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Abstract

Developing efficient hydrogen storage materials and the corresponding methods is the key to successfully realizing
the "hydrogen economy”. The ideal hydrogen storage materials should be capable of reversibly ab-/desorbing
hydrogen under mild temperatures with high hydrogen capacities. To achieve this target, the ideal enthalpy of
adsorption is determined to be 15-50 kJ/mol for hydrogen storage. However, the current mainstream methods,
including molecular physisorption and atomic chemisorption, possess either too high or too low enthalpy of
hydrogen adsorption, which are not suitable for practical application. To this end, hydrogen storage via molecular
chemisorption is perceived to regulate the adsorption enthalpy with intermediate binding energy between the
molecular physisorption and atomic chemisorption, enabling the revisable hydrogen ad-/desorption possible under
ambient temperatures. In this review, we will elaborate the molecular chemisorption as a new conceptual paradigm
and materials design to advance future solid-state hydrogen storage.

Keywords: Molecular chemisorption, hydrogen storage, coordination structure, adsorption sites
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BACKGROUND

Hydrogen storage plays a critical role in energy transformation from fossil fuels to green energy. To increase
the competitiveness of hydrogen as an energy vector, and to unlock its potential as a form of energy storage
to smooth intermittent renewable energy production as well as a means of decarbonizing sectors, the
storage of hydrogen must be made more efficient, safer, and cheaper, which is essential for future energy
security and economic development, whereas it is currently missing in the hydrogen energy supply chain.

Specifically, the hydrogen energy supply chain associated with the “hydrogen economy” is generally
composed of hydrogen production, storage/conveyance, and utilization. Up to now, abundant hydrogen
sources can be obtained by diverse manufacturing methods, such as hydrocarbon reforming, biomass
process, and water splitting. Meanwhile, the mature fuel cell technologies make the commercial application
of hydrogen readiness to end-users as well. However, as to hydrogen storage, no practical approach
currently exists to fulfill the technical requirements of fuel cells. Firstly, in actual application, hydrogen-
powered cars are expected to meet a driving range (> 500 km or 300 miles) on a single fill, which is
comparable to conventional combustion cars'". This means that about 5-6 kg of hydrogen is required to be
stored on-board. Moreover, on-board hydrogen storage is also constrained by safety, weight, efficiency,
volume, and cost™. So far, despite decades of great efforts, the secure and efficient on-board hydrogen
storage method is still the main shackle of converting the world into a “hydrogen economy”". Theoretical
innovations and technical breakthroughs are still required to develop secure and efficient hydrogen storage
technologies.

DILEMMAS OF CURRENT HYDROGEN STORAGE AND NEW SOLUTION

Currently, the established techniques for hydrogen storage consist of three means: compression, cryogenics,
and material-assisted hydrogen storage'”. Compressing hydrogen into a high-pressure cylinder is a direct
and effective method to improve the volumetric energy density of H,. So far, high-pressure cylinders can be
pressurized up to 700 bar. However, despite such high pressures, a 150 L storage tank is required to store 6
kg of hydrogen. Moreover, the fast-filling strategies are still immature®. Hydrogen storage via liquefaction
can offer a higher volumetric density compared with compressed hydrogen storage. Nevertheless, due to the
low boiling point of liquid hydrogen, liquefying hydrogen needs to be operated under very low
temperatures, which will consume a large amount of energy. Therefore, hydrogen storage systems via
cryogenic and high-pressure methods are technically and financially impracticable and nonideal.

Alternatively, material-assisted solid-state hydrogen storage methods are therefore developed, which can be
categorized into physisorption and chemisorption, based on the intrinsic hydrogen adsorption fashions.
Hydrogen storage materials via physisorption can achieve higher hydrogen storage capacity on the surface
than the bulk concentration due to gas-solid interactions, enabling a high hydrogen storage content™*.
Moreover, physiosorbed hydrogen can be readily and reversibly rapid charging/discharging without
decomposition of the solid. Basically, materials based on physisorption are dependent on pore size, pore
volume, surface area and the hydrogen binding sites decorated in the porous materials. For example,
Li et al.” prepared a polyacrylonitrile-based porous carbon material with its surface area surface up to
3049 m°g". The hydrogen adsorption capacity can be achieved as high as 10.14 wt% at 50 bar. Further, the
authors proved that the H, adsorption capacity at high pressure is ascribed to supermicropore (0.7-2.0 nm),
while the narrow and deep pores (< 0.7 nm) define the H, adsorption capacity significantly at atmospheric
pressure.
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Blankenship et al."” reported cellulose acetate-derived porous carbons which possess high surface area
(3800m*g”) and pore volume (1.8-cm®g”) that arise almost entirely (> 90%) from micropores. The
hydrogen storage test indicated a gravimetric hydrogen uptake of 8.1 wt% at -196 °C and 20 bar. However,
at room temperature, the carbons only exhibited 1.2 wt% hydrogen uptake at 30 bar. Obviously, in practical,
physisorption-type materials are subject to harsh operating conditions (cryogenic -temperature) due to the
weak Van der Walls force. As shown in Figure 1, for classical physisorption materials such as the
representatives of carbon nanotube, zeolites, covalent organic frameworks, and classical metal-organic
frameworks (MOFs)®", their adsorption enthalpies are determined to be 4-10 kJ/mol, which can only
stabilize desired hydrogen capacity under the cryogenic temperature. Room temperature will weaken the
interaction between H, molecules and adsorbents, leading to a sharp decrease in hydrogen storage capacity.
Stabilizing hydrogen via molecular physisorption at room temperature is still a big challenge. Attempts are
also made to enhance the interactions to improve the room temperature stability, such as heteroatom (e.g.,
O) doped carbon-based materials®. The density functional theory study indicates that the doped
heteroatoms can modify the electronic structures of substrates via the charge-transfer behavior. This
modification to the electronic properties of adsorption sites will create extra dipole moments, thus
increasing hydrogen uptake”. However, the reported improvement of adsorption enthalpy is limited,
generally lower than 15 kJ/mol.

In contrast, atomic chemisorption materials, including metal hydrides and chemical hydrides,
characteristically possess high thermodynamic stability under room temperature due to the strong bonding
between dissociative H atoms and adsorbent atoms. For example, the bonding energy of MgH, is as large as
75 kJ/mol"*. Undoutedly, the cleavage of Mg-H requires a high temperature to stimulate the reaction. It is
reported that the decomposition of MgH, is initiated while the temperature is increased up to 300 °C. Such a
high operating temperature is not suitable for proton exchange membrane fuel cells"". Moreover, MgH,
also suffers from sluggish dynamics. Efforts are also devoted to regulating the thermodynamics of MgH,,
such as nanostructuring, alloying, metastable phase""*'*. However, their hydrogen storage performance still
cannot meet the practical demands. For example, Cao et al."” reported a Mg,.In,AL.Ti, alloy prepared by
plasma milling. Compared with pure MgH,, the measured dehydrogenation enthalpy of Mg, In. A . Ti, alloy
decreases to 65.2 kJ/(mol-H,). However, kinetic properties indicate that a high temperature (over 300 °C) is
still required to achieve rapid dehydrogenation kinetics. Chemical hydrides, like NaBH, and NH,BH,,
generally possess higher hydrogen capacity*”. However, their drawbacks are severe. Taking NaBH, as an
example, hydrogen release by the thermolysis of NaBH, is impractical due to the high thermodynamic
stability, stepwise decomposition companied with impurity gases and poor dynamics. It reported that the
I Alternatively,
employing hydrolysis as off-board hydrogen storage, NaBH, still suffers from non-recyclability and non-
affordability issues, despite its high hydrogen capacity and controllable hydrogen release. According to the
guidelines set by the United States Department of Energy (DOE) for onboard hydrogen storage, by the year
2025, the gravimetric and volumetric storage capacities should meet the target of 5.5 wt% and 40 g/L under
near-ambient operation temperatures of -40 to 85 °C*.

19-21

decomposition temperature of NaBH, was determined to be higher than 500 °C!

Obviously, neither molecular physisorption nor atomic chemisorption could meet the targets of DOE. The
inherent issues of the two hydrogen storage methods are ascribed to the unsuitable adsorption enthalpies of
hydrogen. The reported solutions are mainly focused on how to improve weak molecular physisorption, or
to decrease the strong atomic chemisorption, so as to form moderate binding energy. However, none of the
current materials can meet the practical application requirements. The ideal hydrogen storage materials are
reversibly operated under mild temperatures with fast charging/discharging kinetics. In addition, according
to the DOE target, the hydrogen storage materials should be capable of adsorbing at least 5.5 wt% of
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Figure 1. Hydrogen storage methods with respect to enthalpy of adsorption and operating temperature.

hydrogen. This means that hydrogen can be stored in molecular form, but in a weak chemisorption manner,
called molecular chemisorption. This fascinating hydrogen storage method simultaneously endows
materials the good reversibility as physical adsorption and moderate stability under room temperature as
chemical adsorption, which may stand out as a promising hydrogen storage method.

THE MOLECULAR-CHEMISORPTION OF HYDROGEN

The molecular chemisorption process can be classified into weak chemisorption involving the gas-solid
interactions on the surface. Hence, the structure of adsorption sites at the surface is vital to uncovering the
underlying mechanism of molecular chemisorption, which is the prerequisite to both materials design and
hydrogen adsorption behavior. Early in 1984, Kubas ef al.” experimentally discovered a non-dissociative
form of hydrogen adsorbed onto a coordinated transition metal (TM) complex, W(CO),(P/Pr,),. In this TM
complex, the W atom is linked with five coordinates, and the hydrogen molecule is chemisorbed without
dissociation via side-on coordination binding to the W atom. However, the bond length of hydrogen is
stretched by approximately 20% longer than that of free H,. To explain the dihydrogen binding
coordination, the Dewar-Chatt-Duncanson model for TM-olefin complexes*” is invoked to rationalize the
stability of these o-type complexes, called Kubas-type interaction. Similar to the Dewar-Chatt-Duncanson
model with a three-center two-electron (3c-2e) bond (type I shown in Figure 2), the Kubas-type interaction
involves ¢ donation from the filled s-bonding orbital of H, molecule to an unfilled d orbital of a TM.
Meanwhile, = back-donation (BD) occurs from a filled d orbital of a TM to the empty ¢* anti-bonding
orbital of the H, molecule, which determines the stability of molecularly chemisorbed H, (type II shown in
Figure 2).

