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Photocatalytic hydrogen production: an overview
of new advances in structural tuning strategies

*

Fenghua Xu and Baicheng Weng
Hydrogen production from photocatalytic water decomposition provides a promising approach to harvest
solar energy for addressing the challenges of energy shortage and environmental pollution. To meet the
commercialization target set by the US Department of Energy, three great challenges of photocatalytic
hydrogen production should be well addressed: the capture of solar light, the separation/transfer of
photo-excited charge pairs and the surface redox reactions to produce useable fuels. The component,
morphological and structural designs are highly promising solutions for solving these challenges. Among
them, structural designs are more effective and easier; in particular, the incorporation of single atoms
into the structure, defect control and formation of S-scheme heterojunctions has attracted considerable
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Introduction

Energy shortage and environmental pollution are two major
issues hindering the sustainability of modern civilization."”
The search for sustainable and green energy sources is
extremely urgent and highly demandable. Among all the
intensively studied alternative energy sources, such as wind and
tidal power, solar energy is an energy source that can meet our
long-term needs because of its advantages of zero cost and
being abundant and inexhaustible.*® Recently, conversion of
solar energy to useable fuels (e.g., hydrogen, ethane, and
propanol) using semiconductor photocatalysts has attracted
considerable attention,’* especially in the fields of solar-driven
overall water splitting, photocatalytic CO, reduction and
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attention. The recent advancements in these topics are highlighted and discussed in this review.

photocatalytic degradation of pollutants.”*” Among the
useable fuels, hydrogen is a highly efficient energy source
because of its ultra-high energy density and zero emission.'®*
Photocatalytic water decomposition provides a promising
approach to harvest solar energy for generating environment-
friendly hydrogen energy for our long-term needs.”** The
hydrogen production cost from solar-driven water splitting
should be limited below $2.0 kg™ ' on the terawatt scale to
compete with the traditional hydrogen production methods,
such as coal gasification, in the global market. To achieve this
goal, analysis suggests a solar-to-hydrogen efficiency (STH) of
10% as a threshold for energy return on investment.?
Photocatalytic processes involve three essential steps: the
capture of solar light, the separation/transfer of photo-excited
charge pairs, and the surface redox reactions to produce
useable fuels.”*"*® To reach such STH, challenges in the photo-
catalytic processes should be addressed. Additionally,
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a photocatalyst should also have decent stability for practical
usage. Unfortunately, none of the existing single photocatalysts
show decent efficiency in all requirements. For instance, TiO,
has a band gap of 3.2 eV, which means that it can only absorb
parts of ultra-violet (UV) light. UV light only accounts for less
than 5% of the total solar energy, while visible light and infrared
light contribute 43% and 52% of solar energy, respectively.>”° A
good photocatalyst, therefore, should show decent light
absorption in the visible light and near infrared light regions.
Another example is Fe,O; that has a bandgap of 2.1 eV and can
absorb visible light up to 590 nm. Unfortunately, it suffers from
the fast recombination of photoexcited charge pairs and the
average charge carrier migration length is less 10 nm.*®

To improve the solar to hydrogen efficiency, many strategies
have been proposed. Among them, the search for new materials
is the most effective way to improve the STH. Solar-driven
hydrogen production began with the observation of water
photooxidation on semiconducting TiO,; its limited STH effi-
ciency, however, is only 1.3% due to a wide bandgap of 3.2 eV.**
The investigations on semiconducting transition metal oxides
with empty d bands (i.e., V", Nb>* and W°®") show that their
valence-band energy levels are dictated strongly by the O 2p
levels, making their valence band maximum (VBM) higher than
that of TiO, but still thermodynamically capable for water
oxidation. In addition, incorporating s> cations (e.g., Sn** and
Bi**) can narrow the band gap through a coupling between s
and O 2p bands that pushes the VBM upward and another
coupling between the empty d bands and the p bands of the s*
cations that pushes the conduction band minimum (CBM)
downward.** For instance, our previous work demonstrated that
the composition tunning of Bi element, which has both d° band
(Bi®*) and 6s> cations(Bi**), in a Ba,Bi,,Nb;_,O¢type double
perovskite oxide can greatly shift down the CBM and shift up
the VBM and therefore improve the light absorption.®*® Novel
photocatalysts, such as BiVO,, WO; and Fe,O;, which possess
much higher theoretical STH, have been proposed. For
instance, the theoretical STH of BiVO, approaches 9.2% with
a photocurrent of 7.5 mA cm 2 under the standard AM1.5G
solar light illumination.*® Accordingly, these materials have
garnered increasing attention for decades. Unfortunately, high
ionic character of these oxides induces a large separation
between the band edges, limiting efficient solar energy har-
vesting especially in visible and near infrared light regions.
Until now, no single semiconductor can achieve the targeted
STH because of tremendous difficulties in searching for new
materials that can fulfill all three requirements. The most
promising materials, therefore, are still the semiconductors
that are intensively studied for decades.

Another approach is the structural tuning strategy, which
includes the modification (e.g., heteroatom doping and defect
control) of existing semiconductors and the fabrication of
tandem devices for taking full advantage of synergistic effects
among varied semiconductors. Also, the latter has already
shown high potential for practical applications with high STH.
For instance, in 2017, a photoelectrochemical (PEC) STH of
16.2% was achieved using a Si/GalnAs/GalnP tandem device
with a newly found semiconductor, 1.8 eV-bandgap p-type
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GaInP.”® In 2018, the efficiency was improved to 19% using
a tandem cell comprising TiO,, AlInPO,, AlInP, GaInP, GalnAs
and GaAs, using the same AM1.5 light source.** Most recently,
the Mi group reported a STH over 9.2% for photocatalytic
hydrogen production from pure water and concentrated solar
light using InGaN/GaN nanowires as the photocatalysts.*
Besides the three requirements for high conversion efficiency
mentioned above, the device must be composed of widely
available and low-cost component atoms, be inexpensive to be
fabricated and be robust enough for long-term operation.
Although these devices manifest high STH, their dramatically
high fabrication cost is the greater challenge for hydrogen
production cost control below $2.0 kg™,

