission (Park et al., 2020). Copyright 2020, American Chemical Society.
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both PA and HTS treatments (EX-PA-HTS). Fig. 4(b1-b2)
shows the typical TEM images for the samples before (Ex-

AR) and upon PA treatment (Ex-PA). Similar lateral size
was observed, implying that PA treatment did not affect the
morphology of the exfoliated WSe2. The samples were depos-

ited with Pt-Cu co-catalyst for PEC measurements. In Fig. 4
(c), Ex-AR and Ex-PA displayed similar I-V curves, indicating
that PA alone did not enhance the PEC activity of WSe2. With

HTS treatment, the two samples both showed enhanced pho-
tocurrents. Significantly, Ex-PA-HTS displayed much higher
photocurrent than Ex-AR-HTS did, showing a benchmark

photocurrent of 4.0 mA/cm2 at 0 V vs. RHE. This outcome
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suggested that applying both PA and HTS treatments signifi-
cantly enhanced the PEC activity of WSe2. This photoactivity
enhancement resulted from the passivation of internal and

edge defects rendered by PA and HTS treatments. The IPCE
data of Fig. 4 (d) further revealed that the photoactivity of
Ex-PA-HTS spanned the whole visible to even NIR regions.

The absorbed-photon-to-current efficiency (APCE) can reach
60% under illumination at 740 nm. These results highlighted
the potential of the few-layered TMDs structures as efficient

NIR-driven photocathodes for solar hydrogen production.

2.2. Chalcopyrites

As a prominent photoactive component in thin-film solar cells
(Lopes et al., 2019; Chen et al., 2019; Birant et al., 2019;
Ishizuka, 2019; Tseng et al., 2020), copper chalcopyrites have
many intriguing properties suitable for converting solar

energy. Key benefits include great photon to electron conver-
sion efficiency and large absorption coefficient (>104 cm�1)
(Unold and Kaufmann, 2012), the two important features

essential for PEC solar water splitting. Furthermore, the
CBM of copper chalcopyrites is situated above the potential
for water reduction, which enables them to function as photo-

cathodes to conduct hydrogen production. Significantly, the
bandgap of copper chalcopyrites can be readily tuned by con-
trolling the composition, opening up new opportunities for
extending the photoactivity to NIR region. Luo et al. proposed

a solution-based method for preparation of CuInS2 photocath-
odes by transforming the electrochemically deposited Cu2O
films in a solvothermal process (Luo et al., 2015). As shown
Fig. 4 (a) Scheme of WSe2 preparation with PA and HTS treatments

and (d) IPCE data for the four samples. Reprinted with permission (Y
in Fig. 5(a), the compact Cu2O films were successfully trans-
formed into porous CuInS2 nanosheets with an enhanced den-
sity of active sites favourable for PEC reactions. However, the

PEC performance of the as-obtained CuInS2 was mediocre and
instable, showing a considerably low saturated photocurrent of
100 lA/cm2. This poor performance resulted from poor charge

separation and slow reaction kinetics at the electrode/elec-
trolyte interface. To address these issues, CuInS2 was sequen-
tially coated with CdS layer using chemical bath deposition,

and bilayer of Al-doped ZnO (AZO) and TiO2 using atomic
layer deposition. Note that the CdS layer can form p-n junc-
tion with CuInS2 to increase charge carrier separation, while
the conformally deposited AZO and TiO2 can function as pro-

tective layer to ensure chemical robustness. To facilitate sur-
face reaction kinetics, Pt co-catalysts were further deposited.
The modified CuInS2 photocathodes attained a noticeable

photocurrent density of 3.5 mA/cm2 at �0.3 V vs. RHE,
approximately 35 times increase over the as-obtained CuInS2.
As shown in Fig. 5(b), the photostability of the modified

CuInS2 was also enhanced, maintaining 80% of initial pho-
tocurrent after 2 hr of illumination. The IPCE data in Fig. 5
(c) further showed that the photoactivity of the modified

CuInS2 photocathodes can span across the UV to NIR region.
This demonstration highlighted the promise of CuInS2 as effi-
cient NIR-driven photocathodes for durable operation in PEC
water splitting.