The non-dissociative molecular chemisorption has ever been mentioned in metal-based hydrogen storage
materials. It is known that the hydrogen sorption process upon metal atoms includes: physisorption,
dissociation, hydrogen atom diffusion, hydride nucleation and growth. Note that the physisorbed H, will
enter a molecular chemisorption state after crossing an activation barrier. The molecular chemisorption is
generally considered a transition state before the dissociation of hydrogen. Martensson et al.”” observed the
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Figure 2. Schematic diagram showing three orbital interactions between the central element and ligand. Type I: TM-olefin complexes.
Type II: Kubas-type H, complexes. Type lIl: n2—0 complexes (E represents H, C, Si, etc.).

molecular H, chemisorbed at the edge sites of a stepped Ni (100) surface that is covered with a dense layer
of atomic hydrogen by use of low-energy electron diffraction and electron energy-loss spectroscopy (EELS)
in conjunction. In contrast, no such state is observed on the flat Ni (100) surface. The authors ascribed the
molecular chemisorption to Kubas-type interaction. They suggested that nickel atoms with lower
coordination at the stepped surface possess residual unfilled d states which could stabilize the chemisorbed
H,, while the dissociative channel is blocked by the saturated atomic adsorbate layer. The results illustrated
that the low-coordinated metal atoms possess the capacity of molecular chemisorption.

Recently, Berwanger ef al.” reported the direct observation of chemical binding forces on single Fe atoms
to study the chemical reactivity of atom-assembled Fe clusters from 1 to 15 atoms at an atomic scale. This
measurement can be achieved via scanning probe microscopy with CO-terminated tips, which can
transition from the physisorption to the chemisorption regime and form a weak chemical bond with the
individual atoms. It is found that the chemisorption strength increases inversely with the atom’s reduced
coordination number. The results imply that regulating atomic coordination numbers can enhance the
interaction force between H, and adsorbent atoms.

The above analysis indicates that the low-coordinated metal atoms possess the capacity of molecular
chemisorption. However, this does not mean that molecular chemisorption is Kubas action. According to
Kubas interaction, it is the TM atom (owning d-orbital) with an unsaturated coordination state that can
chemisorb H, in its molecular form. To some extent, Kubas-type interaction is reasonable, which explains
the molecular chemisorption of H, and its stability, especially for TM atoms. However, the Kubas-type
interaction is not a versatile theory or not the unique premise for molecular chemisorption in some cases.
The first case is the MOFs with exposed metal sites (coordination-unsaturated). Naturally, MOFs with
exposed metal sites possess uniformly distributed metal sites coordinated to organic linkers and sufficient
porosity. It is reported that MOFs with exposed metal sites can significantly enhance the enthalpies of
adsorption of H, compared to classical MOFs with saturated metal sites. For example, the FT-IR
spectrometry studies indicate that H, can be adsorbed onto the coordinatively-unsaturated nickel (II) sites
of MOF-74 with a strong adsorption enthalpy of 13.5 kJ-mol"*". In contrast, this elevated interaction of
TM-H, is not found in classical MOFs with saturated TMs. However, the hydrogen adsorption mechanism
for MOFs with exposed metal sites still involves physisorption that the hydrogen capacities are mostly rely
on the surface area and total pore volume of the material, despite improved enthalpy of hydrogen
adsorption. Zhou and Yildirim"”® individually investigate the role of exposed TM sites in MOFs by first-
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principles calculations as well. Characteristics including charge transfer from TM to H,, H,-c* Mn-d orbital
hybridization, and H-H bond elongation, are not observed in the H,-MOFs (with exposed TM sites) system,
indicating that the enhanced heat of adsorption of H, is not related to the Kubas-type interaction.
Furthermore, the authors reveal that the improved binding energy is contributed by the classical Coulomb
interaction arising from the small charge overlap of H,-c and TM-d orbitals.

Another example is the adsorbent containing metals without d-electrons. As detailed in Kubas-type
interaction, the adsorption site of transition metal should possess at least a vacant d orbit to accept the
electrons from H, molecule as well as a filled d orbit to back-donate electrons to the anti-bonding orbit of
H, molecule. Here, one may wonder whether they are capable of adsorbing intact H, molecules while the
adsorption sites contain d, metals or high-oxidation-state main group elements that lack of electrons in the
d orbital? According to Kubas, if there is a lack of BD, the Kubas-type H, complexes will be unstable.
However, in recent research, Wang et al. indicate that metals lacking d orbital electrons still stably adsorb
intact H, molecules, referred to as n’-c complexes in type-III [Figure 2]®. These findings illustrate that
supported alkali metals or alkaline earth metals (absence of d-electron), like Li- or Ca-modified carbon
nanotube, possess the potential to be utilized for hydrogen storage. The results further indicate that the BD
is not the crucial factor for the stabilization of molecularly chemisorbed H,.

Furthermore, a strong polarization effect of low-valent TM on hydrogen adsorption is also significant.
Based on self-consistent-field molecular-orbital theory, Niu et al.*” reported that hydrogen behaves
differently while approaching a neutral metal atom (Ni) and a metal ion (Ni*). For a neutral metal atom,
similar to the metal atoms on surfaces and in bulk, it will transfer an electron to the approaching H,
molecule to fill the antibonding orbital. This will lead to the bond cleavage of H-H favoring the atomic
bonding between individual H atoms and metal atoms. In contrast, the ability of electron donation to a H,
molecule becomes energetically inefficient for a transition metal ion due to the higher second ionization
potential of the metal atom. Instead, a strong polarization effect will occur between the ion and H, molecule,
which will enable several H, molecules to be chemisorbed in their molecular form onto a metal ion.

However, an isolated neutral metal atom or low-valent metal ion is unstable and cannot exist alone in
nature. In addition, in a practical hydrogen storage material containing low-valent metal ions, the
interactions between metal sites and H, molecules may involve multiple contributions to molecular
chemisorption. As to the interactions mentioned above, combined with the Kubas-type interaction, it can
be concluded that it is the coordinated TM atom, not a neutral metallic atom, that can bind H, in the form
of a molecule. Moreover, the low-valent TM atoms with unsaturated configuration are vital for molecular
chemisorption via orbital interaction, rather than physisorption.

Besides the low-valent and unsaturation state of TM atoms, the local electronic structure of TM atoms also
contributes to adsorption energy. Recently, Zhang et al.®" reported a low-coordinate Pt, single-atom
catalyst for the hydrogenation of nitrobenzene and cyclohexanone. By impregnation-reduction steps,
isolated Pt atoms can be stabilized on phosphomolybdic acid (PMA)-modified activated carbon (AC) (Pt-
PMA/AC). To investigate the catalytic activity of Pt-PMA/AC in hydrogenation reactions, the authors
firstly conducted a H,-O, titration experiment [Figure 3A-C]. It is found that H, uptake of Pt-PMA/AC is
due to the presence of Pt. In contrast, neither AC nor PMA/AC could adsorb H,. This explained that the
anchored Pt atoms strongly interact with PMA, inducing an electron out-flow. Thus, the Pt single atom
enables the Pt-PMA/AC to possess the excellent hydrogen uptake property by its strong adsorption and
polarization capacity. Besides the single atom, dual-metal dimers are also found to be capable of strong
adsorption capacity. Zhang et al.”” reported an asymmetrically heterogeneous atomic metal (Co and Pt) on
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Figure 3. The atomically dispersed asymmetrical metallic structure. (A-C) H,-O, titration profiles of AC, PMA/AC and Pt-PMA/AC.
Reprinted with permission from Ref.”". Copyright 2016, WILEY VCH Verlag GmbH & Co. KGaA, Weinheim. (D) HAADF image of A-
CoPt-NC after fast Fourier transformation filtering. The bright yellow spots are metal atoms, and the cyan spots are carbon atoms.
Reprinted with permission from Ref.?”. Copyright 2018, American Chemical Society. (E) Model of the configuration of the two metal
atoms trapped in the defect, reconstructed from the observed atomic structure in (a). Purple circles mark metal atoms. The carbon
atoms adjacent to metal atoms #1 and #2 are linked with a red line. Reprinted with permission from Ref.”?. Copyright 2018, American
Chemical Society. (F) Top view of the charge densities of a(Co-Pt)@NgV 4, the pink area represents strong electron accumulation.
Reprinted with permission from Ref.”?. Copyright 2018, American Chemical Society.

N,V, vacancies by the defect engineering method, shown in Figure 3D and E. The asymmetric deployment
of Pt and Co in a(Co-Pt)@N,V, can polarize the surface charges near the active sites by stimulating the
electron accumulation around the Co atom and weakening electron accumulation around Pt [Figure 3F].
This charge distribution significantly enhances the adsorption of adsorbate molecules on active sites.
Moreover, the asymmetric coordination of heterobimetallic species coupling at carbon defects can shift up
the d orbital relative to the Fermi level, improving the binding energy between adsorbate and adsorption
sites.