Moreover, the structural tuning strategy is much easier than
developing new materials and is more effective than other
strategies such as morphology control. For instance, hetero-
atom doping demonstrates the most effective way to improve
the performance of a semiconductor. Doping Mo®* or W®" into
the V°* sites of BiVO, increases the electronic conductivity and
thus carrier collection efficiencies.**** Incorporation of Cu into
WO; induces strong Cu 3d character in the valence band, which
raises the VBM and narrows the bandgap.*®** The most widely
used doping elements are “N” and “S/Se” because the substi-
tution of O by N and S/Se will decrease the bandgap by intro-
ducing higher-lying N 2p states and S/Se p-band energy levels,
respectively.”**® Our recent work shows that the incorporation
of S into the perovskite oxide can push the CBM down by S 2p
orbital coupling, which pushes the light absorption edge to the
near infrared light region. The bandgap tuning of perovskite
oxides increases the light absorption but is not at the expense of
losing stability due to the natural chemical stability of oxides.*
Moreover, the fabrication of heterojunction or tandem struc-
tures is also one of the effective structural tuning methods. For
PEC water splitting, tandem structures already demonstrate the
capability for achieving high STH as mentioned above,**?*%
while for photocatalytic hydrogen production, a heterojunction
formed by the direct contact of two semiconductors is widely
used to improve the efficiency of the separation of charge pairs.
Three traditional type heterojunctions, ie., straddling gap,
staggered gap, and broken gap, have been intensively studied
for decades.**>°

It is well-known that the small size of metal catalysts is
beneficial to the improvement of metal utilization efficiency,
which is particularly important for noble metal components.
Classic metal nanoparticles (or nanocrystals) have low metal
utilization efficiency due to the existence of abundant bulk
atoms. Contrastively, single-atom catalysts (SACs) with a theo-
retical metal utilization rate of 100% and subnanometer
nanoclusters with nearly 100% atom efficiency for specified
reactions have received increasing attention in recent years.>
SACs contain isolated metal atoms or mononuclear metal
complexes on appropriate supports, while a nanocluster with
well-defined structures in the size regime of a few sub-
nanometers to several nanometers consists of tens to
hundreds of metal atoms.”>** Both SACs and nanoclusters all
have the following advantages over their nanoparticle counter-
parts: (1) low-coordination environment; (2) quantum size

This journal is © The Royal Society of Chemistry 2023
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effects; (3) metal-support interactions, originating from the
chemical bonding effect and the charge transfer between metal
species and supports.®* Remarkably, compared to nanoclusters,
SACs have exclusively higher activity and selectivity brought by
their unsaturated coordination sites and unique electronic
structures. In addition, embedding SACs into transition metal
oxides has been proved to be an effective strategy not only to
minimize the loading amount of precious metals but also to
improve the intrinsic performance of catalysts.** For example,
Sun et al. dispersed Ir atoms into the WO; matrix lattice via
a two-step method, which exhibited improved activity and
durability for acidic overall water electrolysis.* In this case, the
valence of an isolated metal single atom should not be neces-
sarily zero to boost the metal-support synergistic effects. More
importantly, the appropriate supports can be in the form of
clusters, trimers, dimers, monomers, and even nanoclusters.
SACs, therefore, could be the ultimate size limit for nano-
clusters and broaden the scope of nanoclusters.

To address the irreconcilable conflict between a wide light
absorption range and high redox ability in single semi-
conductors, people have never stopped the studies on hetero-
junctions since 1984.°° With the continuous deep
understanding on the light absorption and charge transfer in
heterojunctions, fine control of the heterojunction structure
became more necessary. Recent calculations on PEC tandem
devices indicate that theoretical STH can reach 21%, 24% and
27% for a junction with top/bottom bandgaps of 1.7/1.2, 1.8/1.2
and 1.7/1.05 eV, respectively.” For a photocatalytic hydrogen
production heterojunction, the interpretation of the charge-
transfer route is controversial. Recently, the Yu group raised
a different charge transfer route (S-scheme heterojunction)
compared to the widely acknowledged type-II and Z-scheme
heterojunctions.®”

Given that traditional three type heterojunctions and
heteroatom doping have been intensively studied and reviewed
previously, in this review, we will brief the fundamentals of
structural tuning strategies of the newly emerged approaches,
i.e., singe atom photocatalysts, defect control and S-scheme
heterojunctions. We present an analysis on their advantages
for photocatalytic hydrogen production and mainly focus on
how these strategies address the three challenges mentioned
above in photocatalytic processes. Since no single attempt can
solve all challenges, in the final section, we discussed the
limitations of each approach, and the future research direction
was also discussed.

Structural tunning approaches
Single atom metal photocatalysts

To address the issues of rapid recombination of photo-
generated electron-hole pairs and insufficient surface active
sites on the photocatalyst, SACs have been employed and
become a hot topic in water-splitting photocatalysts because of
their unique advantages, such as the highest atom utilization
rate and excellent catalytic activity.”**® Single atoms (SAs) can
be incorporated into the crystal lattice of the photocatalyst
substrate or in the form of isolated metal atoms or

This journal is © The Royal Society of Chemistry 2023
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mononuclear metal complexes on varied substrates. Since
Zhang et al. firstly reported single Pt atoms on the FeO, carrier
with a Pt-O-Fe structure in 2011, most atoms in the periodic
table can be synthesized as SA materials. Therefore, the versatile
nature of SAs and the diversity of photocatalyst substrates can
enable the flexible engineering of both electronic structures and
crystal structures, thereby facilitating the charge separation,
narrowing the bandgap, and increasing the surface reaction
kinetics. The material obtained by this method not only has the
advantages of a homogeneous catalyst, including the unifor-
mity of active sites and the adjustable interaction with ligands,
but also inherits the high durability and excellent recoverability
of a heterogeneous catalyst.®*”® Yang's group prepared single
metal atoms (Pt, Pd, Rh, and Ru) on TiO, for the first time,* and
the catalyst showed higher photocatalytic activity than the metal
clusters supported on TiO, for hydrogen production. This work
opened a door for the application of SACs in photocatalysis. The
introduction of SACs can not only effectively improve the light
absorption capacity, broaden the light collection range, and
improve the efficiency of charge separation/transfer, but also
maximize the utilization rate of atoms and reduce the use of
catalytic metals due to the unique exposure mode. They exhibit
remarkable stability and long service life, which has been veri-
fied in many photocatalytic reactions.”®®* Since then, SACs have
attracted wide attention and developed rapidly in the field of
photocatalysis.