Further bandgap engineering on CuInS2 photocathodes by
means of Ga addition can bring forth superior PEC properties
including enhanced photocurrent and reduced onset potential.

Septina et al. investigated the concentration effect of Ga addi-
. TEM images for (b1) Ex-AR and (b2) Ex-PA WSe2. (c) I-V curves

u et al., 2018). Copyright 2018, American Chemical Society.



Fig. 5 (a) SEM images of the initial Cu2O and the transformed CuInS2. (b) I-t curves and (c) IPCE data for modified CuInS2. Reprinted

with permission (Luo et al., 2015). Copyright 2015, American Chemical Society.
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tion on the PEC activity of Cu(In,Ga)S2 (Septina et al., 2015).
In this work, Cu(In,Ga)S2 with various Ga amounts were pre-
pared and the samples were labelled as CIGS(x), where x rep-

resented the ratio (%) of Ga/Ga + In. These samples were
further modified with CdS deposition and Pt coating for use
as photocathodes in PEC measurements. The relative band
structure of CIGS(x) and CdS was constructed in Fig. 6(a)

to better interpret the influence of Ga addition. Upon the addi-
tion of Ga, the bandgap of CIGS (x) expanded due to the tran-
sition of optical property from CuInS2 to GuGaS2. This

property transition resulted in a slight increase of conduction
band offset (CBO) and a great enlargement of interface band-
gap (Egint). Note that these two parameters were important

indexes to determine the carrier utilization efficiency for p-n
junction. In particular, the enlarged Egint led to an increase
in built-in potential at interface, which greatly enhanced pho-

tovoltage to reduce the overpotential of water reduction. As
shown in Fig. 6 (b), among the different CIGS(x), CIGS(25)
exhibited the highest photocurrent and the least cathodic onset
potential. Although CIGS(40) had the largest Egint, the exces-

sive Ga addition induced the formation of abundant midgap
defects. These trap states would otherwise reduce the photo-
voltage to decrease the PEC performance. The IPCE data in

Fig. 6(c) further revealed the vigorous photoactivity across
the whole visible to NIR region for all the CIGS(x) samples.
2.3. Plasmonic metals

Noble metal nanostructures, e.g. Au, Ag and Cu, are capable

of harvesting solar photons by virtue of the localized surface
plasmon resonance (LSPR) property. LSPR states a peculiar
optoelectronic feature resulting from the collective oscillation

of conduction band electrons upon excitation of coherent inci-
dent light. The intensity and frequency of LSPR are highly
related to chemical composition, and structural dimension

and morphology of metal nanostructures. Such an intriguing
feature has been extensively exploited in PEC applications
(Hou and Cronin, 2013; Robatjazi et al., 2015). Significantly,
the photoresponse of plasmonic metal nanostructures can be

readily shifted to NIR region by means of compositional
adjustment and morphological control. By functioning as
antenna localizing the incident light, plasmonic metal nanos-

tructures are capable of sensitizing semiconductors to incident
photons with energy smaller than bandgap. Two near-field
mechanisms, which include hot electron injection and plasmon

resonance energy transfer, have been proposed to realize the
LSPR-induced sensitizing effect. Since these two events are
non-radiative processes, the resultant photoactivity enhance-

ment is usually quite limited (<1%). Despite the limited
enhancement, this approach offers an alternative route to the
exploitation of NIR-driven photoelectrodes.



