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Nanoarray Structures for Artificial Photosynthesis

Lianggiu Tian, Qi Xin, Chang Zhao, Guancai Xie, Muhammad Zain Akram,
Wenrong Wang, Renping Ma, Xinrui Jia, Beidou Guo,* and Jian Ru Gong*

Conversion and storage of solar energy into fuels and chemicals by artificial
photosynthesis has been considered as one of the promising methods to
address the global energy crisis. However, it is still far from the practical
applications on a large scale. Nanoarray structures that combine the advan-
tages of nanosize and array alignment have demonstrated great potential

to improve solar energy conversion efficiency, stability, and selectivity. This
article provides a comprehensive review on the utilization of nanoarray struc-
tures in artificial photosynthesis of renewable fuels and high value-added
chemicals. First, basic principles of solar energy conversion and superiori-
ties of using nanoarray structures in this field are described. Recent research
progress on nanoarray structures in both abiotic and abiotic—biotic hybrid
systems is then outlined, highlighting contributions to light absorption,
charge transport and transfer, and catalytic reactions (including kinetics and
selectivity). Finally, conclusions and outlooks on future research directions of

a stable and constant energy flux must be
guaranteed. Due to the daily and seasonal
changes in sunlight, solar energy needs
to be effectively converted into chemical
fuels, which could then be stored, trans-
ported, and used on demand.” In this
scenario, the cost-effective sustainable
conversion of solar energy into fuels as
well as high value-added chemicals by
artificial photosynthesis,®! which can
mimic the function of chloroplasts in
natural photosynthesis,”) is regarded as
one of the Holy Grails of the 21st century
science.[2191 [n artificial photosynthesis,
water splitting and carbon dioxide (CO,)
reduction reaction (CO,RR) are the two
most important reactions, wherein the

nanoarray structures for artificial photosynthesis are presented.

1. Introduction

Energy crisis is one of the most important issues impacting
the global politics, economy, security, and environment.
Taking into account the rapid depletion of traditional energy
resources and the ever increasing environmental pollution,
it is the need of the hour to introduce alternative energy
sources.'> Solar energy is an abundant and clean energy
resource obtained on the planet. Each year, =100 000 TW of
solar energy reaches our planet, of which =36 000 TW arrives
on land.l®! However, two requirements must be met for sus-
tainable development of solar energy. First, the means of solar
energy conversion, storage, and distribution should be envi-
ronmentally friendly, in order to protect the ecosystem. Second,
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subsequent combustion of produced

solar fuels does not lead to additional CO,

emissions because of the closed carbon
cycle (Figure 1a). In addition, N, reduction reaction (NRR) is
another vital reaction that provides top value-added chemi-
cals such as ammonia (NH;) without emitting the CO,
biproduct.[>16]

1.1. The Principle of Artificial Photosynthesis

Semiconductors are the most commonly used materials for arti-
ficial photosynthesis. The eligibility of a semiconducting mate-
rial to drive a particular reaction of artificial photosynthesis is
governed by its bandgap and band edge positions with respect
to the reaction of interest.'#-2% From the point of view of Gibbs
free energy change under the standard conditions of 1 atm
pressure and 298 K (AG?), the splitting of water into H, and
O, (Equation (1)), the reduction of CO, to hydrocarbons (Equa-
tions (2)—(5)), and the fixation of N, to NH; (Equation (6)) are
all energetically unfavorable (uphill) reactions (Figure 1b),
and their corresponding AG? values are positive (e.g., AG® of
water splitting and reduction of CO, to CH, are 237 and 818 kJ
mol™, respectively). However, following the photoexcitation of
the reactant, these reactions become energetically favorable
(AG® < 0).1221-23] The potential difference of electrochemical
reactions under the standard conditions of 1 atm pressure and
298 K (AE%) can be calculated using the relation AE® = AG/nF,
where n is the number of electrons exchanged and F is the Far-
aday constant.l? Since the hydrogen evolution reaction (HER)
in water splitting can proceed through a two-electron pathway,
the AE° to drive this reaction is 1.23 V, which means that the
theoretical minimum bandgap for water splitting is 1.23 eV;

(10f31) © 2021 Wiley-VCH GmbH
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Figure 1. a) Closed cycle of solar energy storage by conversion of H,O and CO, into chemical fuels. The stored energy can be released on demand
through a reverse reaction. b) Energy diagrams of photoactivated endergonic reactions. Following the photoexcitation of reactant R, the reaction
becomes energetically favorable (AG® < 0), represented by the dotted red arrow. Reproduced with permission. Copyright 2018, American Chemical
Society. ¢) Conduction band (top bar) and valence band (bottom bar) positions of some representative semiconductors and the corresponding redox
potentials of water splitting and CO, reduction versus NHE at pH 0. Reproduced with permission.[”] Copyright 2018, Royal Society of Chemistry.
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while for the reduction of CO, to CH,, which is an eight-elec-
tron reaction, the lowest theoretical bandgap requirement is
1.06 e\/[6,12,20,21,24]

HZO%H2+%OZ AG® =237k mol™ 1
CO,+2H,0 - CH,+20, AG’=818k]Jmol™ ()
CO,+2H,0 —>CH3OH+%O2 AG® =703 k] mol™ (3)
CO,+H,0 »HCHO+0, AG’=522k] mol™ (4)
COZ+HZO—>HCOOH+%O2 AG® =286 k] mol™ (5)
N, +3H,0 —>2NH3+%OZ AG® =339k mol™ (6)

Taking the water splitting as an example, we need to consider
the thermodynamic losses (0.3-0.4 eV) for charge carrier trans-
port and the overpotential requirement for adequate surface
reaction kinetics (0.4-0.6 eV), so a minimum bandgap of =<1.8 eV
is required, corresponding to light absorption at =700 nm. The
maximum value of the bandgap is determined by the solar spec-
trum, and the rapid drop in sunlight intensity below 390 nm
imposes an upper limit of 3.2 eV on the bandgap. This means
the optimum bandgap value of a single semiconductor to carry
out water splitting practically lies in the range of 1.8-3.2 eV.[61]

In addition to a suitable bandgap energy, an ideal band edge
position is also optimal for single semiconducting materials
for effective artificial photosynthesis.®"] Considering ther-
modynamic band positions, the conduction band minimum
(CBM) of the photocathode should be more negative than the
reduction potential of H,O (0 V vs normal hydrogen electrode
(Vnue) at pH 0) or of CO, (varying depending on products),
while the valence band maximum (VBM) of the photoanode
should be more positive than the oxidation potential of H,0
(+1.23 Vg at pH 0).12172025.26] Band structures of some widely
used semiconductors for solar energy conversion with respect to
the redox potentials for water splitting and CO,RR are shown in
Figure 1c.”) These representative semiconductor materials have
sufficient bandgap energies as well as suitable band edge posi-
tions to drive solar energy conversion effectively: the n-type semi-
conductors can be used as photoanodes for oxygen evolution
reaction (OER); the p-type semiconductors can be used as photo-
cathodes for CO,RR; Si and InP can be doped to either n-type or
p-type semiconductors for the corresponding reactions.

Three key physiochemical processes of semiconductors are
involved in artificial photosynthesis (Figure 1d; a photoelectro-
chemical (PEC) semiconductor model system), which contribute

www.small-journal.com

positively to the system efficiency.”’?® The first process involves

the light absorption under sun irradiation, resulting in genera-
tion of excitons (electron-hole pairs bound by Coulomb interac-
tion) in the semiconductor;!? these excitons rapidly dissociate in
inorganic bulk semiconductors because their binding energies
(=0.01 eV)2-31 are lower than the thermal energy (=0.025 eV) at
room temperature.?? In contrast, conjugated polymers, organic
small molecules, and low-dimensional inorganic nanostructures
with quantum size effects, where the electron-hole pairs are
confined to a space smaller than the Bohr exciton radius, have
relatively high exciton binding energies (typically ranging from
0.25 to 1.2 eV) due to their weak intermolecular electronic cou-
pling and low dielectric constants,?***-3%] meaning additional
energy is needed to dissociate photogenerated excitons for free
charge carriers. The second process is the transport and transfer
of free charge carriers to the semiconductor surface.’! Band
bending of the space charge region (SCR) with a width of W at
the semiconductor/electrolyte interface is the driving force for
the separation of photogenerated electrons and holes.*®l Only
the charge carriers generated within the carrier collection dis-
tance, i.e., the sum of the carrier diffusion length (L) and SCR
width (W), can reach the semiconductor surface.’”) In the third
process, the redox reactions occur at the semiconductor/electro-
lyte interface.l®! Usually, abiotic or biotic electrocatalysts (ECs) are
loaded on the surface of semiconductors, which can promote the
charge separation and transfer driven by the interface/junction
formed between semiconductors and ECs, accelerate the cata-
lytic kinetics by lowing the activation energy, and also improve
the catalytic selectivity. However, the unwanted charge recombi-
nation during these processes such as bulk recombination, SCR
recombination, surface recombination due to defects, tunneling
current, and electron-transfer current associated with majority
carriers traversing the interfacial barrier are detrimental to the
system efficiency.”! Therefore, understanding and controlling the
relevant kinetic processes is essential in the design of efficient
artificial photosynthetic systems.

1.2. Performance Evaluation Parameters of Artificial
Photosynthesis

The standard evaluation parameters of performance are needed
in artificial photosynthesis, which can provide rational com-
parisons of different systems. For PEC systems, the common
performance evaluation parameters include i) solar-to-fuel
conversion efficiency (STF; Equation (7)), ii) the applied bias
photon-to-current efficiency (ABPE; Equation (9)), and iii) inci-
dent photon-to-current efficiency (IPCE; Equation (10)).[6:3839
STF conversion efficiency is considered as the benchmark
value to compare different photoelectrodes in different elec-
trolytes, which describes the overall efficiency of a PEC device
exposed to the broadband solar air mass 1.5 global (AM 1.5G)

d) Schematic illustration of charge transfer pathways in an n-type semiconductor-based PEC model device under solar irradiation at zero bias. CB,
conduction band; Er, Fermi energy level; VB, valence band; exr, exciton recombination; exd, exciton dissociation; br, bulk recombination; sr, surface
recombination; et, electron transfer; EC, electrocatalyst; SCR, space charge region; hole collection distance = hole diffusion length (L) + SCR width
(W); the light penetration depth o (the reciprocal of light absorption coefficient) refers to the distance after which the light intensity is reduced to

1/e of the original value.
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illumination under zero bias conditions. Generally, the STF
efficiency is measured in a two-electrode system with direct
short-circuiting of the working electrode (WE) and the counter
electrode (CE). Apart from the direct measurement of the
product yield by gas chromatography to calculate the chemical
energy produced, there is an alternative and simpler method to
calculate Ngrp

Jee (mA cm‘z) X AE® (V)X 1
Pige (MW cm™)

x 100% 7)

Nste =

where | is current density at short circuit; AE® is the thermo-
dynamics energy stored in the PEC reactor (e.g., AE® of water
splitting is 1.23 V); Pygy is 100 mW cm™ (AM 1.5G) and 7 is
the Faradaic efficiency, which can be calculated by Equation (8)

n (mol) x y o
Q (Coulomb) x100% (8)
F (Coulomb mol ™)

e = 2P 100% =

einpul

where n is the moles of product; y is the number of electrons
needed for the reaction; Q is the calculated electric charge and
F is the Faraday constant (96 485 C mol™).

However, due to insufficient photovoltage, an external bias
between the WE and CE is generally required to ensure the
PEC reactions. Therefore, ABPE and IPCE are used more fre-
quently for the evaluation of the solar conversion efficiency in
actual PEC devices

Jew (MA cm™) X (AE® (V) = Vi, (V) X7

ABPE=
P].ight (mW cm_z) (9)

where Jpy, is the photocurrent density at V,,p; Vipp is the applied
voltage between the WE and CE; AE is the thermodynamics
energy stored in the PEC reactor; Py, is the power density of
the incident light; 7 is the Faradaic efficiency

1PCE=XC s Jm
e PuonoxA

_1239.8(Vxnm)X Jm (mA cm‘z)

x100%
Prono (m\X/ cm‘z) x A (nm) °

(10)

where h is Planck’s constant; ¢ is the speed of light; e is the
charge of electrons; Jp, is the photocurrent density; 4 is the
wavelength of monochromatic light and P, is the power
density of the monochromatic light at A.