Noble metal SAs

SAs can not only accept photo-generated electrons and promote
the separation and transfer of interface charges, but also
provide proton reduction sites.*” Besides that, noble metal
single atoms or nanoparticles are also active photo-absorbers,
such as Au. The hot electron flow between noble metal single
atoms and the substrate greatly promotes the charge transfer
and surface reactions. There are eight kinds of noble metals,
which are used in the field of water decomposition photo-
catalysis. Herein, we will discuss the widely studied four kinds
of them, i.e., Pt,*** Rh,*” Ru,* and Ag.***°

Pt. Pt is considered to be an ideal cocatalyst because of its
proper Fermi energy level to capture electrons and low hydrogen
evolution potential.®»*> Anchoring Pt SAs on the substrates of
TiO,, C3N,4, and metal organic frameworks (MOF) with large
surfaces can optimize the structure of the photocatalyst on the
atomic scale, promoting the separation of electron-hole
pairs.”*** In 2019, Chen et al. assembled Pt SAs on a defective
TiO, support (Pt;/def-TiO,).°® Apart from being proton reduc-
tion sites, Pt SAs promoted the neighboring TiO, units to
generate surface oxygen vacancies and formed a Pt-O-Ti**
atomic interface. This unique atomic interface effectively facil-
itated photogenerated electrons to transfer from Ti*" defective
sites to Pt SAs, thereby enhancing the separation of electron-
hole pairs. As a result, the Pt,/def-TiO, exhibited a record-level
photocatalytic hydrogen production performance with an
unexpectedly high turnover frequency (TOF) of 51423 h™%,
under UV-visible light illumination (300 W Xe lamp). Hu et al.
(Fig. 1) also investigated Pt SA loaded defective TiO, using TiO,
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s-TiO, Def-s-TiO,

Pt SA/Def-s-TiO,

Fig. 1 The synthesis strategy for the Pt SA/Def-s-TiO, photocatalyst.
Copyright 2021, Elsevier.

nanosheets as the substrate.®” Their computational analysis
treated Pt SAs as homogeneous catalysts rather than heteroge-
nous catalysts in Chen's work. They found that defective TiO,
nanosheets could effectively stabilize the single-atomic Pt sites
through constructing a three-center Ti-Pt-Ti structure. More
importantly, the Ti-Pt-Ti structure can hold the stability of
isolated single-atomic Pt sites and facilitate the separation and
transfer of photoinduced charge carriers, resulting in
improvements in photocatalytic H, evolution. The photocatalyst
delivers a hydrogen production rate of 13 460.71 mol h™* g*
under UV-visible light illumination (300 W xenon lamp).

Polymeric graphitic carbon nitride (g-C3N,) has attracted
extensive attention in recent years because of its high chemical
stability and attractive electronic structure. Li et al. took Pt SAs
and g-C3N, as an example to demonstrate that metal-ligand
charge transfer could adjust the light absorption and improve
the carrier utilization rate,*® resulting from strong interaction
between the d° orbitals of Pt and N-forming m-conjugated
graphitic planes (Fig. 2). Li et al. synthesized a new single Pt
atom co-catalyst by anchoring Pt SAs on g-C;N, with high
dispersion and stability.” When the Pt loading amount reached
0.38%, Pt atoms dispersed and formed sub-nano clusters. The
isolated Pt SAs induced the intrinsic change of the surface trap
state, which prolonged the lifetime of photo-generated
electrons.

Instability of SAs is a great challenge preventing their
massive applications, especially the aggregation issue, since
unanchored SAs are too fluid.** MOFs or covalent organic
frameworks (COFs) are an important class of porous crystals
with various customizable structures as well as functions and
large surface area. They can provide the most effective coordi-
nation to anchor metal SAs, which mitigates the aggregation
during the photocatalytic processes. In addition, the interaction
between SAs and the MOF/COF substrate produces active sites
and further regulates the light absorption capability. For
instance, Zuo et al. prepared the first SACs based on 2-dimen-
sional (2D) MOFs,' as shown in Fig. 3. 12.0 wt% 2D monoa-
tomic catalyst showed a photocatalytic hydrogen production
rate of 11 320 mol h™' g~ " under visible light irradiation (1 > 420
nm).

Ru. As the cheapest metal in the platinum group, the Ru-
based catalyst has proper hydrogen bonding energy, and
when it is used as a SAC, it makes a significant contribution to
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Fig. 2 (a) Energy-band alignment diagrams for g-CsN4 and g-C3Ng4-
Pt2*. (b) Photoexcited charge density transition from the Pt>*-induced
hybrid highest occupied molecular orbital (HOMO) states to the lowest
unoccupied molecular orbital (LUMO) of g-CsN4-Pt>*. Copyright
2016, Wiley-VCH.

the minimum value of the conductive band, thus promoting
electron transfer and improving hydrogen adsorption. Zhang
et al. decorated Ru SAs on the polygonal TiO, sphere,'** and
under illumination with a 300 W Xe lamp, its hydrogen evolu-
tion rate was 7.2 mmol h™" (Fig. 4). Yan et al. embedded Ru SAs
into N-doped TiO,/C carrier (Ru-SAs@N-TC) derived from
a MOF of NH,-MIL-125.*> The Ru-free control sample showed
negligible photocatalytic activity due to rapid recombination of
photoinduced charge carriers. Contrastively, Ru-SAs@N-TC
with a Ru loading amount of 0.360 wt% displayed a higher
photocatalytic H, production rate of 58.3 umol h™" and a TOF of
81.8 h™', under illumination with a 300 W Xe lamp. But their
results showed inferior activities for the Ru SA sample to Ru
nanoparticles, which was ascribed to the optimal intrinsic
activity of Ru nanoparticles. Further work on precisely control-
ling the atomic coordination environment of Ru SAs should be
conducted to further understand the mechanism.