Based on the above analysis, a low valent ion state for coordinated TM atoms is the prerequisite of hydrogen
adsorption without dissociation. Besides, the stabilization of chemisorbed molecular hydrogen under room
temperature might need further modulation of the electronic structures to adsorption sites. On the one
hand, the adsorption sites should possess a low coordination number. According to the d band center
theory proposed by Hammer et al.”, the lowering coordination number of center metal can shift the d-
band level up to the Fermi level, which could strengthen the interaction between adsorption sites and
adsorbate molecules. On the other hand, the asymmetric adsorption sites can effectively alter the charge
distribution at the coordination structures, which will lead to local charge accumulation. This kind of charge
redistribution could further promote the adsorption of adsorbate molecular by strong molecular
deformation.

Previous experimental explorations further confirmed the role of the unique material structure on
molecular chemisorption for hydrogen storage. Strategies of material synthesis include Grafting TM atoms
to surfaces of porous materials (e.g., mesoporous silica)”*** and bridging the TM atoms with lightweight
ligands (e.g., hydrazine) to the microporous materials®**. In 2008, Hamaed et al.”* reported organometallic
Ti fragments as the H, storage material. The low-coordinated Ti (III) atoms were grafted onto mesoporous
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silica using tri- and tetrabenzyl Ti precursors. The detailed experimental process is shown in Figure 4A. It
can be observed that the low valent Ti atoms are three coordinates with two O atoms and one C atom,
which can act as the adsorption sites. The hydrogen storage properties in Figure 4B show that the highest
gravimetric storage value of 2.02 wt% recorded under the condition of 60 atm and 77 K is the sample with a
Ti/Si molar ratio of 0.2 (0.20 Ti/HMS), while only 1.21 wt% hydrogen can be stored by silica precursor
under the same condition. By calculations, an average of 2.7 H, molecules are adsorbed onto each Ti atom
in 0.20 Ti/HMS. Notably that hydrogen adsorption isotherms of Ti-grafted samples do not saturate under
the condition of 60 atm and 77 K. Increasing the pressure can further increase the numbers of H, molecules
being adsorbed, according to the Le Chatelier’s principle. Moreover, the binding enthalpy for Ti (III) grafted
sample, by Clausius-Clapyron equation, is determined to be 22.04 kJ/mol compared to 3.5 kJ/mol for the
pristine silica materials. On the one hand, the dramatically enhanced enthalpy reflects the molecular
chemisorption mechanism differing from typical physical adsorption characteristics. On the other hand, the
large enthalpy guarantees that around 1.1 hydrogen molecules are molecularly chemisorbed onto each Ti
atom at room temperature.

In addition to grafting techniques, vanadium hydrazide gels with isolated and coordination-unsaturated V
(III) species are also fabricated by using trismesitylvanadium (III) as a precursor and hydrazine as a
linker". The possible reaction mechanism is given in Figure 4C. The vanadium atom is tri-coordinated
with N atoms in vanadium hydrazide gels, though some residual tetrahydrofuran (THF) molecules are
bound to V atoms. The hydrogen adsorption isotherms [Figure 4D] present a linear hydrogen adsorption
behavior, reflecting nondissociative hydrogen chemisorption, and up to 4.04 wt% of hydrogen are stored for
sample C150 under 77 K and 85 bar. Even at room temperature, 49% of their adsorption can be retained as
opposed to 77 K, owing to its greatly enhanced adsorption enthalpies from 3 to 36.5 kJ/mol.

MATERIAL DESIGN

Note that, though the works mentioned above exhibited good hydrogen adsorption performance, the lack of
details of material structure characterization is unfavorable to our cognition of constitutive relationship, and
it also brings difficulties to the further exploration of related materials. The core of rationalizing materials
capable of molecular chemisorption is to fabricate isolated heteroatoms, simultaneously with low
coordination number and unique coordination configuration. The expectation is that, by regulating the
electronic structures of adsorption sites, the H, molecules can be chemisorbed with moderate bond energy,
in which H, molecules can be adsorbed stably and released readily while exposed to a vacuum. Nevertheless,
exploration and development of synthetic methodologies is a great challenge because it is difficult to
synthesize a material that simultaneously has a high concentration of controllable coordination structures
with unsaturated center metal atoms, lightweight and sufficient porosity, allowing the diffusion of
hydrogen™. On the one hand, the high surface energy easily prompts the migration and aggregation of
isolated metal atoms into particles. On the other hand, TMs in the solid state prefer to be hexa-coordinate
in most cases, such as TiO,, hindering the hydrogen molecular chemisorption. Experimental literature
related to molecular chemisorption is rarely reported. Here, the methodology, defect engineering strategy, is
highlighted as a simple and versatile strategy that could not only fabricate atomically dispersed and low-
coordinate transition atoms but also modulate the coordination structure of centred TM atoms.

Defective carbon-based materials are widely considered as the ideal substrates owing to their good
structural tunability, sufficient porosity, and lightweight. More importantly, the abundant defects in the
carbon matrix could act as the anchoring sites to stabilize isolated TM atoms at atomic levels. Experiments
have identified that a di-vacancy defect in graphene can trap atomic Ni specie in form of a four-coordinate
structure (Ni-C,) which exhibits excellent stability, shown in Figure 5A*.. Moreover, the defect engineering
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Figure 4. Hydrogen storage performance (via molecular chemisorption). (A) Schematic representation of the grafting of benzyl Ti
species onto the surface of mesoporous silica. Reprinted with permission from Ref.”*. Copyright 2008, American Chemical Society. (B)
Hydrogen adsorption isotherms at 77 K for mesoporous silica treated with various molar equivalents of tribenzyl titanium. Reprinted
with permission from Ref.m].Copyright 2008, American Chemical Society. (C) A possible mechanism for the reaction between
V(Mes),; THF and N,H ,.Reprinted with permission from Ref.®! Copyright 2010, American Chemical Society. (D) Hydrogen
adsorption-desorption isotherms of vanadium hydrazide samples. Reprinted with permission from Ref.”®. Copyright 2010, American
Chemical Society.

strategy can be employed to regulate TM-atom-coordinated structures with different non-metallic element
atoms (B, N and/or S). For example, the regulation of coordination configuration of defect-trapped
transition metal atoms can be achieved by selectively replacing C atoms at defects with N atoms, shown in
Figure 5B"*. Furthermore, lowering coordination numbers by directly removing partial ligands seems
feasible via an Ar-plasma etching technique'*”. Besides the configuration of the di-vacancy defect trapping a
single Ni, the defect engineering can be applied to synthesize configurations that heterogeneous di-metal or
even tri-metal confined into a multi-vacancy defect for hydrogen storage®.

In addition to carbon-based materials, the defect engineering strategy can also be applied to transition metal
chalcogenides by creating ion vacancy defects, which could not only modulate the coordination structure
and charge distribution of center TM atoms but also optimize steric effect of H, adsorption. Reducing the
coordination number of TM atoms by engineering anionic vacancy defects is practicable. Experimentally,
the Ar-Plasma technique has successfully witnessed the removal of partial coordinated anionic ligands in
transition metal chalcogenide!”
distributed single S-vacancy defects onto the MoS, nanosheet surface with a high vacancy concentration of
12.11%, shown in Figure 5C™**.

. Besides, chemical etching is also reported to create homogeneously
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Figure 5. Methodology of the defect engineering. (A) HAADF-STEM image of the defective area with atomic Ni trapped (left) and the
corresponding illustration of a single Ni atom anchored on di-vacancy (right). Reprinted with permission from Ref."”. Copyright 2018,
Elsevier. (B) Top views of the optimized structures for CoN,_C,.(I-IV) Represent four different coordination environments of cobalt
atoms; I: CoN,C, Il: CoN,C,, lll: CoN5C,, IV: CoN,.Reproduced with permission from Ref.*". Copyright 2020, Wiley-VCH. (C) STEM
image together with the line profiles extracted from the areas marked with purple rectangles of a monolayer MoS, flake film after
etching. Reprinted with permission from Ref.*. Copyright 2020, American Chemical Society. (D) HAADF STEM images of a Tiy 4,0,
nanosheet (left) and line profile exhibiting a clear intensity variation of atomic columns (right). The arrows indicate the Ti vacancies.
Reprinted with permission from Ref."*®. Copyright 2018, American Chemical Society.

Besides anionic vacancy defects, engineering cationic vacancy defects is also crucial for binding hydrogen
via molecular chemisorption. The creation of cationic vacancies can undoubtedly enlarge the adjacent TM-
TM distance, thus influencing the hydrogen adsorption behavior. Various techniques have been developed
to create cationic vacancies, such as strong alkali etching*, wet-chemistry approach”, high-intensity
ultrasonic processing™ and so on. In Figure 5D, the HAADF-STEM image and line profile confirmed the
Ti vacancy defects in the cation-deficient titanium oxide (Ti,,,O,) fabricated by alkali etching"’. In addition
to producing ion vacancy defects, the coordination environment and charge distribution of center metals

44,49]

can also be modified by introducing heteroatoms (metal or non-metal atoms) into the defects***.

PERSPECTIVES AND DIRECTIONS

Developing hydrogen storage materials in the form of molecular chemisorption will construct a new
conceptual paradigm in solid-state hydrogen storage fields. This unique hydrogen storage fashion endows
the materials with fascinating adsorption enthalpy, allowing the hydrogen adsorption under ambient
temperature and fast dehydrogenation simply by exposure to a vacuum condition. Though it is still
premature to be fully understood, this method will provide a potential solution to hydrogen storage in the
future. Currently, it remains a big challenge for current fabrication processes. The aforementioned defect
engineering offers a doable way, albeit it needs to be further verified for hydrogen storage. Efforts to explore
the unique hydrogen storage materials and understand the adsorption mechanism is urgently required.
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1. Strategies of synthesizing molecular-chemisorption type materials aim to acquire high concentration of
low-valent, low-coordinate binding sites.

2. Factors that affect the electronic structures of adsorption sites should be delicately and sophisticatedly
modulated, including: (1) adsorption sites, such as species, spacing and quantity of adsorbent atoms; (2)
coordination environment, such as coordination number, coordination atom, symmetry/asymmetry of
coordination structure, and position (in plane or edge); and (3) substrates.