In addition, selectivity and stability are also important,
especially the selectivity of CO,RR to the target product
(Equation (11))B%

Amount of electrons required for the target product
Total amount of electrons consumed for CO, reduction

(1)

Product selectivity =

1.3. Advantages of Nanoarray Structures in Artificial
Photosynthesis

So far, materials with a wide variety of morphologies have
been fabricated for solar energy conversion to optimize their
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performance. As a common and easily synthesized type, thin-
film structures are considered suitable for enhanced charge
transport and reduced material cost as compared to their bulk
counterparts, and have been therefore, used in artificial photo-
synthesis.’* However, their reduced thickness may go far
lower than the light penetration depth o}, leading to decreased
light absorption as well as relatively low solar energy conversion
efficiencies. Therefore, a much sought-after aim is to increase
light absorption without compromising on charge transport
so as to maximize the solar energy conversion efficiencies.
Using nanostructures is an alternative strategy to achieve high
performance since they can overcome the drawbacks of thin
films mentioned above owing to their unique nanosize mor-
phologies.P36442 So far, many reports have demonstrated the
outstanding solar energy conversion performance of semi-
conductors with nanostructures compared to those without
nanostructures.[26:43-4]

In particular, nanoarray structures, which are large-scale
alignment of oriented nanostructure units on the substrate
or an arrangement of elements of closely related and sys-
tematically varied nanostructures,*#8l hold great potential in
artificial photosynthesis in view of the following key features:
1) array structures can harvest extra light by various strategies
such as multiple light scattering and antireflection among the
nanostructure units, thereby achieving enhanced light absorp-
tion; #4901 2) nanostructures can shorten the carrier collection
distance and increase the proportion of SCR to the bulk for
promoting charge separation;*-3¢>1-53] 3) nanoarray structures
have a higher specific surface area than planar film structures,
supplying more chemisorption sites and active sites for cata-
lytic reactions, providing more sites for loading the abiotic or
biotic ECs, offering easier access to electrolytes and reactants,
and thus accelerating the catalytic kinetics and improving
the catalytic selectivity.¥’>*°%1 Additionally, the nanoarray can
withstand more strain than the planar film structure, espe-
cially when being in contact with a lattice-mismatched sub-
strate.l’”) In view of these advantages, nanoarray structures
are deemed ideal to improve the efficiencies of the afore-
mentioned important processes in artificial photosynthesis.
The common synthesis methods of nanoarray structures are
vapor-liquid—solid growth, solid-liquid—solid growth, hydro/
solvothermal growth, chemical bath deposition growth, tem-
plate-based growth, and electrochemical growth.’¥#] Not
surprisingly, many examples, such as 1D nanowire,!>85
nanorod®%2l and nanotube arrays (NTAs),[®*%] 2D nano-
flakes(®®-%8] and nanosheet arrays,[®®7Y and 3D inverse opals
(10s),7274 solid and hollow nanospheres (NSs),/>7¢ as well
as branched nanoarray structures,”-8% have demonstrated the
effectiveness of nanoarray structures in solar energy conver-
sion and storage for fuels and chemicals. For one special type
of materials/structures of nanoarrays or some specific process
involved in artificial photosynthesis, please refer to the recent
review papers such as heterogeneous nanostructure array for
electrochemical energy conversion,*] light management with
patterned nanostructure arrays for photocatalysis,*! hier-
archical architectures to trap light for efficient PEC cells,®!
nanoarrays with rapid charge transport for PEC applica-
tions, 82l branched titania nanostructures for efficient energy
conversion,®! FeO-based nanostructures and nanohybrids
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for PEC water splitting,®Y and metal oxide nanoarray-based
photoanodes for PEC water splitting.3®!

Although there have been a few review articles discussing
the nanoarrays applied for artificial photosynthesis, most
of them are not comprehensive enough to summarize the
material types or functions. To fulfill this gap, in this review,
the recent research progress in the development of various
nanoarray structures in both abiotic and abiotic-biotic hybrid
artificial photosynthetic systems is reviewed in detail, high-
lighting their contributions to light absorption, charge trans-
port and transfer, and catalytic reactions (including kinetics
and selectivity), which are key factors involved in solar
energy conversion. First, a number of nanoarray structures
with increased intensity and/or extended spectral range for
light absorption enhancement are discussed. Second, both
single- and dual-bandgap nanoarray structures are presented
to show different charge transport and transfer pathways and
mechanisms to promote charge separation and reduce charge
recombination. Third, nanoarray structures for improving cat-
alytic kinetics as well as selectivity are also reviewed in both
abiotic and enzyme-involved abiotic—biotic hybrid systems for
artificial photosynthesis. Finally, conclusions and outlooks
about nanoarray structures in artificial photosynthesis are
outlined.

Anti
reflection

Light absorptibn
strategies

www.small-journal.com

2. Light Absorption

Light absorption is the first key process in solar energy conver-
sion, wherein the incident photons convert into electron-hole
pairs for the redox reactions.®>#° Till date, several attempts
have been made to enhance light absorption in various
nanoarray structures, and among them the one with the most
optimum results are summarized in Figure 2. The introduction
of multiple light scattering,®%% antireflection,’'*4 slow light
effect,”>%l surface plasmon resonance (SPR),” bandgap
narrowing,®1% and photosensitization,*1%%] can increase the
light absorption intensity as well as extend the spectral range
of the nanoarray structures. Furthermore, the hybrid structures
combining more than one light management strategies have
successfully achieved synergetic effects in light absorption. The
specific strategies will be detailed in the subsections below,
respectively.

2.1. Multiple Light Scattering
When the size of the units in the nanoarray is larger than

the wavelength of incident light, light scattering effect, which
comes from the interactions between the periodically aligned

Figure 2. Schematic diagram of common strategies for light absorption enhancement based on nanoarray structures in artificial photosynthesis.
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Figure 3. a) Schematic showing the light scattering mechanism of the conversion efficiency enhancement within the Bi,WOg nanovoid array photo-
anode compared to the conventional Bi,WOyg thin film. Reproduced with permission.[8 Copyright 2013, Wiley-VCH GmbH. b) Schematic presentation
of SWS. Reproduced with permission. Copyright 2010, Elsevier B.V. c) Gradient refraction optical path in the tapered SiNH array photocathode.
d) SEM image of WOj inverse opals (10s). Reproduced with permission.®l Copyright 2011, American Chemical Society. ) Scheme for the growth of the
hematite nanorod array on the Au nanohole array. f) UV-visible absorption spectra for 150 nm long hematite nanorods on the bare FTO (black line) and
on the Au nanohole array pattern (red line), as well as an individual Au nanohole array (green line). g) The waveguiding efficiency and local plasmonic
field enhancement are illustrated to precisely reveal the trend in IPCE. Reproduced with permission.%l Copyright 2013, Springer Nature. h) UV-vis-
ible-NIR diffuse reflectance spectra of pristine and reduced TiO, NTAs. Reproduced with permission.l'%®l Copyright 2013, Royal Society of Chemistry.
i) The schematic diagram of the sensitization mechanism of the CQDs deposited on the surface TiO, NTs. Reproduced with permission.'”] Copyright
2013, Royal Society of Chemistry. j) Schematic illustration of the design rationales for resonant light trapping and light retrapping in the antenna/
spacer/reflector-based Au-surface/BiVO,/WOs;/Au-bottom nanopatterned photoanode. Reproduced with permission.%®l Copyright 2018, Elsevier B.V.

nanoarray and the exposed light, can result in an increased
optical path length; thereafter, it enhances light absorption by
trapping the light inside the nanoarray.l*1%]

The nanoarray structures with the light scattering effect
in solar energy conversion can be roughly divided into two
categories:*)! one is the conductive nanoarray substrates such
as fluorine-doped tin oxide (FTO), aluminum-doped zinc
oxide (AZO), and metal Til""*112] coated with light absorbing
materials, and the other is the semiconductor nanostructures
such as nanovoid arrays, nanowire arrays, nanotube arrays,
urchin-like structure arrays, and nanorod@nanobowl! struc-
ture arrays.B&13-116] For the former, one example is the pat-
terned FTO (p-FTO) coated with o-Fe,O3, fabricated via a
reactive ion etching method.M% Owing to the light scattering
effect of the 3D p-FTO nanoarray, which interacts well with
the exposing light, o~Fe,0;/p-FTO demonstrates increased
light absorption as well as photocurrent (1.88 mA cm™ at
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1.5 Vgyg), compared to o-Fe,Os/bare FTO (photocurrent:
1.1mA cm™2 at 1.5 Vgyyg) for PEC water splitting. For the latter,
a self-assembled Bi,WO, nanovoid array photoanode shows
the increased intensity of absorbed light owing to multiple
light scattering and thus elongated optical path among the
nanovoid units (Figure 3a), compared to the corresponding
planar sample.®¥ As a result, the photocurrent density of the
Bi,WOg nanovoid array is 2—4 times higher than the planar
one over the entire potential range from —0.3 to 0.4 V versus
Ag/AgCl. Therefore, it can be concluded that the nanoarray
structures with the effect of multiple light scattering are able
to increase the light absorption. However, the multiple light
scattering effect can only achieve limited increase in light
absorption intensity by elongation of the optical path length.
Therefore, new ways such as extension of the spectral range,
are also needed to further promote the light absorption ability
of the nanoarrays.

© 2021 Wiley-VCH GmbH
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2.2. Antireflection

Light absorption can also be enhanced by reducing light loss
occurring from reflection off the front surface of artificial pho-
tosynthetic systems.”"7-1l Some particular nanoarray struc-
tures, i.e., nanorod, nanocone, and nanopillar arrays, have
displayed high light absorption capacities owing to effective
antireflection of light.*’)

A subwavelength structure (SWS; Figure 3b,c), which is a sur-
face-relief grating with a period smaller than the incident light
wavelength, behaves as an antireflective surface.'*#120] As shown
in SWS (Figure 3c), the interface area between air and the sub-
strate can be divided into a large number of layers; each layer
has an effective index, which can be deduced with the weighted
average of the refractive indexes of air and the substrate,
according to their respective area ratio. As a result, the effective
refractive index gradually changes from the low number (air on
the top) to the high number (substrate at the bottom). In this way,
the strong reflection caused by the sudden change of refractive
index, which is called “Fresnel reflection,” can be avoided, and
the antireflection effect in such SWS can be achieved.[10121-123]

Various antireflective nanoarray structures have been par-
ticularly designed to increase light absorption."”124125 Sych
antireflective structures are broadband, quasi-omnidirectional,
and intrinsically more stable than multilayer antireflection
coatings since no foreign materials are involved, resulting in
higher light absorption as well as better stability for artificial
photosynthesis.’2104126] For example, a tapered Si nanohole
(SiNH) array photocathode with a gradient refractive index has
been developed via a metal-assisted electroless etching method
for PEC water splitting.®”! This tapered SiNH array can simu-
late multiple dielectric layers to match the optical impedance,
as the effective refractive index of each layer changes gradually
along the direction of the SiNH depth (Figure 3c), resulting in a
superior broadband antireflection. Furthermore, the antireflec-
tion properties of this structure are mainly determined by the
total etching depth of the tapered SiNHs. Although the specular
reflection originated from the smooth surface decreases signifi-
cantly with increasing hole depth, the diffuse reflection from
the rough surface increases. For this reason, the etching depth
of SiNHs is optimized to =400 nm to minimize both types of
reflection for increased light absorption compared to the planar
counterpart. Due to the addition of tapered SiNHs, the photo-
current density is improved by =30% (=33 mA cm™2) compared
to a planar counterpart (=25 mA cm™2), while the overpotential
required for H, evolution was reduced.

Although some progress has been made, the development
of antireflective nanoarrays used for artificial photosynthesis is
limited by traditional synthesis methods and mechanisms. To
further increase light absorption, rationally designed antireflec-
tive nanoarrays based on advanced synthesis methods (e.g., 3D
printing) and new mechanisms (e.g., plasmonic antireflective
surfaces) can be considered.

2.3. Slow Light Effect

Before introducing the slow light effect exhibited by nanoarray
structures of photonic crystal on increase of light absorption,
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some important definitions are given. Photonic crystals are
periodic ordered nanostructures composed of two constitu-
ents, one with a lower refractive index (RI) and the other with a
higher RIL;'%-12% it can forbid the propagation of light in a cer-
tain crystal direction within a certain spectrum regime, called a
photonic stop-band.”®! Furthermore, the periodic RI structure
affects the group velocity (vg) of light in a manner as described
by Equation (12)130-131

dn (12)

where, ¢, @, n, and K represent the speed of light, light fre-
quency, refractive index, and wave vector, respectively. If the
RI changes dramatically at the interface between the high and
low RI dielectrics (dn/dw > 1), the group velocity of light will
tend to be zero, and this light is referred as slow light. Slow
light in photonic crystals undergoes strong coherent multiple
scattering and travels with a very low velocity near the photonic
stop-band edges,”>13132 which enables storage of light in the
photonic crystal. The basic idea is that if light could reside in
the material for a longer period of time, the interaction between
matter and light would be enhanced, resulting in increased
light absorption.[17:133]

The photoelectrodes with 3D photonic crystal structures,
mainly semiconductor [0s, have been applied for both water
splitting¥*13¢ and CO,RR.7*'¥] Taking the WO; photoanode
with an IO structure (Figure 3d) prepared by the forced impreg-
nation approach for PEC water splitting as an example, the
light absorption as well as photocurrent density (a maximum
of 100% increase) can be remarkably enhanced when the edge
of the photonic stop-band of WO; IOs overlaps with the absorp-
tion edge of WO;, compared to that with a disordered porous
structure, owing to the slow light effect in 10s.!