Pd. Pd is a cheaper alternative to Pt and usually used as
a dopant to modify the activity of photocatalysts for hydrogen
production. Given that the efficiency of g-CN, a layered photo-
catalyst, is still too low due to the poor utilization of
photoexcited-charge carriers, Cao et al. inserted Pd SAs in the
space of adjacent g-CN layers and anchored Pd atoms on the
surface of g-CN to synthesize an atom-dispersed Pd layered
photocatalyst with adjacent layer bridges and g-CN surface

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Illustration of the synthetic route towards Pt single-atom-coordinated ultrathin MOF nanosheets (PtSA-MNSs) for photocatalytic

hydrogen production. Copyright 2019, Wiley-VCH.
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Fig. 4 (a) Ilustration of the synthetic route to Ru SAs in TiO,. (b)
Photocatalytic H, generation rates of ME-TiO,@Ru with different Ru
loading amounts. (c) Time-dependent hydrogen evolution activities.
Copyright 2020, the author, and American Association for the
Advancement of Science.

sites,’” as shown in Fig. 5. Both theoretical prediction and
empirical characterization confirmed the successful synthesis
of a single-atom engineered Pd/g-CN hybrid. The photocatalyst
exhibited excellent charge separation and transfer, favoring
efficient photocatalytic hydrogen evolution, which is much
better than that of the optimized Pt/g-CN benchmark.

Ag. Ag has been widely proved to be an excellent photo-
catalyst, but when it is used as a cocatalyst for H, evolution, the
hydrogen evolution rate is low due to its lower work function
than other noble metals, which limits its photocatalytic
performance for water decomposition. Jiang et al. prepared an
Ag-N,C,/CN photocatalyst with a new configuration (Fig. 6),"**
high SA loading amount, remarkable activity, and good stability
by adjusting the coordination mode of the monatomic metal.
The photocatalytic hydrogen evolution activity was significantly
higher than that of its nanoparticle counterparts, which was
ascribed to expanded light absorption and higher Fermi level
position (indicating a higher carrier density and better charge

This journal is © The Royal Society of Chemistry 2023

transfer capability), due to the incorporation of Ag SAs. To
address the sluggish surface redox reactions, Li et al. fabricated
Cu, Ag, Co, and Ni SA embedded g-CN via a facile two-step
pyrolysis method.?® The results indicated that Ag SAs dis-
played the best photocatalytic hydrogen production activities,
because Ag SAs were trapped in the six-fold cavity of g-CN and
upgraded the AGy« of the adjacent pyridinic N atoms rather
than directly serving as the active sites.

Non-noble metal SAs

Although noble metals are widely used in the field of photo-
catalytic water decomposition, their scarcity and high price
limit the large-scale application, so it is highly demanded to
develop  efficient and low-cost non-noble metal

(a) @cC

@ Pd

(b) ()

HOMO @ ,
0

~ » Rgo 0o

LUMO w

000
N

L i Pd M

Fig. 5 (a) Conceptual illustration of the Pd/g-CN hybrid with the
interlayer intercalation and surface anchoring of Pd atoms. (b) The
HOMO/LUMO calculation of Pd/g-CN. (c) The calculation of adsorp-
tion energy of a H,O molecule on the Pd/g-CN. Copyright 2018,
Wiley-VCH.
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Fig. 6 (a) Charge density difference maps, and (b) proposed mecha-
nism for photocatalytic H, evolution over CN and Ag—N,C,/CN.
Copyright 2020, Wiley-VCH.

photocatalysts.'®>'*® The introduction of non-noble metal atoms
to synthesize photocatalysts not only reduces the utilization rate
of noble metals but also breaks the limit of activity noble metal
atom sites.

Co. As a non-noble metal, the Co atom has attracted more
and more attention in the field of photocatalytic water decom-
position in recent years. Cao et al. proposed a photocatalyst
prototype for the first time in 2017,'” by anchoring Co SAs on
carbonitride, and creating an active single Co;-N, site on g-
C;N, for efficient photocatalytic hydrogen production. This
noble metal-free composite material showed a high hydrogen
production rate of 10.8 pmol h™' under UV-Vis illumination
(300 W Xe lamp). To address the challenge of charge separation
for robust overall water splitting, a single Co,-P, site confined
on g-C;N, nanosheets was prepared by a facile phosphidetion
method (Fig. 7).'*® Coordinatively unsaturated Co SA sites could
effectively suppress charge recombination and prolong carrier
lifetime by about 20 times compared to pristine g-C;N,4, and
boost water molecular adsorption and activation for oxygen
evolution. This single-site photocatalyst exhibited steady water
splitting activity with H, evolution rate up to 410.3 pmolh™' g ™"
under 300 W Xe lamp illumination and a quantum efficiency of
2.2% at 500 nm.

Aiming at mitigating the aggregation or sintering of SACs
during the synthetic procedures and to achieve high loading
amounts of SACs, Shi et al. developed a new in situ preparation
strategy on carbon nitride,'* which could synthesize separated
cobalt SAs with a high metal loading amount up to 5.9 wt%.
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Fig. 7 (a) Schematic illustration of the solar-driven overall water
splitting on the Col-phosphide/PCN photocatalyst, in which the
photogenerated electrons and holes (h*) are spatially separated. (b)
Electronic band structure diagram for the Col-phosphide/PCN pho-
tocatalyst. Copyright 2017, Wiley-VCH.