Fig. 6 (a) Relative band structure for CIGS(x) and CdS. (b) I-V curves and (c) IPCE data for Pt-CdS/CIGS(x). Reprinted with

permission (Septina et al., 2015). Copyright 2015, American Chemical Society.
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Employing TiO2 as photoelectrodes in PEC systems has

long been studied by virtue of the easy preparation, nontox-
icity and stable chemical properties. However, TiO2 is criti-
cized for its large bandgap which only allows photons

absorption in UV region. How to equip TiO2 with visible
and even NIR photoactivity has thus been in a limelight of
research. In Pu’s work (Pu et al., 2013), TiO2 nanorods were

deposited with Au nanoparticles (Au NP) and Au nanorods
to demonstrate the extended photoactivity toward PEC water
splitting. Note that Au NP and Au NR respectively displayed

LSPR absorption around 550 and 720 nm. Introducing the
two Au nanostructures can therefore extend the photore-
sponse of TiO2 photoelectrodes to visible and even NIR
region. Fig. 7(a1-a4) shows the TEM images for the successful

deposition of Au NP and Au NR on TiO2 nanorods. These
Au nanostructures were firmly attached on TiO2, which
ensured effective near-field effect induced by LSPR excita-

tion. The IPCE data of Fig. 7(b) clearly revealed the extended
photoactivity for the two decorated TiO2 photoelectrodes.
The recorded IPCE peaks were well matched to the corre-

sponding LSPR absorption peak. Significantly, further depo-
sition of a mixture of Au NP and Au NR led to the
photoresponse extension covering the whole visible to NIR

region. As shown in Fig. 7(c), the Au NP-NR-deposited
TiO2 photoelectrodes displayed evenly enhanced IPCE cover-
ing both visible and NIR regions. This demonstration sug-
gested that the LSPR-induced photoresponse of TiO2 can

be tuned by adjusting the structural morphology on the
deposited Au.
It is important to note that the LSPR-induced photoactivity

of plasmonic metal–semiconductor systems can be further aug-
mented by exploiting the whispering gallery mode (WGM) res-
onance of the dielectric semiconductor component. The WGM

resonance describes a type of light-mater interactions, which
confines incident light around the circular ring boundary of
a microcavity by total internal reflection. Numerical calcula-

tions suggest that the electric field of WGM can be strongly
confined within the microcavity (Yang et al., 2015, providing
foundation for further promoting the LSPR effect of the

neighbouring plasmonic metals. Zhang’s study demonstrated
that the LSPR-enhanced activity of Au-decorated TiO2

strongly depended on structural size of TiO2, which can be
realized by the prevalence of WGM resonance for large-sized

TiO2 (Zhang et al., 2016). Here, the function of WGM is to
enhance and extend the LSPR absorption as well as magnify
the interfacial electric field. These features can lead to a

remarkable enhancement in PEC photoactivity. Finite element
method (FEM) simulations suggested several important fea-
tures of WGM resonance. First, small TiO2 particles with

the size of 60 nm did not express WGM in the visible region,
therefore posing negligible effect on the LSPR absorption of
Au. Second, the LSPR absorption of Au can be largely

enhanced by the WGM resonance for large TiO2 with 200–
600 nm in size. Such an augmented LSPR effect was propor-
tional to the TiO2 size and can be ascribed to the enhancement
in localized electromagnetic field induced by WGM resonance.

Third, the WGM resonance was mostly localized underneath
the TiO2 surface, providing much feasibility of exploiting



Fig. 7 SEM and TEM images for (a1-a2) Au NP-deposited TiO2, (a3-a4) Au NR- deposited TiO2. (b) IPCE data and the corresponding

absorption spectra. (c) IPCE data for Au NP-NR-deposited TiO2. Reprinted with permission (Pu et al., 2013). Copyright 2013, American

Chemical Society.
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WGM resonance by adjusting the relative location of Au. For
example, when Au particles were partially encapsulated in
large-sized TiO2, the LSPR absorption was enhanced and

red-shifted. By merely changing the size of TiO2 and the loca-
tion of Au, both the LSPR intensity and frequency can be
adjusted.