2.4. Surface Plasmon Resonance

SPR, which is the incident photon-induced resonant oscilla-
tion of conduction electrons in the metal,?*13-4 exists mainly
in two distinct forms: i) localized SPR (LSPR) with nonpropa-
gating, collective oscillation of the surface electrons in metal
nanostructures and ii) surface plasmon polariton (SPP) propa-
gating at the metal/dielectric interface.?1%] SPR effect is often
induced in semiconductors to enhance light absorption.[*>~143]
Noble metals (e.g., Au and Ag), non-noble metals (e.g., Al
and Cu), as well as transparent conductive metal oxides (e.g.,
In-doped SnO,, ITO) have been reported for realizing of SPR
effect.195146-150] For plasmonic nanostructure arrays, there are
at least three ways for light absorption enhancement.*”! First,
the metallic nanoparticles decorated on the arrays can act as
subwavelength scattering elements to couple and trap inci-
dent light by confining the incident light into the nanoarray
structure. Second, the metallic nanoparticles decorated on the
array structures can also be used as subwavelength antennas,
in which the plasmonic near-field is coupled to the semicon-
ductor, resulting in the increase of absorption cross-section.
Third, a corrugated metallic film on the back surface of a light
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active nanoarray can couple light into SPP modes supported at
the metal/nanoarray interface as well as guided modes in the
nanoarray, whereupon the light is converted to photocarriers.

Since the plasmonic structures have many advantages for
enhanced light absorption, they have been widely used in arti-
ficial photosynthesis.>'"> For instance, an array of hematite
nanorods within a plasmonic Au nanohole (Figure 3e), fabri-
cated by nanosphere lithography and hydrothermal method,
significantly improves the light absorption by putting together
the synergistic effects of LSPR and SPP.['"! In the long-wave-
length region, the LSPR mode increases the absorption across
the entire spectral range of hematite owing to LSPR absorption
of the Au nanohole array (the peak is centered at 650 nm), as
revealed from UV-visible absorption spectra in Figure 3f. In
the short-wavelength region, the extraordinary transmission
of the SPP modes concentrates the incident light at the ener-
gies above the band edge of hematite. The nanorods are similar
to miniature optical fibers, which trap the incident light and
enhance the light absorption of hematite. By combining the
LSPR and SPP effects, enhanced light absorption over a broad
spectral range is achieved for the hematite nanorod—Au nano-
hole array, resulting in increased IPCE value (Figure 3g) and an
approximately tenfold increase in the photocurrent at a bias of
0.23 V versus Ag/AgCl under simulated sun irradiation. So far,
the pioneered reports on surface plasmon resonance have been
mostly based on noble metals. It is significant to develop the
non-noble metal-based nanoarrays with strong surface plasmon
resonance, low cost and excellent stability. Furthermore, the
development of theoretical calculation is needed in the future
to delicately design/optimize the size, shape, spacing, and
orientation of desired plasmonic nanoarray structures before
experiment.

2.5. Bandgap Narrowing

Many wide bandgap semiconductors such as TiO, and ZnO
(both with bandgaps >3.0 eV) are potentially interesting for
artificial photosynthesis as these are highly stable and low cost
materials. However, their extremely limited response toward the
visible light results in poor light absorption as well as low effi-
ciency.’®197153 In order to improve the solar energy conversion
efficiency of these wide bandgap semiconductors, bandgap nar-
rowing has been reported, where light absorption is increased
by broadening the absorption spectrum.[6-158]

Various methods for narrowing bandgap of semiconduc-
tors to increase light absorption include doping with donors/
acceptors, introducing vacancies or defects and developing
various solid solutions.?>1%81%  Doping donors/acceptors
as well as introducing vacancies or defects is carried out to
create localized states in the bandgap to promote light absorp-
tion.[106161162] For example, Yang et.al. prepared nitrogen-doped
ZnO nanowire arrays combining a hydrothermal method and
annealing for PEC water splitting.”” The introduction of N
in the crystal lattice of ZnO results in an intermediate energy
level in the bandgap and narrows the bandgap from 3.3 eV
(pristine ZnO) to the visible region (N-doping ZnO), thus
improving the light collection in the visible region. In addition,
Kang et al. prepared reduced TiO, NTAs with oxygen vacancies
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used as a photoanode for PEC water splitting.'%°l As shown in
the UV-visible-near infrared (NIR) diffuse reflectance spectra
(Figure 3h), the pristine TiO, NTAs are only active under UV
irradiation while the photoresponse of reduced TiO, NTAs is
effectively extended into the visible and NIR regions owing to
the existence of oxygen vacancy. As a result, the bandgap of
reduced TiO, NTAs is narrowed from 3.09 eV (pristine TiO,
NTAs) to 2.46 eV, enhancing light absorption as well as the
photocurrent (from 0.193 to 0.732 mA cm™ at 1.23 Vgyg).

Although doping is effective in bandgap narrowing, the use
of a single dopant can cause charged defects due to charge
compensation, which act as recombination centers and shorten
carrier lifetime, thereby limiting the catalytic efficiency of the
material.'®3l Another method, which applies passive donor-—
acceptor codoping to form a solid solution, can not only reduce
the bandgap but also avoid charge recombination owing to the
relatively lower donor—acceptor charge compensation,l1®3 and
it has been applied for nanoarray structures to improve light
absorption for solar energy conversion.[100164-166] Abbas et al.
developed a facile chemical vapor deposition method for pre-
paring a photoanode constituted by 3D branched nanowire (3D
B-NW) arrays of ZnO-GaN:ZnO for PEC water splitting.['%
This ZnO-GaN:ZnO 3D B-NW photoanode offers two absorp-
tion edges: the first edge at about 409.2 nm (3.03 eV) corre-
sponds to the doping of N atoms into crystal lattice of ZnO
causing a red shift in its absorption edge, while the second at
500 nm (2.48 eV) is attributed to the bandgap absorption of
GaN:ZnO solid solution. As a result, the bandgap of this solid
solution nanoarray is narrowed and thus the light absorption is
enhanced.

2.6. Photosensitizer Decoration

Decorating photosensitizers on nanoarray structures is another
approach!'%”] to enhance light absorption in an extended spec-
trum range for solar energy conversion.93158 Various types
of photosensitizers such as quantum dots (QDs) and metal-
organic frameworks (MOFs) have been used in this field.

For QDs, carbon quantum dots (CQDs), including gra-
phene quantum dots (GQDs), are very promising because
they are environmentally friendly, nontoxic, earth-abundant
and have broadband optical absorption and chemical stability,
as well as being amenable to facile large-scale production at
low cost.10217167-17] Zhang et al. reported the preparation of
a CQDs/TiO, nanotube array photoanode, which combines
electrochemical etching and anodization methods, for PEC
hydrogen generation.'”) In this configuration (Figure 3i),
CQDs display strong absorption of sunlight in a broad spectral
range from the ultraviolet to the NIR region. Diffused reflec-
tance UV-visible spectra shows that the reflectance of CQDs/
TiO, NTs anode is lower than the unsensitized anode in the 410
and 900 nm wavelength range, resulting in higher light absorp-
tion. Furthermore, compared to pristine TiO, NTs, only the
CQD-sensitized TiO, NTs photoanode exhibits a positive IPCE
value in the visible region.'"l Therefore, decorating with CQDs
can extend the light response range of TiO, NTs from UV to the
visible as well as NIR regions, and thus achieve an over sixfold
increase in photoconversion efficiency. Similarly, GQDs can
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also be utilized as a photosensitizer on the ZnO nanorod arrays
to enhance light absorption.”2l In addition, narrow-gap semi-
conductor QDs, such as CdS,[®*73] CdSe,l”¥ and CdTe,l¥ are
also used as photosensitizers on nanoarrays to enhance light
absorption.

Recently, MOFs with highly ordered skeletal structures and
large surface areas have also shown their unique properties
as photosensitizers: first, MOFs can regulate their optical and
catalytic properties on a molecular scale, which is beneficial
to both light absorption and catalytic reactions; second, the
highly porous structure of MOFs can also be used to incorpo-
rate other functional molecules (such as molecular catalysts)
to improve the photocatalytic efficiency synergistically.'*l For
example, Ti-based MOFs have proven to be promising photo-
sensitizers for PEC water splitting.[”%] After amine modification
to narrow the bandgap of MOFs, the TiO,/MOF nanowire array
presents obvious red-shift in light absorption toward visible
light compared to the pristine TiO, nanowire array. Therefore,
it is expected that a large number of MOFs with different light
absorption wavelengths can be used as promising photosensi-
tizers for solar energy conversion.

2.7. Hybrid Structures

To achieve higher performance in light absorption, there have
been several reports on hybrid nanoarray structures that com-
bine two or more of the above described strategies to show
synergetic effects.>] For example, Chen et al. fabricated an
antenna/spacer/reflector-based  Au-surface/BiVO,/WO;/Au-
bottom nanopatterned via a template-assisted method for water
splitting.l'%! In this complex nanoarray structure, two strategies
for enhancing light absorption are presented (Figure 3j). First,
a large (=245 nm) Au NSs bonded to the Au-bottom film can
scatter incident light in the backward direction as a reflector.
The integration of BiVO, into the nanopatterned Au-bottom
film not only increases the surface roughness factor, but also
achieves a dual light capture strategy, resonant light trapping
and light retrapping. Second, for the small (=20 nm) Au-surface
NSs decorated on the BiVO,, the light absorption effect is domi-
nant compared to the light scattering effect, which enables light
harvesting of both the incident and reflected light from the
Au bottom. Thus, this hybrid structure can concentrate light
energy in the spacer (BiVO, layer) and promote light trapping
and absorption of BiVO,, resulting in a photocurrent density of
1.31 mA cm? at 1.23 Vgyg, which demonstrates an impressive
3.23-fold enhancement compared to the bare BiVO,.
Nanoarrays have been demonstrated to be an efficient struc-
ture for improving light absorption in artificial photosynthesis.
Various light management strategies (e.g., multiple light scat-
tering, antireflection, slow light effect, SPR, bandgap nar-
rowing, and photosensitization) have been realized through
well-designed nanoarrays with high uniformity and tunable
patterns, which are able to increase the light absorption inten-
sity and/or extend the spectral range. However, using one of
the above strategies can only achieve limited increase in light
absorption, which is far from satisfactory to meet the prac-
tical need for artificial photosynthesis. In the long term, the
rational design of hybrid nanoarray structures that should be
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focused on owing to its synergetic effect on light absorption
enhancement.

3. Charge Transport and Transfer

Simulations have suggested, by taking TiO, as a model cata-
lyst, that the key to enhance the photocatalytic efficiency is to
increase the concentration of surface-reaching photoholes before
reaching the threshold instead of the intrinsic catalytic activity of
TiO;!”) both calculation and experimental results demonstrate
that the interfacial charge transfer rate plays a dominant role
in determining the photocatalytic activity of the CdS/reduced
graphene oxide (RGO) model heterojunction. The interfacial
electron/hole transfer rate is a product of the surface free elec-
tron/hole concentration and the effective single electron/hole
transfer probability, both of which are associated with the sur-
face potential.[’l Thus, it is reasonable to conclude that charge
transport and transfer is significant to achieving high efficiency
in artificial photosynthesis.?>® In this section, two categories,
including single- and dual-bandgap nanoarray structures, will be
summarized for promoting charge transport and transfer.

3.1. Single-Bandgap Nanoarray Structures

Taking the n-type semiconductor as a working electrode in the
PEC system (Figure 4a),”’! single-bandgap nanoarray struc-
tures exhibit the ability to decouple the light absorption length
along the long axis from the hole collection distance in the
orthogonal axis, and favor the collection of electrons to the sub-
strate through a direct pathway, thus achieving higher solar-to-
fuel conversion efficiency than the thin film counterpart. This
suggests that using a single-bandgap nanoarray structure is an
effective strategy to promote charge transport.[?7?]