3. The cycle stability of materials during de-/hydrogenation is a non-ignorable performance. The interaction
between ligands and central TM atoms should be fully considered prior to material design.

4. More accurate theoretical calculations combined with matching adsorption models should be provided to
explore the critical interactions behind the molecular chemisorption, favoring the correlation between
structure of adsorption sites with hydrogen adsorption performance.

5. Besides the TM atoms, efforts should be also devoted into developing n*-c complexes (type III method
referred in Figure 2) constructing an integrated molecular chemisorption system.
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Abstract

Although the rational synthesis of catalysts with strong oxide-support interactions to modulate the geometric and
electronic structures and achieve unusual catalytic performance is challenging in heterogeneous catalysis, it is in
significant demand for the efficient and sustainable transformation of chemicals. Here, we report the synthesis and
performance of a ceria-supported two-dimensional manganese oxide catalyst with strong metal oxide-support
interactions, which help to produce well-dispersed and amorphous MnO, layers on the CeO, matrix
(MnO,/CeO,). This catalyst readily reacts with molecular oxygen to give a high capacity of active oxygen species,
owing to the interfacial effect. The C-H bonds are adsorbed and activated by these active interfacial oxygen
species, leading to high activities and selectivities in the industrially important C-H bond activation reactions, such
as the oxidation of hydrocarbons to alcohols and ketones with molecular oxygen under solvent- and initiator-free
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conditions at mild temperature. The performance of the MnO,/CeO, catalyst is greater than that of noble metal
and highly efficient Mn-Ce solid-solution catalysts. More importantly, the catalyst is stable and exhibits constant
reactivity in continuous recycling tests. These results are important for the design of highly efficient catalysts for
the selective oxidation of hydrocarbons.

Keywords: Strong oxide-support interactions, C-H oxidation, MnO,/CeO, catalyst, heterogeneous catalysis

INTRODUCTION

The oxidation of sp’-hybridized C-H bonds has emerged as a facile and industrially important process for
the sustainable production of alcohols, ketones and epoxides from petroleum hydrocarbons"*. Generally,
the inorganic salts of ClO, and NO, are used as oxidants, which are costly and environmentally
unfriendly®. Although molecular oxygen is regarded as a favorable oxidant, harsh reaction conditions are
necessary for the activation of strong C-H bonds, which generally leads to significant energy consumption
and uncontrollable selectivities®*. In addition, over-oxidation occurs in many cases to produce carbon
dioxide and other byproducts, particularly during vapor-phase oxidation™”. As an attractive process in
industry, the liquid-phase oxidation of C-H bonds has attracted tremendous attention, but the conversion
of hydrocarbon substrates is always unsatisfactory. Subsequently, noble metal catalysts, peroxide initiators,
organic solvents, supercritical CO, and ionic liquid additives are used for enhancing the substrate
conversion"'"'*, but new problems arise, such as increased costs and extra product purification. Therefore,
the efficient catalytic oxidation of C-H bonds with molecular oxygen over non-noble metal catalysts, as well
as avoiding the use of solvents and initiator additives, remains challenging.

Mn-Ce oxides have been extensively investigated as efficient catalysts for the total oxidation of NO"7,
CO'"**! and organic molecules for pollutant removal®*, because of their high activity toward the activation
of molecular oxygen. The features of Mn-Ce oxides in molecular oxygen activation have also motivated
research into the selective oxidation of C-H bond and excellent success has been achieved. For example,
Mn-Ce oxides were synthesized with surfactants or ionic liquids to maximize the solid-solution phase,
which readily exhibited superior activity and selectivity for the selective oxidation of hydrocarbons'*.
However, organic solvents are still necessary in most of these cases"®. Furthermore, the expensive
surfactants and ionic liquids still limit their practical applications. Developing strategies for the synthesis of
efficient Mn-Ce catalysts therefore remains a vital area of research in this field.

Here, we report a ceria-supported two-dimensional manganese oxide catalyst that is highly efficient for the
selective oxidation of hydrocarbons without the use of solvents and initiator additives. The key to this
success is anchoring the two-dimensional and amorphous manganese oxide layers on the cerium matrix
(MnO,/Ce0,) via strong oxide-support interactions (SOSIs). Owing to these features, the catalyst readily
reacts with molecular oxygen to give a high capacity of active oxygen species at 46.1%. In the solvent- and
initiator-free oxidation of C-H bonds on a series of hydrocarbons with molecular oxygen at low
temperatures, the MnO,/CeO, catalyst exhibits high activities and selectivities, as well as good stabilities in
the recycling tests (Scheme 1). For example, in the aerobic oxidation of ethylbenzene, it gives a conversion
of 63.5% and a selectivity of 95.7% to the corresponding alcohol/ketone products, thereby outperforming
highly efficient heterogeneous catalysts under solvent- and initiator-free systems reported in the literature.

EXPERIMENTAL

Synthesis

Synthesis of MnO,/CeO, catalysts

As a typical synthesis of the MnO,/CeQ,(0.05) [where 0.05 is the theoretical Mn/(Mn + Ce) molar ratio]
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Scheme 1. Synthetic and catalytic strategies for ceria-supported two-dimensional manganese oxide catalyst with strong oxide-support
interactions.

catalyst, 6 g of cerium nitrate [Ce(NO,),-6H,0O] and 0.26 g of a manganese nitrate aqueous solution
(50 wt.%) were dissolved in 5 g of ethanol and 5 g of deionized water in flask A and stirred at room
temperature for 20 min. Meanwhile, 2 g of glycerol and 4.8 g of citric acid monohydrate were dissolved in
5 g of ethanol and 5 g of deionized water in flask B and stirred at room temperature for 20 min. After that,
the liquor in flask B was added to flask A with continuous stirring at room temperature for 3 h and 90 °C for
3 hin a closed reactor. Finally, the ethanol and water solvent was volatilized to obtain a foamed solid. After
drying at 100 °C overnight and calcining at 800 °C for 4 h in air to remove the organic species, the
MnO,/Ce0,(0.05) catalyst was finally obtained. CeO, and MnO,/CeO,(y) catalysts with Mn/(Mn + Ce)
molar ratios of 0.025, 0.1, 0.2 and 0.3 were synthesized using the same procedure by adjusting the amount of
the manganese nitrate aqueous solution in the starting solutions. Accordingly, the samples were termed as
CeO,, MnO,/Ce0,(0.025), MnO,/CeO,(0.1), MnO,/Ce0,(0.2) and MnO,/CeO,(0.3), respectively.

Synthesis of acid-treated MnO,/CeO,(0.05)

First, the acid-treated MnO,/CeO,(0.05) catalyst was synthesized by washing the as-synthesized
MnO,/Ce0,(0.05) with diluted hydrochloric acid (20%) at 90 °C for 4 h. The solid was then collected by
centrifugation and washed with a large excess of deionized water and dried in air at 100 °C overnight.
Finally, the sample was calcined in air at 400 °C for 2 h in a rotating quartz tube to obtain the acid-treated
MnO,/CeO,(0.05) catalyst.

Synthesis of MnO,/CeO, and MnO,/SiO,

For comparison, MnO,/CeO, with an Mn/(Mn + Ce) molar ratio at 0.05 was also prepared by an incipient
wetness co-impregnation method. In a typical run, an Mn(NO,), aqueous solution (50 wt.%) was used as a
precursor and CeO, was used as a support (CeO, was prepared by the citric acid-assisted method discussed
above). After impregnation, the catalysts were placed in the atmosphere statically overnight and then dried
in an oven and calcined at 600 °C for 4 h in air. The resulting catalyst was denoted as MnO,/CeO.,.
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MnO,/Si0O, was also synthesized by the same procedure for MnO,/CeO, but using SiO, as the support.

Catalysis

Catalytic oxidation of hydrocarbons

The oxidation of hydrocarbons in the liquid phase was performed with a high-pressure autoclave reactor
equipped with a magnetic stirrer (900 rpm). In a typical run, the catalyst and hydrocarbon were mixed in
the reactor and pure oxygen was used for the reaction. The autoclave was purged with oxygen three times to
remove the air in the autoclave before the reaction. Oxygen was then introduced to the desired pressure.
Next, the reactor was rapidly heated to the desired temperature (the reaction temperature was measured by
a thermocouple in the autoclave and the pressure was measured at the reaction temperature). After the
reaction, the reactor was placed in an ice bath to stop the reaction, and bromobenzene or biphenyl was used
as the internal standard. In the stability test, the catalyst was removed from the reactor and washed with
ethanol after each reaction run, dried overnight at 150 °C and then used in the next experiment to evaluate
its recyclability.

The products were analyzed by gas chromatography (GC-14C, Shimadzu, with a flame ionization detector
and ethanol or acetonitrile used to dilute the liquor before the analysis) with a flexible quartz capillary
column (OV-17). The gas-phase products (e.g., CO or CO, produced from over-oxidation) were analyzed
using a Fu Li-9790 gas chromatograph equipped with a thermal conductivity detector (TCD). The as-
synthesized catalyst was used each time to make sure the reactions were conducted under identical
conditions. High-pressure oxygen has been extensively used in aerobic oxidations and the reaction systems
in this work were out of the explosion limits of the reactants. For example, the explosion limit of
ethylbenzene is 1.0%-7.1% in oxygen and the concentration of ethylbenzene in the gaseous phase in this
work is out of the explosion limit. Fire and static electricity were therefore avoided for safety reasons.