Furthermore, due to the rapid electron transfer from carbon
nitride to isolated Co SAs, the photocatalytic H, production rate
reached 1180 umol g ' h™ " using a light-emitting diode light
source (12 W, A = 420 £+ 10 nm).

Ni. Xia et al. decorated a Ni-imidazole framework on CdS
nanorods for photocatalytic hydrogen production."*® Physico-
chemical characterization and theoretical calculations revealed
strong interactions at the CdS/framework interface and the
presence of numerous Ni-N, SA active sites, leading to the
significant performance enhancement. Under visible light
irradiation (A > 420 nm), the obtained photocatalyst reached
a hydrogen evolution rate of 21712 umol h™" g, which is
14.23-fold higher than that of pristine CdS. Ni can also be used
as the cocatalyst to improve the hydrogen evolution perfor-
mance. Su et al. atomically dispersed Ni in zinc sphalerite
cadmium-zinc sulfide quantum dots (ZCS QDs)."** The photo-
catalyst delivered an efficient and durable photocatalytic
performance for water splitting under visible light irradiation (4
> 420 nm) (Fig. 8). The finely tuned Ni SAs dispersed in ZCS QDs
exhibit a photocatalytic H, production activity of 18.87 mmol
h™" ¢~ '. The improvements could be attributed to the favorable
surface engineering to achieve highly active sites of monovalent
Ni(1) and the surface heterojunctions to reinforce the carrier
separation owing to the suitable energy band structures, built-in
electric field, and optimized surface H, adsorption
thermodynamics.

Defect control

Engineering defects is an effective method to improve the
activity of the photocatalyst by adjusting the coordination
number and electronic structure of atoms, improving the

This journal is © The Royal Society of Chemistry 2023
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Fig. 8 Photocatalytic performance and spectroscopy/(photo)electrochemical characterization. (A) A comparison of the photocatalytic H,
production activities of Ni,ZCS (x = 0.015625, 0.03125, 0.0625, and 0.125) QDs, Pt—CdS QDs, CdS QDs, ZCS QDs, and ZnS QDs. The error bars
denote SD. (B) Time course of photocatalytic H, production over Nig 03125ZCS; every 4 hours, the reaction system was purged with Ar for 30 min
to remove H,. (C) Ultraviolet-visible (UV-vis) diffuse reflectance spectra of Ni,ZCS (x = 0.015625, 0.03125, 0.0625, and 0.125) QDs, CdS QDs, ZCS
QDs, and ZnS QDs. (D) The plots of transformed Kubelka—Munk function of the Ni,ZCS (x = 0.015625, 0.03125, 0.0625, and 0.125) QDs, CdS
QDs, ZCS QDs, and ZnS QDs. (E) Electronic band structures of Ni,ZCS (x = 0.015625, 0.03125, 0.0625, and 0.125) QDs, Pt—CdS QDs, CdS QDs,
ZCS QDs, and ZnS QDs. (F) EIS Nyquist plots of Ni,ZCS (x = 0.015625, 0.03125, 0.0625, and 0.125) QD, CdS QD, ZCS QD, and ZnS QD electrodes
measured under the open-circuit potential of electrodes with visible-light irradiation. (G to J) Unfolded band structure of the supercell for bulk
Ni,ZCS (x = 0.015625, 0.03125, 0.0625, and 0.125) crystals, demonstrating the direct bandgap. The Fermi level moves to O, as indicated by the
dashed lines. Copyright 2020, American Association for the Advancement of Science.

mobility as well as conductivity of carriers, and adjusting the
surface properties such as the interaction with reactants or
intermediates."*"** In the photocatalytic water decomposition
reaction, due to the lack of efficient catalytic active sites on the
semiconductor surface, it is not only difficult to achieve effective
adsorption and activation of reaction molecules, but also it
seriously hinders the transfer of photo-generated charges to
reaction molecules, which greatly limits the catalytic reaction
efficiency. Therefore, defect construction on the surface of
materials can not only provide active sites with coordination
unsaturation for adsorption and activation of reactive small
molecules, but also regulate the semiconductor energy band
structure, accumulate photo-generated charges, and eliminate
oxidation holes. At the same time, defects can be formed as part
of the catalytic cycle and interact with the electrolyte.**>**
Wang et al. synthesized three dimensionally ordered mac-
roporous (3DOM) WO; with large holes by defect engineering

This journal is © The Royal Society of Chemistry 2023

using H, treatment."® The oxygen evolution rate of 3DOM WO,
(W270-400) was 40.1 pmol h™*, under visible light irradiation
(300 W Xe lamp, cutoff at A = 400 nm). It is much higher than
that of untreated 3DOM WO; and defect engineered WOj;
nanoparticles, which was caused by good light collection and
excellent charge transport, resulting from the formation of an
amorphous layer with abundant surface oxygen vacancies on
the catalyst surface. Ma et al. synthesized MOFs with controlled
structural defects, UiO-66-NH,-X (X is the molar equivalent of
the regulator acetic acid relative to the linking agent during
synthesis, Fig. 9)."** With the increase of structural defects, the
photocatalytic H, production rate showed a volcanic trend.
Among them, Pt@UiO-66-NH,-100 displayed the highest
activity. Ultra-fine transient absorption spectrum analysis
indicated that UiO-66-NH,-100 with moderate structural defects
showed the fastest relaxation kinetics and the highest charge
separation efficiency, while excessive defects delayed the
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Fig. 9 Photocatalytic hydrogen production over Pt@UiO-66-NH,-X
with structural defects. Copyright 2019, Wiley-VCH.