For example, a vertically oriented graphite carbon nitride
(g-CN) porous nanorod (PNR) array photoanode has been
synthesized by thermal polycondensation of cyanimide pre-
cursors using anodic aluminum oxide (AAO) as a template
(Figure 4b).”! Compared to the g-CN nanoparticle film (NPF),
the confinement effect of the AAO template increases the
number of —NH— hole-accepting defect sites at the atomic
scale and the degree of melectron conjugation of the aromatic
ring at the molecular scale in the g-CN PNR, thus promoting
exciton dissociation and increasing the electron mobility in the
bulk, respectively.””] Furthermore, this PNR array (Figure 4c)
provides an increased specific surface area to facilitate mass
transfer at the solid/solution interface, a shortened pathway for
the electron transport from the material to the substrate and an
enlarged SCR relative to the bulk to facilitate charge separation
at the material surface compared to the NPF.?57l As a result,
the g-CN PNR array photoanode affords an over four times
charge separation efficiency than that of the NPF at 1.23 Vgyg
(Figure 4d), and thus shows an outstanding PEC performance
among the g-CN-based polymer photoanodes without any sacri-
ficial reagents. This work highlights the role of nanoarray struc-
tures in promoting charge separation, transport, and transfer.

To further improve the efficiency of solar energy conver-
sion, introducing appropriate amount of dopants, defects,
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Figure 4. a) Schematic band diagrams illustrating PEC process: a bare n-type semiconductor under light irradiation with external bias. Reproduced with
permission.[”’] Copyright 2015, Royal Society of Chemistry. Schematic diagrams showing b) the procedure for fabricating a g-CN PNR array photoanode
and c) the pathways of charge transport in g-CN PNR. d) Charge separation efficiencies of g-CN PNR and NPF (the dashed line shows the charge
separation efficiency at 1.23 Vgye). Reproduced with permission.’”! Copyright 2018, American Chemical Society. e) Schematic of the formation process
of ZnO nanopencil arrays. Reproduced with permission.[7®l Copyright 2014, Elsevier Ltd.

and vacancies into single-bandgap nanoarray structures can
increase the charge carrier density to improve electrical conduc-
tivity and then further promote charge transport.[1>>178180-183]
For instance, Lv et al. fabricated aligned ZnO nanopencil
arrays with oxygen vacancies by an aqueous chemical method,
in order to solve the rapid charge recombination problem of
pristine ZnO (Figure 4e).l”¥] The electrochemical impedance
measurement proves that the enhancement of carrier density
in the ZnO nanopencil arrays can be attributed to the oxygen
vacancies, which can prohibit the electron-hole recombination
by trapping the photogenerated electrons, assisting the transfer
of the holes to the ZnO/electrolyte interface for OER. The key
point is that the amount of dopants, defects, and vacancies
should be controlled properly, since excessive of them may turn
into charge recombination sites and lower the charge separa-
tion efficiency, leading to decreased solar energy conversion
efficiency.l184183]

3.2. Dual-Bandgap Nanoarray Structures

Forming dual-bandgap (heterojunction and homojunction)
nanoarray structures that combine advantages of the two con-
stituents has been recognized as another attractive method
for promoting charge transport.l¥ 18188 Tn addition to having
the advantages mentioned above for single-bandgap nanoarray
structures, dual-bandgap nanoarray structures can also promote
charge separation to minimize the energy-wasteful electron—
hole recombination owing to the built-in electric field formed
at the interfacial region of two constituents.[761891% Compared
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to the single-bandgap systems, dual-bandgap systems with an
ideal theoretical efficiency of 41% are more likely to achieve
the minimum efficiency requirement of 10% for practical solar
water splitting.[7®] Therefore, extensive efforts have been made
to develop different types of dual-bandgap systems, as shown
below.

3.2.1. Heterojunctions

Heterojunction nanoarray structures formed between two solid
materials, such as semiconductor-semiconductor (SC-SC)
and semiconductor-metal (SC-M) heterojunction nanoarrays,
are among the most widely used structures in artificial photo-
synthesis as shown in Figures 5-7.2>11

Semiconductor-Semiconductor Heterojunctions: Compared to
single-bandgap systems, SC-SC heterojunctions can suppress
charge recombination due to the built-in electric field formed
by equilibration of the individual Fermi levels. This results in
more efficient charge separation, longer charge carrier life-
times, and higher reaction rates.'®™92 As shown below, the
SC-SC heterojunction nanoarray structures are generally clas-
sified into Type II, Z-scheme, and ferroelectric polarization
three categories according to their different charge transport
pathways and mechanisms.

Type II: In a typical Type II structure, a staggered band align-
ment is formed, where the positions of CB and VB of semicon-
ductor 1 are higher than those of semiconductor 2, as shown
in Figure 5a. After contact, the photogenerated electrons from
the higher CBM of semiconductor 1 migrate to the lower CBM
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Figure 5. a) Schematic band diagram illustrating the Type Il SC-SC heterojunction. Reproduced with permission.””! Copyright 2015, Royal Society of
Chemistry. b) Energy band structure of the p-Cu,0/n-TaON nanorod array photoanode. Reproduced with permission.>l Copyright 2014, Royal Society
of Chemistry. ¢) Schematic illustration and energy band structure of the WOs;/BiVO, nanorod array photoanode. Reproduced with permission.*l
Copyright 2011, American Chemical Society. d) Schematic band diagrams illustrating a SC—conductor-SC all-solid-state Z-scheme structure. Repro-
duced with permission.["’ Copyright 2015, Royal Society of Chemistry. e) Schematic illustration of the charge separation and transfer in the Z-scheme
system of WO3/Au/In,S;. Reproduced with permission.l™ Copyright 2016, American Chemical Society. f) Schematic electronic band diagram of the

TiO,~STO interface under positive poling condition. Reproduced with permission.%! Copyright 2017, Wiley-VCH GmbH.

of semiconductor 2; while the photogenerated holes are trans-
ported from the lower VBM of semiconductor 2 to the higher
VBM of semiconductor 1. As a result, band bending occurs in
the SCR, which creates a built-in electric field and thus facili-
tates the charge separation at the interface, followed by further
charge transfer toward bulk semiconductors, driven by their
potential difference. A Type II junction consisting of n-type
and p-type semiconductors (p—n junctions) provides better
performance than two identical types (two n-types or p-types)
of semiconductors because of the larger difference in work
functions and potentials between the different types of semi-
conductors.””l And three typical Type II SC-SC heterojunction
nanoarrays will be introduced below.

One typical Type II structure is called p-n heterojunc-
tion.”0-191 When such a structure is irradiated by photons with
energy higher than or equal to the bandgaps of the semicon-
ductors, the built-in electric field can direct the flow of electrons
from the CB of the p-type material to that of the n-type mate-
rial and the holes can move from the VB of the n-type material
to that of the p-type material.**! The p-Cu,0/n-TaON nanorod
array, fabricated by hydrothermal method and a chemical bath
deposition process, is one of the typical p-—n heterojunction
nanostructures used in PEC water splitting (Figure 5b).1%3
This heterojunction nanostructure shows better performance
compared to the single TaON photoanode owing to effective
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charge separation: the potential difference between p-Cu,O0
and n-TaON causes electrons from Cu,O to collect toward the
Ta substrate, while holes from TaON migrate to the surface of
Cu,0 to take part in chemical reactions.® In addition, the
unique 1D nanorod array structure promotes electron collection
to the substrate and also provides abundant surface reaction
sites owing to its 1D conductive electron transport “highway”
and large specific surface area, respectively, thereby leading to
water oxidation with high performance.

In addition, two identical types (two n-types or p-types) can
also form Type II structures for promoting charge transport
and transfer.200201 The WO;/BiVO, nanorod array photoanode
is an example of two n-type semiconductors (Figure 5c), where
the CBM of WOj; is lower than that of BiVO,, electrons in the
CB of BiVO, can transfer to that of WOs;. Likewise, since the
VBM of WOj; is lower than that of BiVO,, holes in the VB of
WOj; transfer to that of BiVO,, thus making efficient charge
separation at the interface of the WO;/BiVO, heterojunc-
tion. Here too, the WO3/BiVO, nanorod array provides elec-
trons a direct transport path to the substrate and shortens the
distance (orthogonal to the nanorods) for holes to reach the
electrolyte for oxidation reaction. As a result, the WO;/BiVO,
photoanode that integrates heterojunction structures into
1D nanorod arrays, promotes charge-carrier separation and
transfer.**2921 And, a hybrid CuO-Cu,0 nanorod array, which
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Figure 6. Schematic illustrating the processes of charge separation and transfer driven by the a) Schottky junction or b) plasmonic hot carrier
effect between a metal and an n-type semiconductor. Reproduced with permission.[”’] Copyright 2015, Royal Society of Chemistry. c) Charge transfer
mechanism between Au nanoparticles and TiO, in visible and UV light. Reproduced with permission.?'2l Copyright 2013, Royal Society of Chemistry.
d) Schematic illustration of ITO@ o-Fe, 05 core—shell nanowire arrays working as a photoanode for PEC water splitting. Reproduced with permission. 23l

Copyright 2015, American Chemical Society.

is used as a photocathode for CO,RR, shows a Type II con-
figuration in the case of two p-type semiconductors.?% Owing
to the potential difference of the two oxides, the transfer of
photogenerated electrons from Cu,O to CuO is promoted for
reactions while holes are collected to the substrate, and thus
achieve better PEC performance compared to the single Cu,0
photoelectrode.
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Z-Scheme: Another SC-SC heterojunction system is
Z-scheme (Figure 5d), which is composed of two different sem-
iconductors combined with an electron mediator.'”/ In such a
system, an electron mediator (e.g., a conductor or interfacial
defects) exist at the contact interface of the two semiconduc-
tors, which can form an ohmic contact between the electron
mediator and the semiconductors with low contact resistance.
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Figure 7. a) Cross-sectional and b) tilted SEM images of the SiO,/ITO/Au/c-Fe,O; anode with the FC nanograting structure. c) Spectrally resolved
IPCE curves of the FC nanograting and planar structures of SiO,/ITO/Au/c-Fe;O; in the wavelength range of 300-700 nm at 1.23 Vg d) Relative
IPCE curve of the SiO,/ITO/Au/c+Fe,O3 photoanode with the FC nanograting structure, calculated by dividing its IPCE by that of the planar sample.
e) FDTD-simulated electric field |E/Ey| distribution of FC nanograting structures of SiO,/ITO/Au/c-Fe,0O5 at the wavelength of 516 nm. Reproduced

with permission.?'¥) Copyright 2019, American Chemical Society.

As shown in Figure 5d, the photogenerated electrons from
the lower CBM of semiconductor 1 can directly recombine
with the photogenerated holes from the higher VBM of semi-
conductor 2 through the ohmic contact. In addition, the elec-
trons in the higher CBM of semiconductor 2 and the holes in
the lower VBM of semiconductor 1 will be preserved for the
reduction and oxidation reactions, respectively. In particular,
the Z-scheme system can possess strong redox ability since the
remaining electrons and holes well maintain their energy levels
so that the reaction activities will not be compromised.[77:20420%]

Taking the WO;/Au/In,S; nanowire array, where the con-
ductor Au is the electron mediator, as an example for Z-scheme
(Figure Se), the photogenerated electrons from the lower CBM
of WOj; would recombine with the holes from the higher VBM
of In,S;, with the help of Au at the interface. At the same
time, the photogenerated electrons left in the CB of In,S; and
the holes remaining in the VB of WO; can be used for reduc-
tion and oxidation half reactions, respectively, constituting an
overall redox reaction.!® As a result, prolonged lifetime of
charge carriers and enhanced charge separation efficiency are
achieved in the WO;/Au/In,S; nanowire array, benefiting for
the charge transport. Similar Z-scheme nanoarray structures,
such as Fe,V,40,3/RGO/CdS nanoribbon array?%! and BiVO,/C/
Cu,0 nanowire array,?”l have also been reported for CO,RR
with enhanced charge separation efficiency.

In addition, since a large number of defects exist at the
SC-SC interface, which are the centers for charge recombina-
tion and thus can play a similar role in the conductor—semi-
conductor ohmic contact,”7-?*Yl the Z-scheme nanoarray struc-
tures of the direct contact between two semiconductors without
a conductor can also be applied for PEC water splitting as well
as CO,RR, such as the bird-nest structured ZnO/TiO, photo-
anode,?%®l the WO;/Cu,0 nanorod photoanode,?*! and the
CuFeO,/Nb-doped TiO, nanotube photocathode.?' However,
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its higher electrical resistance hinders the faster charge transfer
compared to that with a conductor, so the further optimization
is needed in this system.