The simulation results can be further corroborated by

experimental observations. Four relevant samples were pre-
pared and compared, including pure TiO2, isolated Au
particle-decorated TiO2 (Au mono-TiO2), Au multimers-

embedded TiO2 (Janus Au multimer-TiO2) and Au
multimers-encapsulated TiO2 (core@shell). Fig. 8(a1-a4) shows
the corresponding TEM images. In Fig. 8(b), the absorption

spectra clearly revealed the influence of Au location on the
LSPR absorption of Au. Significantly, embedding Au multi-
mers in TiO2 can extend the LSPR wavelength toward NIR

region, which was identified from the results of Janus Au
multimer-TiO2 and core@shell samples. These samples were
further used as photocatalysts and photoelectrodes to conduct
hydrogen production. In Fig. 8(c), the photocatalytic efficiency

of hydrogen production upon visible-NIR illumination
(k > 420 nm) was compared. The activity of Au mono-TiO2

(440 nm) was superior to the activity of Au mono-TiO2

(60 nm). Importantly, Janus Au multimer-TiO2 demonstrated

the best photocatalytic efficiency. These results were consistent
with the FEM simulations and confirmed that LSPR-enhanced
photoactivity can be augmented by optimizing the size of TiO2
and the location of Au by means of WGM resonance. The

superior photoactivity of Janus Au multimer-TiO2 as photo-
electrodes was further highlighted in the I-t curves and IPCE
data shown in Fig. 8(d) and 8(e). Significantly, Janus Au

multimer-TiO2 exhibited photoactivity across the whole visible
to NIR region. The findings from this work underlined that the
synergy of WGM resonance and LSPR effect can provide a

novel design principle for NIR-driven plasmonic
photoelectrodes.

2.4. Plasmonic semiconductors

The LSPR can also occur on self-doped, nonstoichiometric
semiconductors, such as MoO3-x (Bai et al., 2015; Kasani
et al., 2019; Odda et al., 2019), WO3-x (Li et al., 2020a;



Fig. 8 TEM images (scale bar = 500 nm) for (a1) pure TiO2, (a2) Au mono-TiO2, (a3) Janus Au multimer-TiO2, (a4) core@shell. (b)

Absorption spectra, (c) photocatalytic hydrogen production data, (d) I-t curves, (e) IPCE data for relevant samples. Reprinted with

permission (Zhang et al., 2016). Copyright 2016, American Chemical Society.
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Pan et al., 2017; Ren et al., 2019), CsxWO3 (Li et al., 2018; Shi

et al., 2018; Zeng et al., 2015), Cu2-xS (Shao et al., 2020; Sun
et al., 2017; Zhou et al., 2019), Cu2-xSe (Liu et al., 2019; Xie
et al., 2019; Zhang et al., 2018) and Cu2-xTe (Srathongluan

et al., 2015; Yang et al., 2013; Zheng et al., 2016). Note that
the existence of abundant intrinsic vacancies produces a large
number of free carriers within nonstoichiometric semiconduc-
tors, which induces LSPR in the NIR region. Different from

LSPR of plasmonic metal nanostructures, which is due to
the coherent oscillation of conduction electrons, LSPR of non-
stoichiometric semiconductors is because of the intrinsic

vacancies associated with nonstoichiometry, which induces
formation of free carriers. For instance, Cu vacancies of Cu2-

xS can cause formation of plentiful holes. On the other hand,

oxygen vacancies of WO3-x generate abundant electrons. By
adjusting the nonstoichiometry, i.e. the x value, the intensity
and frequency of LSPR of these nonstoichiometric semicon-

ductors can be controlled, providing an alternative approach
to utilizing the NIR spectrum.

CsxWO3 (CWO) is a nonstoichiometric semiconductor hav-

ing large bandgap energy of 3.0 eV. The mixed valence of W5+

and W6+ in CWO produces abundant oxygen vacancies,
resulting in the appearance of LSPR in the NIR region. This
peculiar optical feature evokes the interest to develop full

spectrum-driven photocatalytic systems based on the use of
CWO. Li et al. combined the LSPR feature of CWO with
the visible light responsive CdS to create a Z-scheme

heterostructure photocatalyst (CSCWO) that can be driven
by full solar spectrum (Li et al., 2020b). Fig. 9(a) displays
the absorption spectra of CSCWO with different CWO ratios.