Catalytic oxidation of CO

The oxidation of CO was performed in a continuous-flow fixed-bed quartz vertical reactor (length of
400 mm and internal diameter of 6 mm) in a temperature controllable oven. First, 0.2 g of catalyst
(40-60 mesh) diluted with 0.6 g of quartz sands (40-60 mesh) were located in the reactor. The feed gas
containing 1% CO and 18% O, in He was introduced with a total rate of 20 sccm. The concentration of CO
in the feed and emission gases was continually monitored by the chromatograph equipped with the TCD
detector. In the kinetic study, the partial pressure of CO was controlled by adjusting the flow rate of CO and
the total rate was balanced with He.

Characterization

Temperature-programmed desorption

The temperature-programmed desorption of O, (O,-TPD) was measured in a BELCAT II catalyst analyzer
equipped with a TCD. As a typical run, 30 mg of solid catalyst were pretreated at 600 °C for 1 h in air before
the measurement and then cooled to 50 °C. The sample was then heated to 800 °C at a ramp rate of
10 °C/min for detecting the desorbed oxygen species.

In-situ Fourier transform infrared spectroscopy

The in-situ Fourier transform infrared (FTIR) spectra were recorded using a Nicolet is50 FTIR spectrometer
equipped with an MCT/A detector, ZnSe windows and a high temperature reaction chamber. As a typical
run, 50 mg of MnO,/CeQ,(0.05) were localized in the sample chamber and pretreated at 120 °C for 1 h in
flowing Ar (30 sccm) and then cooled to room temperature. The steam containing ethylbenzene (partial
pressure in the range of 9-16 mbar) was introduced into the system with a flow of Ar carrier gas (30 sccm).
After adsorption for 1 h at room temperature, a pure Ar gas was introduced to purge the sample for another
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1 h and the FTIR spectrum of ethylbenzene adsorbed on the solid sample was then recorded. After
increasing the reaction temperature to 160 °C in flowing Ar and maintaining it for 30 min, the FTIR spectra
were recorded to understand the interaction between ethylbenzene and the active oxygen species on the
catalyst surface. Whilst maintaining the temperature of the chamber at 160 °C, oxygen was introduced to
further promote the interaction, where the FTIR spectra were recorded to detect the formation of carbon-
oxygen species.

To investigate the crucial role of the active oxygen species on the catalyst, we eliminated the oxygen by H,
reduction during the in-situ FTIR study. In a typical run, 50 mg of the MnO,/CeO,(0.05) sample were
pretreated at 200 °C with 10% H,/Ar for 2 h and then cooled to room temperature. The steam containing
ethylbenzene was then introduced into the system with a flow of Ar carrier gas (30 sccm). After adsorption
for 1 h at room temperature, a pure Ar gas was introduced to purge the sample for another 1 h. The FTIR
spectrum of ethylbenzene adsorbed on the solid sample was then recorded. After that, the MnO,/CeO,(0.05)
catalyst was treated at 200 °C in O, for 1 h and then cooled to room temperature. Equivalently, ethylbenzene
was introduced into the sample again and the FTIR spectrum was collected for understanding its adsorption
behavior on the oxidized MnO,/CeO,(0.05) sample. The chamber temperature was then increased to 80 °C
with an oxygen flow and the FTIR spectra were recorded to characterize the interaction of ethylbenzene
with the catalyst.

In-situ Raman spectroscopy

Raman spectra were recorded using an HR800 Raman spectrometer equipped with an Ar excitation source
(r = 514.532 nm). The gaseous steam was introduced into the system with a flow of Ar carrier gas (30 sccm)
with the reactant partial pressure in the range of 10-20 mbar. To prove the presence of active surface oxygen
species, in-situ Raman spectra were performed with 40 mg of the CeO, or MnO,/Ce0,(0.05) sample dried in
a vacuum overnight to remove the water species. The Raman spectra of CeO, were recorded at room
temperature in air. The Raman spectra of MnO,/Ce0,(0.05) were recorded at room temperature in air,
room temperature in O,, 140 °C in Ar, 250 °C in Ar, 350 °C in Ar and room temperature in O,.

To further confirm the active surface oxygen species, in-situ oxidation of CO was conducted with 40 mg of
the CeO, or MnO,/CeO,(0.05) sample dried in a vacuum overnight to remove the water species. The Raman
spectra of CeO, were recorded at room temperature in air. The Raman spectra of MnO,/Ce0,(0.05) were
recorded at room temperature in air, room temperature in O,, 140 °C in CO, 250 °C in CO, 350 °C in CO
and 350 °C in CO and O,

Catalytic data analysis

Carbon balance during oxidation of hydrocarbons

The carbon balance before and after the reaction was calculated based on the number of carbon atoms in all
the liquid reactants and products. For example, in the oxidation of ethylbenzene, acetophenone and
phenylethyl alcohol are the detectable liquid products, while the CO, from over-oxidation was not included
in calculating the carbon balances. The carbon balance values are calculated according to the following
equation:

M*8 + M, *n; + Mo*n, + My*n; + ...+ M *n,
/ L QMZ*S b x 100%

o~
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where C% is the carbon balance, M; is the final number of moles of ethylbenzene in the reactor after
reaction, 8 is the number of carbon atoms in a single ethylbenzene molecule, M, (M,, M,, ...... , M) is the
number of moles of liquid product 1 (product 2, 3, ...... , X) in the reactor after the reaction, n, (n,, n,, ...... ,
n,) is the number of carbon atoms in a single molecule of product 1 (product 2, 3, ...... , x) and M, is the
number of moles of ethylbenzene in the feed mixture before the reaction.

In the kinetic study, the average reaction rates were calculated from the number of moles of substrate
converted per gram of the catalyst in 1 h (mmol g, ' h) and the conversion of the reactants was controlled
to be lower than 20%, which approximated the true reaction rates.

RESULTS AND DISCUSSION

Synthesis and structural characterization

The CeO, support was synthesized via a citric acid-assisted method [Figure 1A]. Typically, Ce(NO,), and
citric acid were dissolved in a mixture of water, ethanol and glycerol, where the citric acid can chelate with
metal ions to form the metal citrate precursor [Supplementary Figure 1]. After removing the solvent and
forming a fluffy material by stirring at 90 °C, followed by calcination to remove the organic species, the
CeO, was finally obtained [Supplementary Figure 2]. The CeO,-supported manganese oxide catalysts were
synthesized following the same procedures by adding Mn(NO,), in the starting solution and denoted as
MnO,/CeO,(y) [where y is the theoretical molar ratio of Mn/(Mn + Ce)] [Supplementary Figures 3-5].

Figure 1B shows the X-ray diffraction (XRD) patterns of the commercial CeO, and MnO,/CeO,(y) samples
with different Mn loadings, which all exhibit peaks at 28.7°, 33.3°, 47.7° and 56.5°, assigned to the (111),
(200), (220) and (311) diffraction peaks of a typical CeO, crystal, respectively"***. Notably, the shift of these
diffraction peaks was undetectable for the MnO,/CeO,(y) samples compared to the pure CeO,, suggesting a
lack of the Mn-Ce solid-solution phase""**?. The high dispersion and/or amorphous features of MnO, on the
CeO, matrix were evidenced by the undetectable XRD peaks associated with manganese oxide for MnO,/
Ce0,(0.025), MnO,/Ce0,(0.05) and MnO,/CeO,(0.1) [Figure 1C]. However, the diffraction patterns of
higher Mn content samples showed the crystallization of a Mn,O, hausmannite phase (JCPDS 071841)%,

demonstrating the formation of sintered MnO, species in these samples.

The N, sorption demonstrates that the surface areas of CeO, and MnO,/CeO,(0.05) are lower than 10 m*/g,
which should be due to the high-temperature calcination of the catalysts (800 °C for 4 h) that lead to the
aggregation of the CeO, support and the collapse of the pore structure. The surface geometry of
MnO,/Ce0,(0.05) was studied by electron microscopy characterization. As shown in Figure 2A, the bright
field-scanning transmission electron microscopy image provides direct observation of the sample, showing
stacked CeO, crystals [Supplementary Figure 6]. The Mn distribution was identified by the energy
dispersive spectroscopy (EDS) elemental maps [Figure 2B-D], showing the MnO, ensembles with diameters
of 15-25 nm on the CeO, support, which is different from the Mn-Ce solid solution with homogeneously
distributed Mn sites""”, consistent with the XRD results [Figure 1B]. Interestingly, the morphology of the
MnO, ensemble is irregular, which might suggest the amorphous structure of the MnO,.

Figure 2E shows an enlarged view of the region in the yellow square in Figure 2A. Notably, the crystalline
feature of the Mn species is completely unobservable. However, the elemental maps decidedly confirmed
the existence of the MnO, species [Figure 2F-H], demonstrating that the structural feature of
MnO,/CeO,(0.05) is mainly amorphous MnO, on the surface of the CeO, matrix. The annular bright field-
scanning transmission electron microscopy image with atomic resolution clearly shows the distributions of
the Ce, O and Mn elements. As shown in Figure 2I-L, the ordered distributions of Ce and O are the same as
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Figure 1. (A) Procedures for synthesizing MnO,/CeO,(y) catalyst with MnO, species anchored on the surface of ceria matrix. (B) XRD
patterns of commercial CeO, and MnO,/CeO,(y) catalysts with different Mn loadings. (C) Zoomed-in views of diffractions peaks in (A)
from 30° to 40° for MnO,/CeO,(y) catalysts with different Mn loadings. (D) Ols X-ray photoelectron spectra of MnO,/Ce0,(0.05),
CeO, and MnO,. XRD: X-ray diffraction.

those of the CeO, lattice. However, the random distribution of Mn confirms the amorphous feature of the
MnO, species. Significantly, the formation of an Mn-Ce solid solution is also excluded, because the smaller
ionic radius of manganese ions compared to cerium ions will result in contractive lattice space in the Mn-Ce
solid solution compared to the lattice space of CeO,"", which is not observed in this work.

The high-resolution HAADF-STEM image of the MnO,/CeO,(0.05) catalyst directly shows that the CeO,
matrix is partially coated with layers with an undetectable lattice [Figure 2M]. In particular, in this case, the
catalyst calcined at 800 °C for 4 h precluded the carbon-containing species on the surface of CeO,.