relaxation and reduced the charge separation efficiency.
Therefore, the generation of moderate structural defects was
crucial to promote the efficient separation of electrons-holes.
Vacancies are the main surface defects; however, the reports
on vacancies in the crystal lattice are relatively few, especially for
photocatalysis. Lin et al. prepared one-dimensional Cd;_,Zn,-
S@O0-Mo0S,/NiO, hybrid nanostructures by adjusting zinc
doping content, defect-rich O-MoS, layer and the growth of
NiO, nanoparticles,” and optimized the energy band
arrangement, morphology, surface active sites and interface
charge separation to enhance the photocatalytic performance of
hydrogen production. With the increase of Zn doping amount,
HER activity of Cd;_,Zn,S (x =0, 0.05, 0.10, and 0.15) increased,
due to the increase of negative conduction potential. At the
same time, after crossing Cd; ,Zn,S with defect-rich O-MoS,
and NiO,, the H, formation rate of Cd;_,Zn,S @ O-MoS,/NiO,
containing 15% Zn and 0.2 wt% O-MoS, (CZ0.15S-0.2 M -NiO,)
reached up to 66.08 mmol h™' g™, under visible light irradia-
tion (a 300 W Xe lamp equipped with a 420 nm cutoff filter),
because of the introduction of a large amount of active sites and
the promotion of carrier separation, as shown in Fig. 10.
Notably many different defects can exist simultaneously. A
ZnIn,S, monolayer with double defects (Ag dopant and nano-
pore) was obtained by Pan et al. through cation exchange.'*
These two defects act as active sites for water oxidation (Ag
dopant) and reduction (nanopore), which makes the ZnIn,S,
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monolayer have optimized light absorption and -carrier
dynamics, resulting in stable photocatalytic overall water split-
ting performance without an auxiliary catalyst, under visible
light irradiation (1 > 420 nm).

S-scheme heterojunction

A photocatalyst can combine several semiconductors to form
a heterojunction, which can broaden light collection charac-
teristics and improve chemical stability, enhancing the sepa-
ration of photo-generated carriers, reducing the recombination
probability of photo-generated electrons and holes, and
promoting photocatalytic water decomposition."”***** Strad-
dling, staggered, and broken gaps have been intensively
studied, and the Z-type heterojunction offers another solution
for facilitating charge transfer in the junction. Notably, the Yu
Group proposed a new type of heterojunction, S-scheme (or
step-scheme) in 2019,"*> which could effectively realize the
separation of electron-hole pairs with strong redox. Photo-
catalysts can be categorized into reduction photocatalysts (RPs)
and oxidation photocatalysts (OPs), based on their CB and VB
positions. RPs have high CB, while OPs have low VB. Therefore,
photogenerated electrons are effective in RPs, while photo-
generated holes are the contributive factors in OPs. An S-
scheme heterojunction is composed of a RP and OP with stag-
gered band structures, as indicated in Fig. 11. In the junction,
the powerful photogenerated electrons and holes are reserved
in the CB of the RP and VB of the OP, respectively, while the
pointless photogenerated charge carriers are recombined,
introducing a strong redox potential (Fig. 11). Although the
structure is similar to type-II heterojunction, the charge-transfer
route is totally different. If a charge-transfer route in a hetero-
junction goes with the S-scheme mechanism, the useless pho-
togenerated charge carriers with weak redox ability are
recombined with each other, while the useful photogenerated
charge carriers with strong redox power are spatially separated
and reserved, endowing it with strong redox ability and high
charge-separation efficiency.>” As a result, the S-scheme system
possesses strong redox ability, which is endowed with a ther-
modynamic advantage in overall water splitting reaction. Since
then, S-scheme heterojunctions have attracted more and more
attention.

Cd,,.Zn .S {100} facets

Fig. 10 Energy-band alignments of CZg15S, O-MoS,, and NiO, (left) and a schematic showing the photocatalytic hydrogen evolution over

CZ0155@Q0O—-MoS,/NiOy (right image). Copyright 2019, Wiley-VCH.
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Fig. 11 Band structure configuration and charge-transfer route of the
S-scheme heterojunction. Copyright 2020, Elsevier Inc.

The investigation on the junction of ultrathin WO3/g-C3N,
nanosheets generates the first report on S-scheme hetero-
junctions, whose photocatalytic hydrogen production rate is
~1.7 times higher than that of pure g-C;N,."*> With the help of
X-ray photoelectron spectroscopy, work function and electron
paramagnetic resonance characterization, the enhanced pho-
tocatalytic performance was ascribed to the formation of the S-
scheme heterojunction, which inhibited the recombination of
useful electrons and holes, but expedited the recombination of
relatively useless electrons and holes. Then many S-scheme
heterojunctions are constructed, such as oxide/oxide (e.g,
NiFe,0,/TiO,-Ag"),"** oxide/sulfide (e.g,, ZnWO,-ZnIn,S,,
W15040/Mn, ,Cdy ¢S, O-ZnIn,S,/TiO,_,, MoS,@Mo0;, and
Ti3C, MXene@TiO,/CulnS,),"****® MOF/oxide (e.g., Ni-MOF-74/
BiVO4/P and Ni-MOF-74/In,05)"****® and layered double
hydroxides (e.g., CoS,/NiAl-LDH and ZIF-67@NiAl LDH).**4>
For instance, the junction of NiFe,0,/TiO,-Ag" had enhanced
light absorption with an absorption edge of 457 nm, and its
maximum hydrogen production rate was 27.4 pmol g~ ' h™,
under simulated sunlight illumination (HAL-320 Compact
Xenon Light Source Solar Simulator, 1000 W m™?), owing to
enhanced light absorption and mitigated e /h" recombination,
originating from the S-scheme heterojunction.®® Zhang et al.
reported in situ partial sulfidation of MoO; powder to obtain
a MoS,@MoO; S-scheme heterojunction photocatalyst.’** The
introduction of sulfur atoms could replace oxygen atoms to
build a sulfur-rich surface and generate molybdenum sulfide.
The hydrogen production rate was 12 416.8 umol h™* g™, illu-
minated with 300 W xenon light. Dai et al successfully
synthesized an S-scheme ZnWO,-ZnlIn,S, heterojunction with
a two-dimensional coupling interface by a simple solvothermal
method.”* The H, evolution activity of the ZnWO,-ZnIn,S,
composite with good stability reached 4925.3 pmol h™' g™,
illuminated under 500 W xenon light. Chen et al. constructed S-
doped g-C;N, (SCN) and N-doped MoS, (NMS) ladder hetero-
junctions by one-step thermal polycondensation.**® Within 4

This journal is © The Royal Society of Chemistry 2023
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hours of illumination under a 300 W xenon lamp, the hydrogen
production rate of the material reached 658.5 umol ™' h™,
which was about 23 times and 38 times higher than that of pure
SCN (28.8 pumol ' h™") and NMS (17.4 umol ' h™"), respectively.