Noticeably, all of the CSCWO samples showed multiple,
broad absorption bands across the UV, visible to NIR region.



Fig. 9 (a) Diffuse reflectance spectra of CSCWO with different CWO ratios. (b) Absorption spectrum of CWO. (c-d) Photocatalytic

hydrogen production on CSCWO under different illumination conditions. (e) Plausible charge transfer mechanism for CSCWO.

Reprinted with permission (Li et al., 2020b). Copyright 2020, Elsevier.
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The absorption at UV and visible resulted from the bandgap

transition of CWO and CdS. The absorption behind 520 nm
can be assigned to the LSPR of CWO. The pronounced LSPR
absorption of CWO can be further identified from Fig. 9(b),

which exhibited an unambiguous absorption band extended
to 2500 nm. To estimate the LSPR-enhanced photoactivity,
the samples were tested for hydrogen production under differ-

ent illumination conditions. As Fig. 9(c) and 9(d) show, the
CSCWO exhibited full spectrum-driven photoactivity toward
hydrogen production. Even though the photoactivity of
CSCWO mainly came from the illumination at k < 520 nm,

the CSCWO still showed noticeable photoactivity under illu-
mination at k > 800 nm, a region where pure CdS was inac-
tive. This observation suggested that the introduced CWO

rendered CdS NIR photoactivity by exploiting the peculiar
LSPR. In Fig. 9(e), the charge transfer scenario of CSCWO
was proposed. The band structure of CdS and CWO ensured

effective photons harvesting from UV to visible regions. The
LSPR of CWO enabled CSCWO to utilize the NIR photons,
achieving full spectrum responsive photoactivity. With the
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support of Z-scheme mechanism, CSCWO exhibited outstand-
ing photoactivity for hydrogen evolution.

Lian et al. also devised an LSPR-induced NIR-driven pho-

tocatalyst model composed of CdS/Cu7S4 p-n heterostruc-
tures, which demonstrated an unprecedented quantum
efficiency (Lian et al., 2019). In this work, CdS/Cu7S4 hetero-

dimers were synthesized by performing partial cation exchange
on Cu7S4 with Cd2+. Fig. 10(a1-a2) shows TEM images for the
starting Cu7S4 and the resulting CdS/Cu7S4. The photocat-

alytic activity of hydrogen production was measured under
NIR illumination (k > 800 nm). In Fig. 10 (b), pure Cu7S4
and physical mixture of Cu7S4 and CdS did not produce
hydrogen; only CdS/Cu7S4 showed photoactivity. The results

implied that the LSPR-induced hot electron injection from
Cu7S4 to CdS played a significant role in water splitting reac-
tion. In Fig. 10 (c), the apparent quantum yield (AQY) of

hydrogen production can reach as high as 3.8% at 1100 nm
for CdS/Cu7S4. The samples still showed vigorous photoactiv-
ity even under illumination at 2400 nm. Importantly, the

recorded quantum efficiency at different illumination wave-
lengths was spectrally consistent with the corresponding LSPR
absorption spectrum. This outcome confirmed that the NIR

photoactivity of CdS/Cu7S4 indeed originated from the LSPR
excitation of Cu7S4. The concept of LSPR-induced hot elec-
Fig. 10 TEM images for (a1) starting Cu7S4, (a2) resulting CdS/Cu7S

NIR illumination. (c) Quantum efficiency and the corresponding LSPR

(Lian et al., 2019). Copyright 2019, American Chemical Society.
tron transfer at the p-n junction provides an intelligent
approach for the rational design of NIR-driven semiconductor
photoelectrodes.
3. Outlook and perspectives