Considering that isolated Ce sites can be found in the amorphous region [Figure 2NJ, it is reasonable to
assign the amorphous layers to the MnO, species. In addition, the Mn/(Mn + Ce) ratio appears at 0.22 on
the catalyst surface by XPS analysis, which is distinctly different from the ratio of 0.05 in the whole oxides,
indicating that MnO, mainly exists on the CeO, surface. These results suggest that the structural feature of
MnO,/Ce0,(0.05) is dominated by amorphous MnO, layers on the surface of the CeO, matrix rather than a
monophasic solid solution. The unique structure of MnO,/Ce0,(0.05) can be reasonably assigned to the
citric acid-assisted method [Figure 1A], because the remarkably different decomposition temperature of
cerium citrate (~161 °C) and manganese citrate (~296 °C) would benefit the phase separation to hinder the
formation of the solid solution.

The MnO, structure was further characterized by Raman and EPR measurements. As shown in Figure 20
and Supplementary Figure 7, the as-synthesized MnO,/Ce0,(0.05) catalyst shows a blue shift of the MnO,
mode (654 cm™) compared with that of various manganese oxide and supported MnO, catalysts prepared
by the conventional impregnation method (< 640 cm™), which is due to the SOSIs between MnO, and the
CeO, support and the formation of defect-rich MnO, layers”?". In contrast, the EPR spectrum of the MnO,
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Figure 2. Electron microscopy and structural characterization. (A, E) BF-STEM images and the corresponding (B-D, F-H) Mn, Ce and O
elemental maps of MnO,/Ce0,(0.05). (E) Enlarged view of the yellow square in (A). (I-L) ABF-STEM and EDS analysis of
MnO,/Ce0,(0.05). (M, N) High-resolution STEM images of MnO,/Ce0,(0.05) catalyst. The isolated Ce sites in the amorphous region
are highlighted by yellow circles in (N). (O) Raman and (P) EPR spectra of various samples. BF-STEM: Bright field-scanning
transmission electron microscopy; ABF-STEM: annular bright field-scanning transmission electron microscopy.

/CeQ,(0.05) catalyst shows sharp sextuple signals with a g value at 2.00 [Figure 2P], indicating the formation
of abundant oxygen vacancies by loading of the MnO, species in the MnO,/Ce0,(0.05) catalyst*?. For
comparison, the bulky manganese oxide (MnO,), MnO,/CeO, and MnO,/SiO, prepared by the conventional
impregnation method [Supplementary Figure 8] exhibit broad and weak signals in the EPR spectra
[Figure 2P], which can be attributed to the Mn-Mn coupling (i.e., aggregation)**. These results reasonably
confirmed the successful formation of well-dispersed and amorphous MnO, layers on the surface of the
ceria matrix and the construction of abundant oxygen vacancies/defective sites in the MnO,/CeO,(0.05)
catalyst, which are beneficial for the oxygen activation.

Figure 1D shows the O1s X-ray photoelectron spectra of the MnO,/CeO,(0.05), CeO, and MnO, samples.
All samples show three peaks at 529.3, 531.4 and 532.7 eV, which can be assigned to the lattice oxygen of O*
(O, surface oxygen of O,, O,> or O (O,,) and adsorbed oxygen species from water/carbonate on the solid
surface (O,y,), respectively™**. In these multiple oxygen species, the surface oxygen species from the
defective site with an unsaturated structure displays a key role in the oxidation, which is denoted as active
oxygen"**. The atomic ratio of active oxygen to the total oxygen atoms on the oxide surface of CeO, and
MnO, is 26.8% and 28.4%, respectively, while the MnO,/CeO,(0.05) exhibited a remarkably improved active
oxygen capacity of 46.1% [Supplementary Table 1], which is even comparable to that of Mn-Ce solid
solutions (44.1%) with a high Mn loading (50%)"*. Considering that the MnO,/CeO,(0.05) has a low Mn
loading (5%) and is mainly presented as amorphous MnO, layers on the CeO, surface, the high capacity of
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active oxygen should be due to the maximized interfacial effect, causing the rich Ce** and Mn*'/Mn*" species
[Supplementary Table 1, Figure 2P, Supplementary Figure 9] on the surface to benefit the formation of
unsaturated oxygen.

Redox investigation

The redox properties of the active oxygen species on MnO,/CeO,(0.05) were firstly identified by the O1s X-
ray photoelectron spectrum in a temperature-programmed redox cycle [Figure 3A, Supplementary Figure
10, Supplementary Table 2]. Hydrogen treatments at low temperature (room temperature to 80 °C) partially
reduced the surface oxygen sites, as evidenced by the decreased intensity of the O1s peak of O, (531.4 eV)
(Figure 3A and its inset), indicating that active oxygen species were available at low temperature. The
subsequent reduction at the higher temperature of 120 °C led to further removal of the active oxygen. Very
importantly, the active oxygen can be regenerated after treatment in air at 50 °C, displaying a similar O1s X-
ray photoelectron spectrum to that of the as-synthesized sample (Figure 3A and its inset). Therefore, the
high activity and remarkable stability of MnO,/CeO,(0.05) in the catalytic oxidation at low temperatures are
reasonably expected.

Further evidence regarding the redox properties of the active oxygen species is provided by in-situ Raman
spectroscopy. As shown in Supplementary Figure 11, MnO,/CeO,(0.05) gives the F,, mode of the CeO,
matrix at 460 cm™*****), Compared to the spectrum of CeO,, MnO,/CeQ,(0.05) shows an additional band at
656 cm’' [Figure 3B], which is associated with the Mn-O-Mn stretching mode of the surface amorphous
MnO, species with abundant defects”*", corresponding to the active oxygen in the X-ray photoelectron
spectra [Figure 3A]. Notably, broadening, a decrease in intensity and a red shift of the band at 656 cm™
occurred during the in-situ treatment of MnO,/CeO,(0.05) in atmospheric Ar at 140 °C. The intensity of the
band at 645 cm™ was further decreased when the temperature increased to 250 and 350 °C in Ar. This can be
well explained by the desorption of the active oxygen species associated with MnO, species to form Mn sites
with more defects”*. Considering the well-dispersed, amorphous and layered structure of the MnO,
species, it can be reasonably inferred that the desorption of the interfacial oxygen species accounts for the
signal changes. To probe the reversibility of the active oxygen at low temperature, we exposed the sample to
molecular oxygen at room temperature, resulting in a very similar Raman spectrum to the as-synthesized
MnO,/CeO,(0.05) sample, thereby confirming the reversibility of active oxygen species [Figure 3B,
Supplementary Figure 12], in good agreement with the in-situ XPS results [Figure 3A]. The active oxygen
on MnO,/CeO,(0.05) was further evidenced by the O,-TPD test [Supplementary Figure 13]. The active and
reproducible oxygen species over MnO,/Ce0O,(0.05) make it a potentially efficient catalyst for aerobic
oxidation reactions.

In order to support this conclusion, we further evaluated the catalytic performance of the MnO,/CeQ,(0.05)
catalyst for the CO oxidation reaction, where the activation of oxygen molecules is regarded as a key
step™". Figure 4A shows the dependence of CO conversion on temperature over the MnO,/Ce0,(0.05) and
CeO, catalysts. The positive role of the interfacial effect on MnO,/CeQ,(0.05) is evidenced by the full
conversion of CO over MnO,/Ce0,(0.05) at a lower temperature (270 °C) than that over CeO, (370 °C). By
correlating the inverse of the absolute temperature (1/T) with the initial reaction rates, the apparent
activation energies of MnO,/CeO,(0.05) and CeO, appeared at 51.4 and 69.2 kJ/mol, respectively
[Figure 4B]. The relatively lower apparent activation energy of MnO,/Ce0,(0.05) indicates that CO
oxidation is easier. Based on the understanding that the activation energy is sensitive to the different active
oxygen*, a lower apparent activation energy of MnO,/CeO,(0.05) than that of CeO, should be reasonably
attributed to the abundant Mn-O-Ce interfacial sites to activate O,, rather than simply increasing the
number of active oxygen species. Figure 4C shows the dependence of the reaction rate on oxygen partial
pressure over different catalysts, where MnO,/CeO,(0.05) always displays higher reaction rates than CeO, at
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the same oxygen pressure, thereby demonstrating its higher activities. Interestingly, under relatively low
oxygen pressure (1.0-3.5 kPa), the reaction rates (r,) over CeQ, increased constantly with oxygen pressure,
showing the reaction kinetic order at 0.37 [Figure 4D]. In contrast, the influence of oxygen pressure on the
r, of MnO,/Ce0,(0.05) is minimal with a kinetic order at 0.04 [Figure 4D]. A lower reaction kinetic order
suggests that the activity of MnO,/Ce0,(0.05) is insensitive to the oxygen pressure*, which is reasonably
attributed to the enhanced ability of the well-dispersed and amorphous MnO, species in MnO,/CeO,(0.05)
to activate molecular oxygen efficiently. These results indicate that the proof-of-concept design of the
catalyst benefits the enhancement of catalytic efficacy in aerobic oxidations.