It is worth noting that the combination of junctions with
other structural tuning approaches has attracted intensive
studies. For example, Ruan et al. proposed a double S-scheme
heterojunction, composed of g-C;N, nanosheets with
hydrogen-doped rutile TiO, nanorods and anatase TiO, nano-
particles (Fig. 12).** The photocatalytic hydrogen evolution rate
of the catalyst at 365 nm reached 62.37 mmol ' h™", irradiated
with a 300 W Xe lamp (200-1000 nm), and the apparent
quantum efficiency was up to 45.9%. The remarkable
improvement of photocatalytic performance was ascribed to the
unique double S-shaped structure, which induced efficient
charge separation and transfer. Another example is the
combination of the Schottky junction and S-scheme hetero-
junction. Ti;C, MXene@TiO,/CulnS,, integrating Schottky/S-
scheme heterojunction, was synthesized by a two-step hydro-
thermal process.® It exhibited synergistic effects for enhanced
visible-light harvesting, improved charge transfer and increased
active sites for photocatalytic H, evolution. As a result, it
delivered a H, evolution rate of 356.27 pmol g~ h™?, illumi-
nated with a 300 W xenon lamp. Wang et al. constructed an O-
ZnlIn,S,/TiO,_, photocatalyst by combining the S-scheme het-
erojunction with oxygen vacancies."*® Owing to the synergistic
effect of oxygen defects and the S-scheme heterojunction,
a tailored energy band structure alignment with higher redox
potentials and a larger Fermi level potential difference was
achieved, resulting in more efficient S-scheme interface charge
transfer and separation efficiency. As a result, the photocatalyst
showed a H, production rate of 2584.9 umol g’1 h™! under
AM1.5G illumination.

Limitations of the structural tuning strategy

Currently SAs, defect control and S-scheme heterojunctions are
the hot topics in related research areas including solar-driven
hydrogen production. Great advancements have been ach-
ieved in the comprehension of the physicochemical properties
of structurally tuned semiconductors or heterojunctions.
Limitations, however, also exist for each tuning approach, and
they are strongly time-dependent, because the shortcomings
will be resolved or changed with deep investigations on the
structure-activity relationship and the development of
synthesis methods. These shortcomings are also important
further research directions.

First complexity that all structural tuning approaches are
facing is the potential structural reconstruction, which will
induce defects such as strain and grain boundaries. It is well-
known that strain and grain boundaries as well as recon-
structed structures are all highly active centers. Therefore, the
understanding on the mechanism for the enhancement of
photocatalytic performance and the clarification of how SACs,
defects or heterojunctions contribute in a catalyst are extremely
crucial in future research. Another challenge is that three
essential steps in photocatalytic processes are not isolated. For

J. Mater. Chem. A, 2023, 11, 4473-4486 | 4481


https://doi.org/10.1039/d2ta09614e

Published on 30 January 2023. Downloaded on 2/14/2026 3:03:06 PM.

Journal of Materials Chemistry A

a Z-Scheme in Natural Photosynthesis

b Z-Scheme (Artificial Photosynthetic)
E (V)vs.NHEat pH7

View Article Online

Review

¢ S-Scheme

A Excited 2H* N
& ) H Reduction site
= Excited 40‘!; NADP - PSIl
c % A -0.41 % cB
o W &: (HH)[— v2E; £
3 2 3 a
c &s, . i (hv2Eg
8|2H,0 < Light e
5 i NADP* 0.82
a Light PSI 00
‘ (02/H;0) Electron — 0,
PSII PSI mediator .  @= H,0
4H*+0, Oxidation site H2 oP
Under lightirradiation
d Twin S-Scheme Artificial Photosynthetic Syste e Heterojunction Assembly
) $ IEE; $IEF: s IEF:  :IEF: N
cB i | \ujerete: / \/ i
[ YRR -EF :
_______ ” N
EF - - -
--------- VB - ~ L
vB RP SR
— - = o, (8 7/\ N
op o | RutieTio, . g
Before contact After contact Under lightirradiation !
OP: oxidation typ . RP: - © Anatase TiO,

Fig. 12 Schematic illustration of (a) the Z-scheme in natural photosynthesis, (b) Z-scheme in an artificial photosynthetic system, (c) S-scheme,
and (d) twin S-scheme artificial photosynthetic system before and after contact, and under illumination. (e) Schematic diagram of electrostatic

self-assembly of material. Copyright 2022, Wiley-VCH.

example, the enhancement of light absorption by vacancy
control may induce the increase of charge recombination."**
Nonetheless, the overall performance could still be improved if
the extent of light absorption enhancement is much higher
than that of charge recombination. This problem is general in
all photocatalytic systems.

The metals in SACs are mostly rare and expensive; the
production cost to the final form will be a challenge. When the
SACs can be achieved in a cost-effective and mass producible
way, it can be expected that they can play an important role in
practical photocatalytic applications. Most recently, researchers
have done some advancements in this topic, which shows high
potential for resolving this issue. For instance, our recent
work™® demonstrated that Ir SACs could be easily synthesized
on Co;0, nanowires using a simple dip coating and sol-flame
annealing method. The total process lasts no more than 100
seconds without any instruments. This method could also be
applicable to other metals (Fig. 13).

Moreover, the increase of the SAC content (>10 wt%) will
undoubtedly enhance the photocatalytic activities, but the
stability will be compromised, because the high surface energy
of SACs will induce the rapid aggregation or the reaction with
the surrounding reactant to form other undesired species.