Ferroelectric Polarization: Ferroelectric semiconductors, such
as BiFeO; (BFO) and SrTiO; (STO), can combine with other
semiconductors to regulate their band structures and promote
charge transport,'*>?"l by using the phenomenon of ferro-
electric polarization.’? The spontaneous electric polarization
induces considerable free charge redistribution in adjacent
semiconductors, through which, the amplitude of the SCR can
be effectively tuned (Figure 5f).®! Ferroelectric polarization
can increase the amplitude of interfacial band bending to pro-
mote charge separation and migration, and also lower charge
recombination.”] For example, the simultaneous enhancement
of charge separation and transport by making use of ferro-
electric polarization in TiO,—STO core—shell nanowire arrays,
which are fabricated by a two-step hydrothermal method, has
been reported.” The STO shell with controllable thickness
leads to considerable spontaneous polarization in the posi-
tive poling direction and effectively amplifies electrical band
bending of TiO,. As a result, the ferroelectric STO thin shell
significantly improves charge separation efficiency with min-
imal influence on the hole-migration property of the TiO,
photoelectrodes, leading to a dramatic increase in photocurrent
density. However, the ferroelectric material with strong ferroe-
lectric polarization used at present are all wide bandgap (>3 eV)
semiconductors with low charge mobility. It is thus desired to
develop new semiconducting ferroelectric materials with higher
electron mobility, which can allow enhanced charge separation
at the interface and fast transportation through the ferroelectric
material simultaneously for the further improved ferroelectric-
polarization-related PEC performance.

Semiconductor—Metal Heterojunctions: Besides SC—SC hetero-
junctions, the semiconductor-metal (SC-M) heterojunction is
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a commonly used configuration to promote charge transport.
Taking an n-type semiconductor as an example, in terms of
interfacial charge transfer, there are mainly two mechanisms
involved in SC-M heterojunctions: the Schottky junction
(Figure 6a) and the plasmonic hot carrier effect (Figure 6b).
In addition, materials with high conductivity can be used as
conductive scaffolds for promoting current collection and
transport.[*’]

Schottky Junction: A Schottky junction is a heterostructure
produced by the direct contact of a metal with a semiconductor.
Both metal and semiconductor have a work function (W), which
corresponds to the minimum energy required to remove elec-
trons from the Fermi level (Ef) to the vacuum level (V,). Using
an n-type semiconductor as an example, we assume that the
Fermi level of the metal (Eg,) is lower than that of the semicon-
ductor (Eg) before their contact (i.e., W, > W,). After they inti-
mately contact with each other (Figure 6a), in order to establish
an equilibrium state between Eg and Ep,, electrons of the semi-
conductor diffuse to the metal at a lower energy level (causing
accumulation of negative charges), and holes stay in the VB of
the semiconductor (causing accumulation of positive charges).
As a result of the diffusion process, free electrons in the semi-
conductor near the SC-M interface are depleted compared to
those in the bulk, and a SCR is formed at the surface of the
semiconductor. This causes the upward band bending from the
semiconductor to the metal, forming a Schottky barrier.”””) In a
word, following excitation of the semiconductor, the metal effec-
tively acts as an electron trap to receive photoelectrons from the
semiconductor, thus improving charge carrier separation and
reducing recombination in SC-M heterojunctions.?>!%!

Some SC-M nanoarray structures have applied the above
mechanism in solar energy conversion. For example, TiO,
branched nanorod arrays (TiO, BNRs) with Au nanoparticles
(Figure 6c, left part) fabricated by Su et al. prove that Schottky
junction can promote charge separation at the TiO,/Au inter-
face.!!2 Under UV light illumination, TiO, is photoexcited
to generate electrons and holes, and the photogenerated elec-
trons presented in the CB of TiO, are transferred to the sur-
face of Au nanoparticles. Due to the different work functions
of Au and TiO,, a Schottky barrier is created as a trap for elec-
trons, reducing the recombination of electron-hole pairs and
thus keeping holes in the VB of TiO, for oxidation reaction
(Figure 6¢, blue lines in the right part). Other cases such as
Au-Cu/graphene/Cu,0 nanowire arraysl?' and Pd/TiO, nano-
wire arrays, 2! also show the advantage of Schottky junction in
charge separation at the SC-M interface.

Plasmonic Hot Carrier Effect: In addition to the light absorbing
function mentioned in Section 2.4, plasmonic effect can also be
exploited for promoted charge transfer by hot carrier injection
(Figure 6b).l”7) In the case of an n-type semiconductor com-
bined with a plasmonic metal, under light irradiation, conduc-
tion electrons in the plasmonic metal are excited to become
highly energetic electrons (known as “hot electrons”). When
the energy of the hot electrons is higher than the flat-band CB
potential (CB level before the band bending) of the neighboring
semiconductor, they can escape from the plasmonic metal and
transfer directly into the CB of the semiconductor.

The Au/TiO, BNRs mentioned in 3.2.1.2.1, also show plas-
monic hot carriers effect owing to the presence of plasmonic
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Aul2 In the visible region, hot electrons generated from the
SPR excitation of Au nanoparticles are injected to the CB of
the TiO, BNRs (Figure 6c, red lines in the right part). After
going through the 1D nanorod structure, these electrons are
collected to the FTO substrate, and finally transferred to the Pt
counter electrode for HER. Similar structures such as Au/TiO,
nanotube arrays,”’ Au/ZnO nanowire arrays,’®! ZnO/Au/CdS
105,15 and Ag-Ag,S/TiO, nanotube arraysi?!®! also promote
charge transport and transfer owing to the plasmonic hot car-
riers effect. Current research shows that utilizing the hot car-
rier injection mechanism to promote charge transfer can only
result in very limited improvement in the photosynthesis effi-
ciency. Hence, more effort is needed to combine plasmonic hot
carrier effect with other charge transfer improvement effects to
maximize the photosynthesis efficiency of the SC-M nanoarray
structure.

Conductive Scaffold: A special type of SC-M nanoarray struc-
ture is obtained by using specific materials with metallic-like
high conductivity to replace metals, including TiSi,, graphene,
FTO, ITO, and AZO, as conductive scaffolds for improvement
of charge transport.#21327.218 Taking o+-Fe,0; as a model
metal oxide system, short diffusion length and low electronic
conductivity in charge transport are the two main drawbacks
in this system. To tackle these problems, highly conductive
ITO nanowire arrays with outstanding electronic conductivity
(=500 S cm™) are combined with the oFe,0; to form
the ITO@o-Fe,03 core—shell nanowire array photoanode
(Figure 6d).2"% In such a structure, the “core” ITO nanowire
array with high conductivity not only links with o-Fe,0O; via a
chemical bath deposition method without any obvious impurity
or amorphous layer, which benefit the transfer of electrons from
o-Fe,05 to ITO, but also provides a direct pathway for electron
collection to the substrate. Thus, ITO is demonstrated to be
a suitable scaffold that enables efficient charge transport and
transfer in the photoanode and improves its PEC performance.

Light-Induced Electric Field: SPR can also induce electric
field in semiconductors to promote charge transport besides
the hot carrier effect mentioned in 3.2.1.2.2. For instance, the
well-defined periodic frustum of a cone (FC) nanograting of
the SiO,/ITO/Au/o-Fe,0; photoanode has been fabricated suc-
cessfully (Figure 7a,b), where the SPP-induced electric field
in hematite plays a dominant role in efficiency enhancement
by facilitating charge separation, thus dramatically increasing
the IPCE by more than 2 orders of magnitude at the near
bandgap of hematite (Figure 7c,d).”? In this architecture,
the SPP-induced electric field (Figure 7e) can be evanescent
into dielectric materials up to approximately half the involved
wavelength,2201 which is larger than the charge collection dis-
tance (L+W) in o-Fe,03, leading to more effective separation
of photogenerated charge carriers. Furthermore, compared to
other built-in electric field produced at the interface of hetero-
junctions, the SPP-induced electric field can be created in the
single material to facilitate the charge separation, bypassing
the common problems of interfacial charge recombination
due to great disparity in composition and lattice constant, or
band misalignment between different SC materials. In addi-
tion to the SPP effect at the near bandgap of o-Fe,O;, this
nanoarray photoelectrode with a nonplanar Au back contact
has photonic light scattering,??!! which can induce an electric

© 2021 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

sl

www.advancedsciencenews.com

field in the middle of the o~Fe,O; layer in a much broader
spectral region.???l This electric field is also closely related
to the OER activity. In a word, this example shows a precise
control of the electric field distribution by facile modulation of
the nanoarray structures to promote charge transport in solar
energy conversion.

3.2.2. Homojunctions

Although forming heterojunctions has been proved to be an
effective strategy to induce built-in electric fields, most of them
have some disadvantages, such as the abrupt composition
change, which might cause charge recombination and poor
stability at the interface.?2*2% To overcome these problems,
researchers have proposed homojunctions with homogeneous
elemental composition. A vertically aligned nanosheet-array-like
BiOI homojunction consisting of BiOI nanosheets and micro-
plates (MPs), has been prepared for photocatalytic HER.[2%¢]
Since nanosheet and MP have different sizes, an effective
BiOI@BiOI homojunction with Type II staggered band energy
levels can be formed, where a built-in electric field is induced
at the interface that reduces the barrier for charge transfer and
suppresses the recombination of photogenerated electrons and
holes, thereby promoting photocatalytic activity.

However, the above-mentioned homojunction provides inter-
facial electric fields that are only active around the interface and
cannot benefit the separation of electrons and holes generated
in the bulk region. Regarding to this issue, the zinc-blend (ZB)-
wurtzite (WZ) homojunction superlattice structure (Figure 8a,b)
was prepared by a solvothermal method, to improve the charge
separation in the entire semiconductor crystals.?”’] In this
architecture, ZB and WZ have same composition, great lattice
match at their homointerface along the [111-0001] orientation,
and the staggered type II band alignment between ZB and WZ
allotropes, which facilitate the interfacial charge transfer. More
importantly, the WZ structure shows spontaneous polarization
along the [0001] orientation, whereas the ZB structure is polar-
ization-free due to the highly symmetric atom arrangement.
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As a result, a saw-tooth-like potential profile forms along the
[111-0001] orientation in the ZB-WZ superlattice (Figure 8c),
thus driving the photogenerated electrons and holes to separate
and accumulate alternatively at the ZB-WZ interfaces.??8! The
theoretical simulation proves the existence of the saw-tooth-
like potential profile and demonstrates that the intensities and
distribution of the built-in electric fields in adjacent ZB and
WZ segments can be tuned by changing the specific configu-
ration of the ZB-WZ superlattice (Figure 8d).??) Compared
to the limited built-in electric field distribution formed in the
conventional junction structure, the saw-tooth-like electric field
formed in the ZB-WZ superlattice structure is more widely
distributed throughout the entire bulk region in many II-1V,
ITI-V, and IV group semiconductors, having a great potential in
high-efficiency charge separation and utilization.

It is worth noting that great progress has been achieved
in the study of nanoarrays for charge transport and transfer.
n-Type (or p-type) nanoarrays themselves can decouple the
light absorption length along the long axis from the hole (or
electron) collection distance in the orthogonal axis, and favor
the collection of electrons (or holes) to the substrate through
a direct pathway. Furthermore, doping and forming dual-
bandgap (heterojunction and homojunction) can further pro-
mote charge transport and transfer by improved electrical con-
ductivity and built-in electric field, respectively. Nevertheless,
limitations (e.g., electric resistance and instability) related to
the interfacial connection between two constituents still need
to be emphasized for dual-bandgap nanoarrays, since they are
not conductive to promoting charge transport. Material selec-
tion and fabrication method should be further optimized in the
future study to obtain more stable and lower-resistance dual-
bandgap nanoarrays.

4. Catalytic Reaction

Redox reactions in artificial photocatalysis occur at the catalyst/
electrolyte interface. The two factors, kinetics and selectivity,
influence the reaction efficiency and the yield of the specific
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Figure 8. a) Atomic model and b) high-resolution transmission electron microscopy (HRTEM) image of ZB-WZ superlattice structure. Purple and
blue balls in (a) represent cations and anions, respectively. ¢) Spontaneous polarization-induced saw-tooth-like potential profile along the [111-0001]
direction. d) DFT calculation of electrostatic potential profiles of the ZB-WZ superlattice. The potential distribution in the ZB-WZ superlattice can be
tuned by changing its specific configuration. Reproduced with permission.[??7l Copyright 2017, Elsevier Ltd.
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fuels. In this section, various nanoarrays are introduced to reg-
ulate these two factors, respectively.

4.1. Kinetics

Semiconductor photoabsorbers (PAs) wusually show slow
kinetics in artificial photosynthesis. Modification of ECs on the
PA surfacel??-231 plays an important role in reducing the over-
potential and accelerating the reaction kinetics.[2*2234 However,
parasitic light absorption occurs since ECs deposited on the
PA surface are usually opaque. Therefore, a trade-off between
light absorption and catalytic activity in PA/EC hybrid systems
always exists in solar energy conversion.