Table 1 summarizes the recent developments on NIR-

responsive photoelectrodes and photocatalysts. Although the
efficiency of PEC cells is far from the target, PEC water split-
ting is still considered a hopeful approach of converting solar

power into renewable hydrogen fuels. How to improve the
effectiveness of PEC systems has been extensively studied.
There are many vital factors deeply affecting the efficiency,

which include photons harvesting, charge transfer, charge sep-
aration and charge injection at the surface. Among these fac-
tors, photons harvesting ability is the most decisive one

because it directly determines the theoretical STH efficiency.
Chalcogenides and chalcopyrites semiconductors are ideal can-
didates as photons harvesting elements by virtue of their nar-
row bandgap. However, severe photocorrosion is commonly

observed in these semiconductors, especially when Cu, S, or
Se moieties are present. Although many delicate surface pro-
tection methods have been proposed, the exact role of protec-
4. (b) Hydrogen production on pure Cu7S4 and CdS/Cu7S4 under

absorption spectrum for CdS/Cu7S4. Reprinted with permission



Table 1 Summary of recent developments on NIR-responsive photoelectrodes and photocatalysts.

Chalcogenides

Photoelectrodes Electrolyte Light Source Photocurrent Efficiency at NIR Reference

SnS 0.1 M Eu(NO3)3 AM 1.5G, 100 mW/cm2 0.17 mA/cm2 (�0.7 V vs.

SCE)

– Antunez et al.,

2014

Sb-doped SnS 0.1 M Na2S2O3 While light (k > 400 nm), 410 mW/cm2 0.32 mA/cm2 (0.36 V vs.

RHE)

– Seal et al., 2015

SnS/CdS 0.5 M H2SO4 AM 1.5G,100 mW/cm2 0.015 mA/cm2 (0 V vs.

RHE)

– Gao et al., 2016

SnS 0.24 M Na2S/0.34 M Na2SO3 AM 1.5G, 100 mW/c m2 0.08 mA/cm2 AQY = 0.31% (with UV cut-off filter) Shiga et al., 2016

SnS/CdS/TiO2 0.5 M H2SO4 AM 1.5G with 500 nm cut-off filter,

80 mW/cm2
2.4 mA/cm2 (0 V vs. RHE) IPCE = 4.4% (k = 900 nm, 0 V vs.

RHE)

Cheng et al., 2018

SnS 0.1 M HCl AM 1.5G, 100 mW/cm2 5.6 mA/cm2 (0.3 V vs.

RHE)

IPCE = 1.9% (k = 750 nm, �0.3 V vs.

RHE)

Patel et al., 2017

Sb2Se3/MoSx/S 1 M H2SO4 AM 1.5G, 100 mW/cm2 14.0 mA/cm2 (0 V vs.

RHE)

IPCE = 7.5% (k = 1000 nm, 0 V vs.

RHE)

Prabhakar et al.,

2017

Sb2Se3/TiO2/Pt 0.5 M H2SO4 AM 1.5G, 100 mW/cm2 4.5 mA/cm2 (�0.2 V vs.

RHE)

– Kim et al., 2017

Sb2Se3/CdSe/TiO2/

Pt

0.5 M Na2SO4 buffered

with 0.25 M Na2HPO4/0.25 M

NaH2PO4

AM 1.5G, 100 mW/cm2 8.6 mA/cm2 (0 V vs. RHE) IPCE = 2.5% (k = 1000 nm, 0 V vs.

RHE)

Zhang et al., 2017

Sb2Se3/TiO2/Pt 0.1 M H2SO4 AM 1.5G, 100 mW/cm2 12.5 mA/cm2 (0 V vs.

RHE)

IPCE = 3.5% (k = 950 nm, 0 V vs.

RHE)

Yang et al., 2018

Sb2Se3/TiO2/Pt H2SO4 (pH = 1) AM 1.5G, 100 mW/cm2 13.6 mA/cm2 (0 V vs.

RHE)

IPCE = 26% (k = 800 nm, 0 V vs.

RHE)

Park et al., 2019

Cu:NiO/Sb2Se3/

TiO2/Pt

H2SO4 (pH = 1) AM 1.5G, 100 mW/cm2 17.5 mA/cm2 (0 V vs.

RHE)

IPCE = 29% (k = 900 nm, 0 V vs.