SACs with single metals cannot provide the sites of multiple
metal atoms or metal ensemble required by some catalytic
reactions, which limits their applications. In contrast, classic
metal nanoparticles can offer the sites of multiple metal atoms
or metal ensemble, but they have low metal utilization efficiency
compared with SACs. In this case, many research studies focus
on the subnanometer nanoclusters rather than SACs.

A significant gap remains between the experimental and
computational studies on SAC involved semiconductors or
devices. Density functional theory (DFT) is generally an
extremely helpful, powerful, and reliable tool to provide
fundamental understanding of electrocatalysis. Unfortunately,

4482 | J Mater. Chem. A, 2023, 11, 4473-4486

SACs are a real challenge for simulations, due to their elusive
nature at the boundary between homogeneous and heteroge-
neous catalysis. When treated as homogeneous catalysts, SACs
are individual atoms, whose chemical reactivity directly relates
to their electron configuration and orbital diagram. In contrast,
when treated as heterogeneous catalysts, SACs are supposed to
stay put through the reaction's cycle, due to strong interaction
with the underlying support, which in turn influences their
charge and spin state, as well as their chemical reactivity.
Authentically modeling SAC-support bonds is highly demanded
for the accurate prediction of electronic and band structures.
However, this modeling is also affected by the real operating
conditions, which often differ from the low-temperature or
high-vacuum conditions for DFT calculations. The complexity

100 seconds

oy
incorporating Ir Single atoms

Fig. 13 Schematic illustration of synthesizing Ir SA incorporated
Coz04 NWs. Copyright 2022, Wiley-VCH.
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makes the DFT calculation highly correlated with the selected
spin polarization and adopted DFT functional.

The limitation of computational studies on SACs is also
applicable to defect control and heterojunctions because inac-
curate structural modeling will provide meaningless or even
false understanding on the structure-activity relationship.
Defects such as vacancies that could be anywhere in the crystal
lattice and in multiple forms make the DFT calculations
extremely difficult, owing to the challenges in structural char-
acterization on defects as well as the limitation in computer
processors for processing an extremely large super cell. Existing
characterization techniques can only provide indirect infor-
mation about the atomic structure of defects at low resolutions,
which hinders the establishment of the structure-activity rela-
tionship in photocatalytic reactions.

To boost the photocatalytic activities, bulk, surface, and
interfacial defects should be finely controlled. Unfortunately,
the existing synthetic methods are incapable of achieving defect
control at such levels and can only tune one parameter of
defects. Only when the defects are precisely controlled in pho-
tocatalytic materials can the rational defect design come into
reality. More importantly, the defects such as vacancies could
evolve during the photocatalytic process. For instance, bulk
defects could evolve to surface defects and the latter could
participate in the photocatalytic reactions. Therefore, how to
measure the evolution of defects also remains a challenge.
Present in situ and operando Raman, X-ray powder diffraction
and infrared spectroscopy still have limitations at spatial,
spectral, and temporal resolutions.

The S-scheme heterojunction is a milestone that researchers
attempt to understand the charge transfer in the hetero-
junctions. It is a proposed new interpretation, but its scope is
mainly limited to powder photocatalysts. It cannot be applied
for PEC hydrogen production and solar cells with an external
circuit until now. In addition, the S-scheme route is mainly used
for the junction composed of two n-type semiconductors, which
should have suitable band structures and obvious Fermi level
differences.

Conclusion and outlook

A promising photocatalytic hydrogen production system should
have the following features: (1) high light absorption ability for
visible and near infrared light. High light absorption coef-
ficiency is the same important as narrow bandgap. (2) Low
recombination rate of photo-excited charge carriers. The charge
pair transportation length should be higher than light absorp-
tion depth. (3) Fast surface redox reaction kinetics as well as
decent stability. To achieve the goal, photocatalytic system
designs especially on the composition and structure are highly
demanded, and new composition and novel structures should
be proposed. Given that it is a dramatic challenge for single
semiconductors to possess all the features, a multi junction
with engineered architectures is necessary to achieve high solar
to hydrogen conversion efficiency. In addition, owing to the
highly active nature of SACs, the application of SACs in photo-
catalysis will be more intensively studied. Herein a short

This journal is © The Royal Society of Chemistry 2023
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overview on the development of SAs, defect control and S-
heterojunctions is given, and tries to inspire more novel ideas
in the research on structural engineering approaches. In addi-
tion, from our point of view, further work will put more efforts
in the following aspects. The clarification of the charge transfer
mechanism, which is closely related to the catalytic perfor-
mance. The careful and precise control of the band structure
and electronic structures among the multiple junctions will be
developed based on the clarification. The massive production of
SAs with multiple elemental components and their applications
for photocatalytic hydrogen production will be an important
direction. And the synergetic effects between SAs with semi-
conductor substrates will be deeply studied using advanced
experimental and theoretical methods, since the related topics
are barely investigated. Active centers should be identified,
which is crucial for interpreting the photocatalytic mechanism
and developing more active and stable photocatalytic systems.
Since the water splitting to produce hydrogen involves multiple
electron transfer, the surface structure will definitely experience
structural transformation. How to control the defects to make it
both active and stable will be a hot topic. SACs with multiple
elemental components should be developed to bridge SACs and
subnanometer nanoclusters, and they could be ideal catalyst
candidates because they can not only provide multiple metal
atom sites, but also bear higher surface atom ratios than
nanocluster counterparts. The structure of S-scheme photo-
catalysts needs to be rationally designed. The interface, junction
morphology and band structures of each semiconductor should
be preciously controlled. The interaction among various engi-
neering strategies should be identified so as to effectively
enhance the photocatalytic hydrogen evolution performance.
To deepen the understanding on the structure-activity rela-
tionship and pinpoint the contribution of each structural
tuning strategy, advanced in situ and operando observations at
higher spatial, spectral, and temporal resolutions or multiple
characterizations should be developed. Overall, the rational
structural design strategy promotes quick advancements in
photocatalytic water splitting and still needs further intensive
studies.
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