Aerobic oxidation of hydrocarbons

Initial attempts to evaluate the catalysts were performed in the selective oxidation of ethylbenzene to
acetophenone and 1-phenylethanol at a low temperature of 110 °C for 6 h without solvent and initiator
additives [Table 1]. A higher molar ratio of acetophenone and 1-phenylethanol indicates the deep
dehydrogenation of 1-phenylethanol to acetophenone. The blank run without catalysts showed undetected
reactivity (entry 1). The commercial nanosized CeO,, MnO, and CeO, were active for the reaction, giving
ethylbenzene conversion at 3.0%, 1.3% and 6.8%, respectively (entries 2-4). The Mn salts of MnCl, and
KMnO,, which are well-known homogeneous catalysts in oxidation, gave ethylbenzene conversion at 8.2%
and 1.9%, respectively (entries 5 and 6). Interestingly, interfacing MnO, on CeO, significantly influenced the
catalytic activity, where enhanced conversions were achieved over the MnO,/CeO, catalysts (entries 7-11).
By optimizing the Mn loadings on the catalysts, the best performance was achieved over MnO,/CeO,(0.05)
with the highest capacity of active surface oxygen, displaying ethylbenzene conversion at 12.9% (entry 8).
The decreased activity for the MnO,/CeO, catalysts with an Mn/(Mn + Ce) ratio higher than 0.05 is due to
the aggregation of the MnO, species [Figure 1C], leading to limited Mn-O-Ce interfacial sites for the
oxidation of substrates. Very interestingly, the oxidation of ethylbenzene can be performed at a low
temperature at 70 °C (entry 14), demonstrating the superior catalytic activity of MnO,/Ce0,(0.05).
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Table 1. Catalytic data in oxidation of ethylbenzene®

Entry Catalyst Temp. (°C) Time (h)  Conv. (%) Sel.(%) A/P°
1 Blank 110.0 6.0 <0.1 n.d. n.d.
2 Commercial CeO, 110.0 6.0 3.0 >99.0 0.8
3 MnO, 110.0 6.0 13 >99.0 0.6
4 CeO, 110.0 6.0 6.8 >99.0 11
5° MnCl, 110.0 6.0 8.2 97.6 26
6 KMnO, 110.0 6.0 1.9 947 2.0
7 MnO,/Ce0,(0.025) 10.0 6.0 9.2 >99.0 12
8 MnO,/Ce0,(0.05) 10.0 6.0 129 >99.0 19
9 MnO,/Ce0,(0.1) 10.0 6.0 7. >99.0 0.7
10 MnO,/Ce0,(0.2) 110.0 6.0 5.6 >99.0 0.4
n MnO,/Ce0,(0.3) 110.0 6.0 4.1 >99.0 0.5
12 MnO,/Ce0,(0.05) 110.0 16.0 27.1 >99.0 2.1
13 MnO,/Ce0,(0.05) 110.0 24.0 29.4 >99.0 2.6
14 MnO,/Ce0,(0.05) 70.0 6.0 0.7 >99.0 0.8
15 MnO,/Ce0,(0.05) 90.0 6.0 43 >99.0 15
16 MnO,/Ce0,(0.05) 130.0 6.0 24.2 >99.0 2.0
17 MnO,/Ce0,(0.05) 130.0 24.0 34.7 >99.0 19
18 MnO,/Ce0,(0.05), 200 mg 130.0 24.0 52.8 >99.0 34
19 MnO,/Ce0,(0.05), 400 mg 130.0 24.0 59.2 >99.0 7.0
20 MnO,/Ce0,(0.05), 400 mg, 3 MPa of O, 130.0 24.0 63.5 95.7 5.8
21 MnO,/Ce0,(0.05), 600 mg, 3 MPa of O, 130.0 24.0 65.6 77.6 47
22° MnO,/CeO, 130.0 24.0 19.2 >99.0 16
23 MnO,/Ce0,(0.05), 2 MPa of N, 110.0 6.0 <0.1 n.d. n.d.
24 MnO,/Ce0,(0.05), 50 mg of hydroguinone 110.0 6.0 <01 n.d. n.d.

®Reaction conditions: 47 mmol of substrate, 100 mg of catalyst, 2.0 MPa of oxygen:; bA/P: molar ratio of acetophenone and 1-phenylethanol;
“Molar weight of the Mn in the catalyst is the same as the molar weight of Mn in MnO,/Ce0,(0.05); dCatalyst prepared from conventional
impregnation method. Conv.: Conversion; Sel.: selectivity to acetophenone and 1-phenylethanol; n.d.: not detected.

To realize the best performance, we optimized the reaction temperature, time, catalyst amount and oxygen
pressure in the reactor (entries 12-21). The ethylbenzene conversion of 59.2% with > 99.0% selectivity to
acetophenone and 1-phenylethanol was achieved (entry 19). This result, obtained under solvent- and
initiator-free conditions, even outperforms a series of superior catalysts for C-H bond selective oxidations
reported in the literature [Supplementary Table 3], such as the Au nanosheet with undetectable reactivity
under solvent- and initiator-free conditions"”. The MnO,/CeO, catalyst synthesized from the conventional
impregnation method with the same Mn loading to MnO,/CeO,(0.05) exhibited poor activity (entry 22),
which might be due to the aggregation of the MnO, particles and the limited interfacial sites, as confirmed
by the Raman and EPR analysis [Figure 20 and P]. Increasing the MnO,/Ce0,(0.05) catalyst amount led to
enhanced ethylbenzene conversion but unsatisfactory carbon balance values because of the over-oxidation
to CO and CO, (entries 20 and 21, Supplementary Figure 14). The molecular oxygen indeed acted as oxygen
donors in the reaction, as evidenced by the undetectable conversion of ethylbenzene when using nitrogen
instead of oxygen in the reaction (entry 23). When the free radical scavenger was added to the reaction
system, the reaction was quenched, demonstrating that the reaction follows a radical chain mechanism
(entry 24).

More importantly, the catalyst is stable, reusable and can be easily filtrated and recycled after each reaction
run. Consequently, it exhibited stable catalytic performance in the recycling tests
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Figure 4. CO oxidation. (A) Dependence of CO conversion on temperature over MnO,/Ce0,(0.05) and CeO, catalysts. (B) Arrhenius
plots of CO oxidation over MnO,/Ce0,(0.05) and CeO, catalysts. (C) Dependence of reaction rate on oxygen pressure in CO oxidation
over MnO,/Ce0,(0.05) and CeO, catalysts. (D) Data characterizing the kinetic reaction order of oxygen in CO oxidation over MnO,/
Ce0,(0.05) and CeO, catalysts.

[Supplementary Figure 15]. In the six runs of selective ethylbenzene oxidation, the MnO,/CeQ,(0.05)
catalyst exhibited constant conversion and selectivity, indicating good recyclability and stability. Notably,
the MnO,/CeO,(0.05) catalyst is generally effective for the selective oxidation of various phenolic
hydrocarbons [Supplementary Table 4], giving desired products with good activities and selectivities. It is
noteworthy that these reactions were all performed under solvent- and initiator-free conditions, which
make the MnO,/Ce0,(0.05) catalyst potentially useful for wide applications in the selective oxidation of
C-H bonds.

Mechanism investigation

Based on the aforementioned results, we conclude that MnO,/CeO,(0.05) is highly active for the selective
oxidation of C-H bonds under solvent- and initiator-free conditions at low temperature based on its earth-
abundant metals as catalysts and constructing SOSIs. In contrast to the existing understanding that highly
active Mn-Ce catalysts should be dominated by the solid-solution phase, the greatest difference in our case
is that MnO,/CeO,(0.05) has separated phases of two-dimensional and amorphous MnO, layers on CeO,.
We conclude that the high efficacy of MnO,/Ce0O,(0.05) originates from the SOSIs and maximized
interfacial effects, because a highly active solid-solution catalyst requires a high Mn concentration (~50%)"*.

In order to further address this conclusion, we performed acid treatment for MnO,/Ce0O,(0.05) to partially
remove the surface MnO, species, as confirmed by the X-ray photoelectron spectra giving the surface
Mn/(Mn + Ce) ratio decreased from 0.22 to almost undetectable [Figure 5A]. The acid-treated
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MnO,/Ce0,(0.05) exhibited a significantly reduced ethylbenzene conversion rate (8 mmol g* h™') compared
to the fresh catalyst (28 mmol g* h™") [Figure 5B] under equivalent reaction conditions, demonstrating the
important role of the surface MnO, species of MnO,/CeO,(0.05) in generating abundant interfacial active
sites. In order to understand the role of active oxygen on MnO,/CeO,(0.05) for C-H bond oxidation, we
performed in-situ FTIR spectroscopy studies of C-H bond oxidation. Figure 5C shows the ethylbenzene-
adsorption FTIR spectrum of MnO,/CeO,(0.05), which gives the typical peak at 1450 cm™ assigned to the
C-H bond". By increasing the temperature to 160 °C in flowing Ar, the C-H peak was remarkably
weakened, which should be due to the activation of the C-H bond by the surface oxygen species on the
MnO,/Ce0,(0.05) catalyst, because the hydrocarbon favors reacting with the active surface oxygen with an
asymmetric Coulombic interaction with Mn and Ce"**.. Meanwhile, the readily observed C=0 bond at
1641 cm’' confirmed that the C-H bonds are indeed oxidized by the active oxygen on the solid surface into
C=0 species"®. The introduction of external molecular oxygen further enhanced the transformation of the
C-H bonds at 160 °C, as evidenced by the increased intensity of the C=0 peak at 1641 cm™.
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The aforementioned results demonstrate the important role of the active oxygen species on the
MnO,/Ce0,(0.05) catalyst in activating C-H bonds. After purging MnO,/CeO,(0.05) with hydrogen to
reduce the active oxygen at 200 °C, the system was switched to the Ar flow with ethylbenzene molecules at
25 °C. The reduced MnO,/CeO,(0.05) failed to adsorb ethylbenzene, as confirmed by the undetectable peak
of C-H bonds in the in-situ FTIR spectrum [Figure 5D]. Furthermore, after regeneration of the active
oxygen, the adsorption of C-H bonds occurred again on the regenerated catalyst at 25 °C. Increasing the
temperature to 80 °C led to a significant weakening of the C-H bonds, confirming that they were readily
activated by the regenerated active oxygen species. These phenomena demonstrate the important role of
active oxygen in the adsorption and activation of C-H bonds.