RHE)

Lee et al., 2019b

Sb2Se3/TiO2/Pt H2SO4 (pH = 1) AM 1.5G, 100 mW/cm2 30.0 mA/cm2 (0 V vs.

RHE)

IPCE = 62% (k = 800 nm, 0 V vs.

RHE)

Park et al., 2020

WSe2/Pt-Cu 1 M H2SO4 AM 1.5G,100 mW/cm2 4.0 mA/cm2(0 V vs. RHE) IPCE= 5% (k= 800 nm, 0 V vs. RHE) Yu et al., 2018

Chalcopyrites

Photoelectrodes Electrolyte Light Source Photocurrent Efficiency at NIR Reference

CuInS2/CdS/AZO/TiO2/Pt 0.5 M Na2SO4/0.1 M KH2PO4 AM 1.5G,100 mW/cm2 3.5 mA/cm2(�0.3 V vs. RHE) IPCE=7.4% (k=800 nm, 0 V vs. RHE) Luo et al., 2015

Cu(In,Ga)S2/CdS/Pt 0.1 M Na2SO4 AM 1.5G, 100 mW/cm2 6.8 mA/cm2 (0 V vs. RHE) IPCE=8% (k=800 nm, 0 V vs. RHE) Septina et al., 2015

Plasmonic metals and semiconductors

Photoelectrodes/

photocatalysts

Electrolyte Light source Photocurrent/hydrogen

production

Efficiency at NIR Reference

Al/NiOx/Au 0.5 M Na2SO4 AM 1.5G, 100 mW/cm2 0.025 mA/cm2 (0 V vs. RHE) IPCE=0.055% (k=875 nm, 0 V vs. RHE) Robatjazi et al.,

2015

TiO2/Au 1 M NaOH AM 1.5G, 100 mW/cm2 1.49 mA/cm2 (1.01 V vs. RHE) IPCE=0.015% (k = 750 nm, 0 V vs. Ag/

AgCl)

Pu et al., 2013

TiO2/Au 0.5 M Na2SO4Methanol (30 vol Xe Lamp, 300 W 0.125 mA/cm2 IPCE = 0.25% (k = 800 nm) Zhang et al., 2016
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tive layers is equivocal, giving rise to inconsistent results even
under similar experimental conditions. Developing a general-
ized approach to addressing the instability issues of chalco-

genides and chalcopyrites photoelectrodes is therefore
imperative. Additionally, these narrow-bandgap semiconduc-
tors sacrifice their chemical potential in order to absorb more

incident photons. This feature inevitably reduces the thermo-
dynamics driving force of water splitting to deteriorate the
PEC performance.

Plasmonic metal nanostructures with specific size and shape
are capable of harvesting low-energy photons by LSPR, which
can be employed to sensitize semiconductor photoelectrodes to
NIR region. Despite enormous progress made to promote the

evolution of this metal-sensitized semiconductor system, there
are still many conspicuous challenges. First, the mechanism of
LSPR-induced photoactivity is controversial. Not only near-

field effect can participate in PEC reactions, but far-field factor
can also be prevalent during charge transfer and recombina-
tion processes. This complexity would entangle the mechanis-

tic comprehension on the fundamental principle of plasmonic
metal-sensitized photoelectrodes. Last but not the least, the
LSPR-induced photoactivity enhancement has been mediocre,

usually<1%. The ultrafast recombination dynamics of hot
carriers makes it difficult to steer plasmonic metal nanostruc-
tures in PEC water splitting. Besides plasmonic metals, nonsto-
ichiometric semiconductors also exhibit LSPR absorption that

can be exploited to create NIR-driven PEC systems. Relative
to plasmonic metals, employment of nonstoichiometric semi-
conductors as NIR-driven photoelectrodes is still in its

infancy, requiring continuous effort to make significant break-
through. In summary, the exploration of NIR-driven photo-
electrodes is of great importance yet immature. There is still

substantial room for performance improvement and property
optimization in order for the widespread deployment of PEC
technology.
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