Spatially separating light absorption from catalytic reaction
is a promising way to alleviate their contradiction. Hence, one
feasible way is irradiation of PAs on the opposite side of the EC
coating, which allows the light absorption and redox reaction to
occur in different regions. Besides, nanoarray structure-based
ECs and PAs with large specific surface area, which are conduc-
tive to increasing the number of active sites and the loading of
ECs, leading to the acceleration of kinetic process.[*3>23¢l Both
cases of irradiation of PAs on the opposite and same sides of
the EC coating with featured nanoarray structures will be elabo-
rated in the following section.

4.1.1. Irradiation of Photoabsorbers on the Opposite Side
of Electrocatalyst Coating

One way to balance light absorption and catalytic activity is
irradiation of PAs on the different side of EC coating (back-
irradiation). This Dback-irradiation configuration allows the
deposited ECs with large surface area and thick enough, pro-
viding a great number of active sites without compromising
light absorption by PAs. Taking a back-irradiated Si-based
photoanode, which integrates the polycrystalline n*p-Si and
NiFe-layer double hydroxide (LDH) nanosheet array (Figure 9a)
with a partially activated Ni (Ni/NiO,) as a bridging layer, as an
example (Figure 9b),?33 the NiFe-LDH nanosheet array struc-
ture can be sufficiently thick for abundant active sites to reduce
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the OER overpotential. This system exhibits an onset potential
of 0.78 Vyyp and a photocurrent density of =37 mA cm™ at
1.23 Vyyg for OER (Figure 9c), which is the benchmark activity
reported so far for crystalline Si-based photoanodes.?*”! This
back-irradiation provides an alternative system configuration to
achieve high PEC activity by coupling a large number of effi-
cient OER or HER ECs with PAs.

4.1.2. Irradiation of Photoabsorbers through Electrocatalyst Coating

For irradiation of PAs through the EC coating, two strategies
have been devised to address the trade-off between light absorp-
tion and catalytic activity, including patterning EC arrays on the
PA plane and loading ECs on the surface of PA arrays. The fol-
lowing section shall put light on these strategies in detail.
Planar Photoabsorbers with Electrocatalyst Arrays: For a PA/EC
system with a planar PA, constructing patterned ECs on the PA
surface is a promising way to decouple light absorption from
catalytic activity. In such a configuration (Figure 10a), the pro-
duction of fuels or chemicals occurs on the ECs surface. Light
can only be absorbed by the uncovered region of the PA since
ECs are usually opaque and have thicknesses of over dozens of
nanometers that makes it difficult for light to pass through the
ECs to reach the PA.2382%] Consequently, the size, morphology,
and coverage of the patterned ECs on the PA surface are crucial
to balance the light absorption and catalytic activity, which is
highly affected by the exposed areas of both PAs and ECs.
Patterned ECs on the PA surface are usually fabricated by
photolithography. By using different photomasks, the coverage
of the patterned ECs on the PA surface can be tuned, which
is of significance to the device performance. Taking the pat-
terned Ti/Pt EC on a STO-modified Si photocathode as a model
system (Figure 10b),[2%®! Ji et al. concluded that tuning the sizes
of ECs to be smaller than the limiting factors such as diffusion
length and SCR width would greatly increase the applied bias
photon to current efficiency. Besides water splitting, the pat-
terned ECs have also been applied to achieve high-performance
CO,RR. Song et al. developed a Si photoelectrode system with
the mesh-type cocatalyst for oxygen reduction reaction (ORR)
(Figure 10c).23% The incident light can be absorbed by Si

10 12 14 16
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NiFe-LDH
Figure 9. a) Top-view SEM image of NiFe-LDH. b) Schematic of the cross-section and energy band alignment of the designed multicomponent n*p-Si/
SiO,/Ni/NiO,/NiFe-LDH photoanode for water oxidation. c¢) PEC performance of photoanodes. J-V behavior of Ni/NiO,/NiFe-LDH (under illumina-
tion, red solid curve; in the dark, green dashed curve), Ni/NiO, (blue solid curve), Ni (black solid curve) coated n*p-Si/SiO, anodes, and Ni/NiO,/
NiFe-LDH (red dashed curve) and Ni/NiO, (blue dashed curve) coated nonphotoactive p**-Si electrodes (here the degenerate p**-Si simply acts as
a conductive substrate). Vertical and horizontal black dashed lines are for the convenience of comparison of the water oxidation activities of all the
electrodes at the equilibrium potential for water oxidation and the potential needed to reach the current density of 10 mA cm™2. Reproduced with per-
mission.[233] Copyright 2018, American Chemical Society.
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Figure 10. a) Schematic illustration of a PA coupled with patterned ECs. b) Schematic plot of Si/STO/Ti/Pt photocathode. S, D, Wyep, and Lyig represent
spacing, diameter, SCR width, and the diffusion length of electrons, respectively. Reproduced with permission.?*®l Copyright 2014, Springer Nature.
c) Schematic of a Si photoelectrode with Au mesh cocatalysts design for CO,RR. Reproduced with permission.[?3% Copyright 2016, Wiley-VCH GmbH.
d) Schematic design of oxide-passivated p*n-Si photoanode with micropatterned Ni 10s. Reproduced with permission.?* Copyright 2017, American
Chemical Society. e) Schematic diagram of the local dissolution mechanism for a Si photoanode with Pt catalyst and that with modified Ni and Ti to
eliminate the dissolution paths. Reproduced with permission.24ll Copyright 2015, American Chemical Society. f) Schematic of failure-process pathways
for Si photoelectrode coupled with Ni island during OER in 1 M KOH. Reproduced with permission.[?*2l Copyright 2018, Royal Society of Chemistry.

through the circular openings to provide photovoltage and the
nanoporous cocatalyst with mesh-type exhibits favorable cata-
Iytic activity of CO, reduction to CO, which contribute to the
excellent PEC CO,RR with over 90% Faradaic efficiency of the
CO,-to-CO conversion at the CO,/CO equilibrium potential.

In addition to these single PAs coupled with ECs system,
Chen et al. quantitatively analyzed the solar to hydrogen con-
version efficiency (fgry) of tandem PAs with patterned ECs
by experiment and simulation.?*}l They found that the ngyy is
closely related to the filling fraction (f, also named coverage
ratio) and the bandgap of the tandem PAs. Specifically, in
the case of the ECs with very low f, (<0.01), the high bandgap
combinations are required to drive the water-splitting reaction
with such low filling-fraction films. A further decrease in the
f; results in a significant drop in fgry due to the rapid increase
of the kinetic overpotential overwhelms the reduction in the
parasitic absorption. When the f. of ECs increases beyond
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0.01, the ngry exhibits a weak dependence on the f; of the ECs,
because the reduction of the kinetic overpotential allows the
use of tandem PAs with smaller bandgap combinations with
increasing filling fraction, and thus yields higher optimal oper-
ating current densities that compensate for the increase in the
parasitic light absorption of the EC. These studies reveal that
an optimal f; of the ECs and bandgap of PAs is necessary to
acquire high hydrogen conversion efficiency since it is tightly
associated with both light absorption and catalytic activity.
Compared to the common EC patterns mentioned above, the
EC patterns with ordered 3D porous nanostructures, such as
10s, provide a higher surface area, which means that coating
PA vpartially by a 3D EC pattern could provide more active
sites with the same f. of ECs on the PA surface. For example,
Oh et al. prepared a Si photoanode patterned with NiFe alloy
10 nanostructure (Figure 10d).2*! The obtained photoanode
shows a high PEC OER performance with an onset potential
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of 0.94 Vpyg and photocurrent density of 31.2 mA cm™ at
1.23 Vgyg, which is better than that of the photoanode with
planar ECs.

It should be noted that the patterned ECs also influence
the stability of a photoelectrode. It is important to understand
the mechanism underlying corrosion of a photoelectrode with
patterned ECs so as to develop effective strategies to improve
its stability. Taking the Si photoanode with micropatterned Pt
as a model system, Oh and Oh found that the dissolution of
Si easily occurs at the edge of Pt, which is caused by the pen-
etration of the corrosive electrolyte through the interface/
gap between the SiO, and the Pt, or through pinholes in the
Pt film.2* Tt is possible to mitigate this local Si dissolution
by blocking the corrosion pathways, which can be achieved by
extending the coverage of the ECs to overlap the SiO, surface as
shown in Figure 10e. Subsequently, Sun et al. investigated the
failure mechanism for the Si photoanodes with different f. of
ECs.2*l They revealed that the corrosion initiates at the edges
of the Ni islands for the photoanode with moderate f; and thick
ECs (Figure 10f). Under continued operation, the etching of the
Si surface is aggravated, eventually resulting in the detachment
of the ECs. Further study on more materials shows that the
failure of the photoanodes with low f. or thin ECs occurs due
to the conversion of ECs into porous structures during the OER
operation. These results indicate that the corrosion usually ini-
tiates at the edges of activated catalysts for the photoelectrode
with patterned ECs, which provides a hit about how to design
photoelectrodes with high stability.

Photoabsorber Arrays with Electrocatalyst Coating: Besides pat-
terning EC arrays on the PA plane, loading ECs on the surface
of PA arrays such as micro- and nanowire arrays also have been
widely adopted in artificial photosynthesis.®"2%:248] In such
a system, the PA arrays can provide large surface area, which
contributes to increasing the loading of ECs and light absorp-
tion relative to the plane PA. Herein, the PA arrays with fully
and partially ECs coating in the field of artificial photosynthesis
will be introduced. The core—shell structure photoelectrode with
the PA array surface fully covered with ECs is widely applied in
artificial photosynthesis, in which the PA array core and the EC
shell are responsible for light absorption and catalysis respec-
tively. In the core—shell structure, more attention should be
paid on the optical transparency and thickness of the ECs shell
to ensure sufficient light absorption and the EC activity. Jin and
co-workers reported a 3D p-Si/NiCoSe, core—shell nanopillar
array photocathode for hydrogen production. The synergic
effects of the light harvesting of the Si array core and the good
optical transparency and electrocatalytic activity of the NiCoSe,
shell boost the production and utilization of photogenerated
electrons, resulting in an enhanced PEC HER performance.[*’]
For those opaque ECs such as Ni (OH), and NiFe-LDH depos-
ited on the PA array surface, an adverse parasitic light absorp-
tion will be produced. Thus, an optimal thickness of ECs is
needed to balance the light absorption of the underlying PA
arrays and catalytic activity.?*?*) He and co-workers dis-
closed that the PEC OER performance of the WO;@NiFe-LDH
nanorod array increases with increasing NiFe-LDH deposition
time and then decreases for prolonged deposition time.?>% The
excess deposition of NiFe-LDH may lead to the formation of the
densely packed NiFe-LDH layer, which hinders both absorp-
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tion of light and prompt transfer of photogenerated holes to the
reactive interface.

The other kind of structure is the PA array with partially
coated ECs. In such a structure, ECs are loaded at the top or
bottom of the micro- and nanowires, providing a convenient way
to decouple light absorption from catalytic activity. In this case,
the catalytic reactions and light absorption are carried out on the
surface of PA arrays with and without EC coverage, respectively,
achieving spatial separation. For instance, the Ni-Mo nano-
powder was deposited at the base of a high-aspect-ratio n*p-Si
microwire array and covered with a TiO, light-scattering layer
to achieve efficient water reduction (Figure 11a).2*] The mass
loading of Ni-Mo at the bottom of the n*p-Si microwire serves
to reduce the HER overpotential. Furthermore, the TiO, layer
scatters light back into the Si microwire, allowing light to pass
through the Si microwire array several times, thus increasing
light absorption. Further, Vijselaar et al. investigated the influ-
ence of the pitch of the microwires and the EC coverage ratio
on PEC water splitting performance.?® Their results indicate
that for photocathodes with the low microwire pitch and high
f of ECs (upper left corner of Figure 11b), the overall device
HER efficiency (n) is predominantly governed by light absorp-
tion. Conversely, for photocathodes with the high microwire
pitch and low f. of ECs, the 7 is limited by the amount of
the active catalyst (lower right corner of Figure 11b). Between
the two extremes, a region of optimal performance is found,
where both catalytic activity and light absorption are optimized
(red region in Figure 11b). These studies demonstrate that par-
tial loading of ECs on PA arrays is an effective way to decouple
light absorption from catalytic activity. Besides loading the ECs
on PA arrays directly, Lin et al. developed a conducting polymer
(CP) (Figure 11c) that fills in the intervals of PA arrays, providing
large surface area to load ECs particles, thus contribute to an
increased active sites.l?*l Moreover, this CP matrix with large
surface area also allows uniform dispersion of the ECs particles
without aggregation, thus reducing the parasitic light absorp-
tion caused by ECs aggregation. Besides, this CP matrix can also
facilitate the charge separation and transport, which is condu-
cive to an advanced PEC water splitting performance.

4.2. Catalytic Selectivity

During the solar energy conversion process such as CO,RR, a
variety of carbon-based fuels can be produced through different
reduction pathways. In addition, the competitive reactions such
as the reactive oxygen species generation during water splitting,
the HER during CO,RR and NRR will also affect the yield of the
desired product. Therefore, the catalytic selectivity is a key issue
that needs to be addressed for obtaining the desired product
with high yield. In this section, two different hybrids including
PA/EC (refer to abiotic ECs here) and PA/enzyme structures
have been summarized for improving catalytic selectivity.

4.2.1. Photoabsorber/Electrocatalyst Hybrid Arrays
ECs immobilized on the surface of the PA can not only accelerate

the surface reaction kinetics but also improve the catalytic
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Figure 11. a) Schematic of a photocathode based on arrays of Si microwires. Reproduced with permission.[?*!l Copyright 2015, Royal Society of Chem-
istry. b) Contour plot of the overall device HER efficiency, ¢, as a function of the pitch and wire coverage for all tested combinations. Reproduced
with permission.2*] Copyright 2018, Springer Nature. c) Schematic of the CP~FeO,/TiO, photoanode showing the crosslinked FeO,~CP/TiO, network
in between the arrayed TiO, nanorods. Reproduced with permission.2*l Copyright 2019, American Chemical Society.

selectivity.?>>] Here, we focus mainly on the influence of ECs on
the catalytic selectivity of CO, reduction considering its signifi-
cance in addressing energy security and environmental issues. >l
For the metal ECs/PA arrays, their catalytic selectivity was found
to be improved by altering the size and structure of metal ECs.
For instance, the Ag/SiNW catalysts (Figure 12a) with smaller
AgNPs not only have a larger specific surface area for CO, reduc-
tion but also own stronger CO adsorption strength.?>l Therefore,
among the Ag/SINW catalysts with different size of AgNPs (4.2,
6.3,8.2,11, 14, and 16 nm), the Ag-8.2/SiNW with a sufficient spe-
cific surface area and appropriate CO adsorption shows the best
CO,-t0-CO catalytic activity (Figure 12b).?°! With regard to the
structure-dependent CO,RR, the Au nanowire exhibits a better
catalytic activity of CO,-to-CO than the Au nanoparticle because
of the higher fraction of CO-evolving edge sites on the Au nano-
wire.?l Another commonly used ECs for the construction of
ECs/PA arrays is the metal/oxide structure. On the GaN nano-
wire arrays, an increased product selectivity of CH, over CO can
be achieved after depositing Rh/Cr,0;3 core/shell nanoparticles
(Figure 12¢,d) owing to the effective CO adsorption on the Cr,0;
facilitating its further reduction to CH4;*? when loaded P+TiO,
on their surface, the main product of CO,RR is CO considering
that the metal/oxide interface (Pt-TiO, as a model) can sponta-
neously activate CO, and stabilize the key reaction intermediates
for facilitating CO production (Figure 12e-h).?>3l This interfacial
effect is also found on the Cu NP decorated Co;04 nanotube
array electrode, which displays a nearly 100% catalytic selec-
tivity for CO,-to-formate conversion.”>®! For this electrode, the
positive surface charge at the Cu/Co;0, interface enhances the
CO,~ adsorption and the subsequent protonation of reduction
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intermediates, thus resulting in high catalytic selectivity toward
CO,-to-formate. Apart from the metal/oxide ECs, the molecular
p-n-junction assembly (Ru(CP),**~RuCt) can also been func-
tionalized onto the semiconductor p—n-junction (n-GaN nano-
wire arrays on the n*—p-p* silicon substrate, Sijn-GaN) to form
a binary molecular-semiconductor p—n junctions for CO,RR
(Figure 12i-k).>>¥ Light absorption by the molecular assembly
results in a redox-separated state of the molecular assembly that
accepts the electrons from the photoexcited Sijn-GaN due to the
lower CB of the molecular assembly as compared with that of
n-GaN, which sustains CO, reduction at the molecular assembly
and depresses water reduction at Sijn-GaN (Figure 121). There-
fore, the catalytic selectivity of CO,RR toward HER increases
when the surface coverage of the molecular assembly is increased
properly.> In another research, the cobalt-containing zeolite
imidazolate framework (ZIF9)/Co;0, nanowire array interface
was constructed, which also shows a nearly 100% CO,-to-fomate
catalytic selectivity in liquid products.?®” This high selectivity is
ascribed to the following reasons: 1) preferred binding to CO,
on ZIF9 than water leads to an enhanced CO, surface concen-
tration; 2) CO, can be activated after being adsorbed on ZIF9-
Co30, NWs, which lowers the CO, reduction overpotential and
increases kinetics of CO, reduction than water/proton reduction

on the active sites.[2>"]

4.2.2. Photoabsorber/Enzyme Hybrid Arrays

In comparison with inorganic ECs, enzymes as naturally
derived biocatalysts have more complex catalytic centers which

© 2021 Wiley-VCH GmbH
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not only contain amino acid residues to provide electrostatic and
hydrogen bonding interactions with substrates and to stabilize
intermediates, but also offer redox-active cofactors and locally
hydrophobic pockets to facilitate charge transfer, resulting in
a much higher catalytic efficiency and selectivity. However, in
the enzyme-based biological photosynthetic systems, the lim-
ited light absorption of photosystem (PS) I/II and the priority
of optimization of survival strategies result in low solar-to-
biomass conversion efficiencies.?°¢27) Therefore, construction
of PA/enzyme hybrids by combining the advantages of inor-
ganic array structures in light absorption, charge transport and
transfer, and reaction kinetics with high catalytic efficiency of
enzymes is expected to overcome limitations in natural and
artificial photosynthetic systems to achieve both high selectivity
and high efficiency in artificial photosynthesis.[26%26%]

So far, three types of PA/enzyme hybrid arrays with
increasing levels of complexity have been reported. For the
first type, single enzymes are directly immobilized on PA sur-
faces. For instance, the hydrogenase (H,ase) or the nitrogenase
molybdenum-iron protein functionalized onto PAs such as Ru
dye-sensitized TiO, NPs and CdS nanorods have been reported
for the photocatalytic HER and NRR, respectively.?0-272] Like-
wise, the O,-evolving PSII loaded on the hematite nanorod
and on the porous TiO, nanotube network-modified ITO elec-
trodes (Figure 13a) have been designed for the photocatalytic
OER.2%0273] I this PSII-based hybrid, PSII not only functions
as an OER catalyst but also plays a complementary role to PA
in light harvesting. Inspired by these two separated systems for
HER and OER, a light-driven photobiological water splitting
system under the applied bias is built up by directly coupling
of PSII-IO-mesoITO (ITO with a macroporous IO architec-
ture and a mesoporous skeleton) with the H,ase-IO-mesoITO
(Figure 13Db).2%!U Considering the low reduction potential and
the limited light absorption of PSII, the diketopyrrolopyrrole
dye sensitized TiO,, which provides a sufficient potential to
reduce protons when using the Hjase-1O-ITO electrode and
has complementary absorption to PSII, is introduced to pre-
pare a PSII-dye sensitized 10-TiO,/H,ase-I0-ITO PEC cell
that functions at zero bias.”’4 However, the slow interfacial
electron transfer between the PA surface and the electrostati-
cally bound enzyme as well as the instability of the enzyme
greatly affects their performance. To address these issues, the

www.small-journal.com

second type of the PA/enzyme hybrid system was developed by
indirectly coupling PA array structures such as QD-sensitized
TiO, nanotube (Figure 13c),2%2 ordered carbon nitride (CNA)
(Figure 13d,e),?%% and SiNW arrays (Figure 13f)1264 with dehy-
drogenase enzymes using the coenzyme photoregeneration
property of PAs. In all these hybrid systems, the PA arrays are
able to regenerate coenzyme nicotinamide adenine dinucleo-
tide (NADH) under light irradiation, which acts as an electron
donor in the enzymatic reduction reactions such as CO,RR for
CH;3OH with high selectivity. Similarly, a Co—Pi/o-Fe,05|BiFeO;
tandem PEC cell to regenerate NADH has been fabricated for
the PEC CO,-to-CH3;0H conversion.”””l The NADH-dependent
enzymes added into a separated cell containing the BiFeO;
photocathode permit the enzymatic reactions to be carried out
at the optimal pH and avoid the poison effect from oxygenic
reactions. However, the solar energy conversion efficiencies
of these systems are limited by the low efficiency of PAs in
the photocatalytic regeneration of coenzyme and also due to
the nonideal catalytic environment for enzyme cascade since the
optimal pH and temperature of each component in the enzyme
cascade vary. The third type of the PA/enzyme hybrid uses
living whole cells to ensure timely regeneration of coenzymes
and to provide natural catalytic environments for all the mem-
bers in the enzyme cascade,?®l which are coupled with PAs. In
addition, after enzymes for biofuel production are broken down
by environmental factors such as oxidative stress, they can be
continuously renewed in the cells. In light of this, an integrated
system was constructed through incubating acetogenic bac-
teria Sporomusa ovata within the photocathode (a SINW array
passivated by a 30 nm TiO, protection layer) (Figure 13g), in
which the SINW array functions as a PA and the bacteria S.
ovata reduces CO, to acetic acid through an energy-efficient
Wood-Ljungdahl pathway when it accepts electrons from the
electrode.?’l Besides the merits mentioned in the above sec-
tions, inorganic nanoarray structures also provide more loading
sites for enzyme immobilization and accelerate the diffusion of
reactants, products, and cofactors in these abiotic—biotic photo-
synthetic hybrids.

Collectively, significant progress has been made to improve
the catalytic kinetics and selectivity of PA/EC hybrid arrays
for artificial photosynthesis. It can be concluded that the pitch
of the PA arrays, CP matrix, the loading amount and species

Figure 12. a) Schematic illustration of the fabrication of the Ag/SiNWSs photocathode. b) Size dependence of TOF for CO production on Ag NPs at
various applied potentials. Reproduced with permission.?l Copyright 2019, Royal Society of Chemistry. ¢) CH, and d) CO production on as-grown
GaN nanowires and Rh/Cr,0; decorated GaN nanowires as a function of illumination time. Reproduced with permission.23 Copyright 2015, American
Chemical Society. Side views of optimized configurations of CO, adsorbed on the e) Pt(111) surface and f) Ti;OgHg/Pt(111) surface. g) Differential charge
density of CO, adsorbed at the Ti;OgH¢g/Pt(111) interface. Regions of yellow and blue indicate electronic charge gain and loss, respectively. Isosurface
contours of electron density differences were drawn at £0.002 e Bohr=3. h) Faradaic efficiencies for CO at +0.27 Vgye. The FEs for CO of GaN/n*—p
Si and TiO,/GaN/n*-p Si photocathodes were measured at —0.33 Ve due to the negligible photocurrent at an applied positive potential. The light
illumination is =8 suns. Reproduced with permission.?>l Copyright 2018, American Chemical Society. i) Layer-by-layer molecular p-n-junction assembly
formed by Zr(iv)—phosphonate bridging. The NPhN, Ru(CP),?", RuCt, and zirconium bridges are shown in green, yellow, red, and blue, respectively, in
the integrated photocathode structure. j) n-GaN nanowires on the silicon substrate with the surface-immobilized molecular assemblies. k) Scanning
electron microscope images (45° tilted) taken using MIRA3 (TESCAN) at an accelerating voltage of 10kV for the pristine n-GaN nanowires grown on
the substrate. I) Redox-potential diagram illustrating the relative energy levels (E), with red arrows showing the direction of photoinduced electron
transfer. The two-photon excitation is illustrated by the “hv" notations, with Ru(CP),?*" and Si* representing the photon-excited chromophore and
electrode. NPhN*"/%, Ru(CP),?/*, and Ru(CP),2*/* represent the one-electron reduction of the initial compounds with the potentials referenced to the
NHE listed in the figure. The dashed arrow represents the transition from the excited state (Ru(CP),2") to the one-electron reduced chromophore
(Ru(CP),"). Reproduced with permission.?>4 Copyright 2019, Springer Nature.
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Figure 13. a) Schematic illustration of a fabrication process of a hybrid PSll/titania-modified ITO photoanode. Reproduced with permission.2¢%
Copyright 2016, Royal Society of Chemistry. b) Schematic representation of an enzymes/IO-mesolTO-based PEC cell. Water is photo-oxidized and O, is
generated by PSI| on the |0-mesolTO (left), and aqueous protons are reduced by H,ase on the 10-mesolTO (right). Reproduced with permission. (261l
Copyright 2015, American Chemical Society. c) CdS quantum dot-sensitized TiO, nanotube arrays for photocatalytic reduction of NAD* allowing the
operation of a coupled enzymatic system. Reproduced with permission.[262 Copyright 2011, Wiley-VCH GmbH. Schematic illustration of the conversion
of d) formaldehyde or e) CO, into CH3;OH by YADH or three consecutive enzymatic reactions, with NADH regenerated by CNA photocatalysis in the
presence of a redox mediator. Reproduced with permission.[?3l Copyright 2014, Royal Society of Chemistry. f) Schematic illustration of the visible-light-
driven electroenzymatic reaction using a silicon nanowire (SiNW) photocathode. Photons absorbed by SiNWs generate excited electrons, which drift
to the electrode/solution interface and reduce mediator (M). A chain of NADH regeneration occurs in the sequence of photoinduced electron transfer.
Finally, the regenerated NADH is used to convert o-ketoglutarate to L-glutamate using GDH. Reproduced with permission.[?¢4 Copyright 2014, Wiley-
VCH GmbH. g) Schematic of a general artificial photosynthetic approach. The proposed approach for solar-powered CO, fixation includes four general
components, which are responsible for: 1) harvesting solar energy, 2) generating reducing equivalents, 3) reducing CO, to biosynthetic intermediates,
and 4) producing value-added chemicals. This approach integrating materials science and biology combines the advantages of both solid-state devices
and living organisms. Reproduced with permission.[®°l Copyright 2015, American Chemical Society.

of ECs/enzymes, and the interaction between PA arrays and  pathway and mechanism are still unclear; and the stability
ECs/enzymes play key roles in regulating catalytic kinetics  of the system is still a challenge, since the portion of the PA
and selectivity. However, the exact nature of the catalytic arrays that is not covered by ECs can easily get corroded in
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Table 1. A comparison of photocurrent density, ABPE, IPCE, and stability among the given nanoarray examples for PEC water splitting.

Modulation Photoelectrode  Light source Electrolyte Photocurrent density ABPE IPCE Stability [h] Refs.
strategy
Light absorption a-Fe,0;3/p-FTO AM 1.5G 1M NaOH 1.88 mA cm™2 at 1.5 Vpye N/A 65% at 300 nm N/A [170]
Zn0O/ZnFe,0, AM 1.5G 0.1 M Na,SO, 141 mAcm2at1.23 Veye  0.81%at0.38 Vpe  45% at 365 nm 10 [136]
TiO, with O AM 1.5G 1m NaOH 0.73 mA cm™2 at 1.23 Ve 1.31% at 0.40 Vipye 68% at 330 nm 1 [106]
vacancy
Charge transport g-CN AM 1.5G 0.1 M Na,SO4 0.12 mA cm~2 at 1.23 Vg N/A 15% at 360 nm 12 [57]
and transfer
Cu,0/TaON AM 1.5G 0.5 M NaOH 3.06 mA cm™2 at 1.00 Ve N/A 59% at 400 nm 1 [193]
Au/TiO, AM 1.5G 1M KOH 232mAcm2at1.00 Vege  1.27% at 0.50 Veye N/A 5 [212)
Catalytic reaction  n*p-Si/SiO,/Ni/ ~ AM15G 1M KOH =37 mAcm2at1.23 Veue  430% at 1.02 Viye N/A 68 [233]
NiO,/NiFe-LDH
p*n-Si/Si0,/ AM 1.5G 1M KOH 31.2 mA cm2 at 1.23 Vpue N/A N/A 1 [240]
NiFe 10
FeO,~CP/TiO, AM15G  0.5mphosphate  1.60 mAcm2at1.23 Veye  0.86%at0.50 Vgye  68% at 420 nm 5 [246]

acidic or alkaline electrolytes. Therefore, more comprehen-
sive and in-depth studies are needed for uncovering a clearer
catalytic pathway and mechanism for designing and preparing
nanoarrays with high stability and selectivity, with the assis-
tance of a variety of theoretical tools and in situ analytical tools.

5. Conclusions and Outlooks

This review summarizes the recent development on diverse
nanoarray structures with different functionalities that offer
features such as increased light absorption, promoted charge
transport and transfer, improved catalytic kinetics, as well as
selectivity, which can pave a way for more rational designing
of photoelectrodes for artificial photosynthesis. The following
Tables 1 and 2 summarize the specific performance parameters
of some given nanoarray examples for PEC water splitting and

CO,RR, respectively.

Despite many progresses, there is still plenty of room for fur-
ther experimental and theoretical investigations of nanoarray
structures to develop robust artificial photosynthetic systems
for future high-performance solar energy conversion and
storage. A few perspectives on the challenges existing in this

field are listed below.

1) Taking full advantage of the solar spectrum to increase light

absorption efficiency is challenging. Instead of single nano-
array structure/function design, integrating two or more
different nanoarray structures with different mechanisms/
materials for harvesting light into one system might further
enhance light absorption intensity or extend light absorp-
tion range for solar energy conversion. At the same time, the
manufacturing process of nanoarray structures for light ab-
sorption enhancement may have negative influence, such as
introduction of various defects that act as charge recombina-
tion centers, disrupting charge transport and collection prop-
erties. Therefore, optimizing all light absorption strategies
with least adverse effects is necessary to achieve maximum
solar energy conversion performance.

Regarding charge transport, three points should be noted.
First, the high specific surface area of nanoarray structures
may lead to many surface defects, which are not beneficial for
charge transport through the material/electrolyte interface.
So, it is of great significance for the future design of nanoar-
rays to adopt effective methods to minimize the adverse ef-
fects of surface defects. Second, charge transport in nanoarray
structures for artificial photosynthesis is usually controlled
by diffusion, leading to high possibility of charge recombina-
tion due to the short charge diffusion length. Thus, changing

Table 2. A comparison of main product, yield, selectivity, and Faradic efficiency among the given nanoarray examples for PEC CO,RR.

Modulation strategy Photoelectrode Test condition Test time Main product Yield Selectivity Faradic Refs.
[h] efficiency [%)]

Light absorption Au@CdS/IO-TiO, 100 mW cm~2 2 CH, 83.2 umol g 98.6% N/A [74]

Charge transport and Cu,0-CuO AM 1.5G, 0.2 Vg, 0.1 M Na,SO, 1.5 CH;0H ~85 umol L' em? N/A 94-96 [203]
transfer

CuFeO,/TNNTs 100 mW cm2, —0.4 Vscg, 0.1 M NaHCO; 5 C,HsOH 3.3 umol cm™ N/A 75 [210]

Catalytic reaction RA-Au/Si 100 mW cm™2, -0.03 V, 0.2 m KHCO4 N/A co N/A N/A 91 [239]

Cu-Co304 10 mW cm™2,-0.9 V, 0.1 m Na,SO, 8 HCOO- 6.75 mmol L7 cm™  =100% N/A [258]

ZIF9-Co30, AM 1.5G, -0.9V, 0.1 m Na,SO, 8 HCOO~ 578.7 umol LM cm2 =99% 70.5 [259]

Ag/SINWs AM 1.5G, =1.2 Vgyg, 0.1 M KHCO,4 4 co 348 mol L~ cm2 N/A 70 [251]
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the transport process from diffusion- to drift-controlled will
greatly shorten the charge transport time and improve the
collection efficiency. In long term, designing new materials
or new heterostructures to optimize the built-in electric field
strength or SCR, might be an important research direction.
Third, although non-noble metals have been used to replace
noble metals for low-cost SC-M heterojunctions, effective
solar energy conversion is still limited by their instability.
Hence, the stable non-noble metal counterparts need to be
developed for smooth interfacial charge transport.

3) Interms of the use of abiotic- and biotic-ECs to construct PA/
EC hybrid nanoarrays, the stability and catalytic efficiency of
the designed structure need to be further improved. Abiotic
hybrid systems display a good catalytic stability owing to their
inherent structural stability. However, they also have weak-
nesses such as low catalytic selectivity, which might be due to
the lack of the suitable catalytic microenvironment and small
difference among the energy levels of different catalytic prod-
ucts.l?”7?8] By introducing the biotic enzymes or cells with
superior catalytic microenvironment and the specific cata-
Iytic pathway to construct abiotic—biotic hybrid systems can
significantly increase catalytic selectivity. Nevertheless, many
issues should also be addressed in abiotic—biotic hybrid sys-
tems. For instance, considering the unclear mechanism of
the charge transfer at the abiotic-biotic interface, it is very
difficult to match the electron flux of abiotic components
and the turnover frequency of biotic parts for achieving high
catalytic efficiency. In addition, the long-term stability of the
abiotic-biotic hybrid system, which can be affected by the
deactivation of the biotic enzymes or cells by the oxidation
stress, etc., need to be improved.l?’%)

Thus, the future study should focus on improving stability
by employing more stable ECs and surface passivation layer
without sacrificing the activity, as well as exploring new mecha-
nisms such as self-repairing/healing. For the PA/biotic-EC
hybrids, the great challenge lies in how to make PA and biotic
systems compatible and communicable, such as how to improve
photosensitizing ability of PAs at the same time limiting photo-
oxidative damage to enzymes or living cells; how to balance
the solution environment that maintains the long-time photo-
stability of PAs and provides the optimal catalytic environment
for enzymes. Therefore, enhancing the environmental stress
tolerance of enzymes by engineering enzymes and creating
conditions that mimic their natural local environment either
by changing the reaction medium or by surface modification of
PAs are the prerequisite for obtaining a long-term stability and
high efficiency in these systems. Meanwhile, the immobiliza-
tion methods, which will affect both the stability of the hybrid
(avoiding the enzymes/whole cells falling off from the PA’s
surface) and the interfacial charge transfer between PAs and
enzymes/whole cells, should also be optimized. In addition, the
undesired side reactions or metabolism pathways that inhibit
cofactor regeneration or consume the photogenerated electrons
for production of fuels or chemicals is another limitation factor.
Therefore, simplifying the electron transfer chain to avoid the
undesired side reactions or metabolism pathways (optimizing
metabolic networks through synthetic biology) will be helpful
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to achieve highly efficient artificial photosynthesis. Apart from
the above-mentioned optimization through modulation of
the enzyme/whole cell and the PA/enzyme interface, a more
rational design of PA nanoarray structures is also required
to improve solar energy conversion efficiency. For example,
the IO with the hierarchical pore architecture will ensure the
macromolecular biological catalysts (enzymes) fitted in the
large pores with suitable sizes, and the small-molecular reac-
tants and products transported in and out through the adjacent
small pores. Thus, each enzymatic reaction can take place in a
local environment and also well communicate with each other,
leading to a high efficiency of the multienzymatic cascade reac-
tions. Meanwhile, the concentration and stability of the enzyme
loaded in this structure are greatly increased as compared with
that immobilized on the planer structure, which are also essen-
tial for high catalytic efficiency.

4) Advanced technologies need to be developed for large-scale
production and precise characterization of nanoarray struc-
tures. First, conventional techniques for preparation of na-
noarray structures usually involve technologically demand-
ing and tedious processes with high cost, which limit the
application. Therefore, exploring facile and low-cost methods
to realize easy and tunable fabrication of nanoarray struc-
tures is crucial in the future research. Second, real-time and
in situ characterizations to gain the important information of
the nanoarray structural evolution, composition, and inter-
face change during artificial photosynthesis are critical. Over
the past decades, the advance of in situ characterization tech-
niques, such as transient absorption spectroscopy, in situ in-
frared spectroscopy, as well as X-ray spectroscopy techniques,
have become a powerful tool for mechanistic studies on ener-
gy conversion. More important, a combination of different in
situ characterization techniques is critical to understand the
full picture of reaction mechanism and the photoelectrode
materials’ structural change during solar energy conversion.
The findings will provide important information for future
structure design and surface engineering of nanoarrays.

5) Besides experimentally constructing nanoarray structures in
photosynthetic systems, designing new nanoarray structure
models with different parameters (such as composition, mor-
phology, and arrangement) through computational simula-
tions is also important. It can not only provide an in-depth
understanding of the specific advantages and mechanisms of
light absorption, charge transport and transfer, and catalytic
reaction in artificial photosynthesis, but also save the time
and cost for optimizing the structural parameters in the ex-
periments. It is well-known that artificial photosynthesis is
a multistep process, and the overall device performance is
associated with the efficiency of each step/component. Thus,
synergistic effects of the various subprocesses/components
is central for effective solar energy conversion of fuels and
chemicals.

In a word, this review focuses on the three key aspects,
namely, light absorption, charge transport and transfer, catalytic
kinetics and selectivity, and their related regulation strategies
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involved in artificial photosynthesis for nanoarray structures.
Furthermore, a few perspectives on the challenges to further
improve solar energy conversion efficiencies are provided. The
basic principles summarized in this review may offer helpful
guidance and reference to the future rational design and con-
struction of nanoarray structures for artificial photosynthesis
of renewable fuels and high value-added chemicals. With
ongoing progress of science and technologies, we believe that
nanoarray structures will play highly beneficial roles in artificial
photosynthesis.
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