CONCLUSIONS

In summary, we have demonstrated a ceria-supported two-dimensional manganese oxide with a SOSI effect
as an efficient catalyst for the selective oxidation of hydrocarbons, thereby breaking the normal principle of
synthesizing Mn-Ce catalysts with an abundant solid-solution phase. The key to the success is to anchor
well-dispersed and amorphous MnO, layers on the CeO, matrix by SOSIs, forming abundant active oxygen
species over MnO,/Ce0,(0.05) because of the high interfacial efficacy, which displays crucial roles in the
adsorption and activation of C-H bonds. In the selective oxidation of hydrocarbons to the corresponding
alcohols and ketones, MnO,/CeO,(0.05) exhibited high activity, selectivity and recyclability under solvent-
and initiator-free conditions at low temperature, outperforming the noble catalysts and the state-of-the-art
Mn-Ce metal oxide catalysts. This work not only highlights the importance of SOSIs for the oxidation of
C-H bonds but also extends the principle for designing efficient metal oxide catalysts for the sustainable
production of valuable chemicals.
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Professor Vivian Wing-Wah YAM [Figure 1] from Hong Kong, China, has been elected as the next
President of the International Organization for Chemical Sciences in Development (IOCD).

Professor Yam is IOCD’s first woman President. She follows in the footsteps of the two outstanding
scientists who have previously held this position: IOCD’s founding President, the Nobel Laureate Glenn T.
Seaborg (USA), served from 1981 until 1992, when he was succeeded by the Nobel Laureate Jean-Marie
Lehn (France), who stepped down at the end of 2021.

Professor Yam is an elected Member of the Chinese Academy of Sciences (2001), Fellow of The World
Academy of Sciences (2006), International Member of the US National Academy of Sciences (2012),
Foreign Member of Academia Europaea (2015), and Founding Member of the Hong Kong Academy of
Sciences (2015). Educated in chemistry at the University of Hong Kong (HKU) and receiving BSc (1985)
and Ph.D. (1988) degrees, Professor Yam is Philip Wong Wilson Wong Professor in Chemistry and Energy
at HKU, where she has served as Head of Chemistry (2000-05) and, since 2021, Interim Dean of Science.
Her research work focuses on inorganic/organometallic syntheses, supramolecular chemistry, photophysics
and photochemistry, and metal-based molecular functional materials.

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0
By International License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, sharing,
adaptation, distribution and reproduction in any medium or format, for any purpose, even commercially, as

long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and
indicate if changes were made.

OCE www.chesynjournal.com



https://creativecommons.org/licenses/by/4.0/
https://chesynjournal.com
https://dx.doi.org/10.20517/cs.2022.06
a
图章

http://crossmark.crossref.org/dialog/?doi=10.20517/cs.2022.06&domain=pdf

Page 2 of 3 Matlin. Chem Synth 2022;2:3 | https://dx.doi.org/10.20517/cs.2022.06

Figure 1. Professor Vivian Wing-Wah YAM. (Retrieved from: http://web.hku.hk/~wwyam/yam/homepage/)

Professor Yam’s career has been marked by many major awards for her highly distinguished scientific
contributions, among which she is a Laureate of the UNESCO-L Oréal Award for Women in Science (2011).
In 2020 she was awarded the Porter Medal by the European Photochemistry Association, the Inter-
American Photochemistry Society and the Asian and Oceanian Photochemistry Association, for her
contributions to photochemistry; and in 2021, she was honoured with designation as the inaugural Pioneer
in Energy Research by ACS Energy and Fuels and has had a Special Issue of this journal dedicated to her.

Professor Yam has shown great dedication to sustainable development and to advancing the role of women
in science. Both of these are core to IOCD's mission, to promote the central role of the chemical sciences in
meeting the great challenges that the world faces in the 21st Century - in particular, in achieving a
sustainable and equitable future for all. Professor Yam has also been a strong supporter of the role of
women in science, and her election as President follows the recent appointment of other new women
Members, so that women now form the majority on IOCD’s governing body for the first time in its history.
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Circularly polarized luminescence (CPL) is an amazing optical event specifically arising from chiral
luminescent materials, which preferably emit either left-handed or right-handed circularly polarized light.
CPL-active materials will find broad applications in many areas such as laser sources, 3D display, anti-
counterfeiting, and bioimaging"~. In recent years, the development of CPL-active materials has become an
active interdisciplinary topic across the fields of chirality and optics'®. Chirality is one prerequisite for CPL,
and most CPL-active materials are traditionally constructed by using organic matter”, partially due to the
long history of chirality research in organic chemistry. Nevertheless, chirality is not limited to organic
substances but is also found in natural and synthetic inorganic matter. Especially, great advances have been
achieved on sophisticated synthesis strategies of chiral inorganic materials in the past decade!”. As a result,
the design of CPL-active systems using inorganic substances has gained increasing attention, which is
significant to expand the scope of CPL-active materials.

In this issue of Chemical Synthesis, Liu et al.”’ gave an overview of nascent topics on CPL generated by
inorganic materials [Figure 1].In this review, the authors firstly introduced the basics of CPL, and
subsequently summarized three common construction strategies for inorganics-associated CPL-active
materials, including: (1) inorganic luminophores with intrinsically chiral structures; (2) inorganic
luminophores with chiroptical activity induced by chiral organic ligands; (3) chiral inorganic nanomaterials
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Figure 1. Schematic of CPL spectra generated by various inorganic matter through the combination of chirality and luminescence. CPL:
Circularly polarized luminescence.

combined with luminophores.

The above construction methodologies are further clarified in the following two aspects: 1) endowing
common inorganic luminophores with CPL, which are demonstrated by lanthanide ions, transition metal
ions, metal clusters, semiconductor nanocrystals, carbon dots, and perovskite nanocrystals; 2) the usage of
chiral inorganic materials as chirality sources for CPL, which include chiral nano-silica, inorganic
nanocrystals and assemblies. Moreover, many CPL-related properties of these materials are summarized,
which include luminophores, chirality sources, excitation/emission bands, quantum yields, and g,

In many reports, CPL is based on down-conversion fluorescence with emission bands in the visible light
spectrum. Different from this common CPL, the authors continued to introduce some special CPL-active
systems featured with up-conversion, NIR emission, thermally activated delayed fluorescence (TADF), and
room-temperature phosphorescence. Furthermore, they demonstrate the potential applications of
inorganics-based CPL in various areas such as sensors, anti-counterfeiting, optical storage, and asymmetric
synthesis.

As for the future study of inorganics-associated CPL-active systems, the authors also put forward their own
perspectives on the acquisition of reliable CPL data, improving g,., evaluation of CPL properties,
understanding CPL mechanism, and exploring CPL-related applications.

In summary, Liu et al.”’ provided readers with an overview of CPL generated by inorganic materials. These
pieces of information are valuable to give insights and guidelines for the design of inorganics-associated
CPL-active systems with improved CPL effects and novel applications. We are waiting for more amazing
optical events.
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Our journal is celebrating its first anniversary as the COVID-19 pandemic is gradually easing. During the
last year, we organized a strong international editorial team. With the active participation of outstanding
young people in China and abroad, the first youth editorial board team composed of 37 enthusiastic and
outstanding young researchers was established. In this year, through the efforts of the editorial department,
14 excellent articles were published in the first two inaugural issues. Among them, one original paper
contributed by our honorary Editor-in-Chief Professor Krief was praised by Professor Sharpless, a Nobel
Prize winner in Chemistry. Since the first issue was published in November last year, it has received 13,458
views and 2515 downloads and gained widespread attention around the world! We sincerely thank the
editorial staff for their hard work, the quality control of our section editors, and the active participation of
our young editorial committee members. Special thanks are given to our authors for their high-quality
contributions. I have no words to express my gratitude to our reviewers for their precious time devoted to
the evaluation of manuscripts and their professionalism and heart for the sciences for the first, second, and
sometimes even third rounds of review. We know that we can continue to count on them. The success of
this first year is owing to our authors and reviewers.

In the first issue of 2022, the first news is from the “International Organization for Chemical Development
(IOCD)” that Prof. Vivian Wing-Wah Yam from Hongkong University, China, was elected as the IOCD’s
new president, the first woman president. She succeeded Prof. Jean-Marie Lehn, a Nobel Prize winner in
Chemistry. We congratulate Prof. Yam for her election and wish her a great success. You will find an
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excellent review article on the circularly polarized luminescence in inorganic materials contributed by Prof.
Liu from Shanghai Normal University, China, and Prof. Jin from Kanagawa University, Japan. This review
article was selected as Editor’s choice and highlighted as the cover image. One original research article on a
very hot topic “Mn-Ce catalysts for highly efficient C-H activation” was contributed jointly by Prof. Wang
and Prof. Xiao from Zhejiang University, China, and Prof. Zhang from Jilin University, China. A research
highlight made by Prof. Stephane Siffert, our section editor of catalysis, illustrates the high quality of this
contribution. This research article is also highlighted by the cover image. Carbon neutral is our main
challenge. Hydrogen economy plays a critical role in energy transformation from fossil fuels to green
energy. Prof. Yao and his team from Jilin University, China, and Griffith University, Australia, present a
review paper on developing efficient hydrogen storage materials and the corresponding methods to
successfully realize the “hydrogen economy”.

I sincerely wish that the articles in this issue will bring you the scientific advances you have been waiting for.
On this important occasion of the first anniversary of our journal, we look forward to bringing you more
chemistry developments, and we wish that you join us to promote together chemical research via our
journal and realize our Chemical Synthesis dream.
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The environmentally friendly and effective oxidation of sp’-hybridized C-H bonds has attracted much
attention for the sustainable production of alcohols/ketones/epoxides from petroleum hydrocarbons™?.
However, the catalysis with oxygen as the oxidant is obstacled by the low efficacy of the catalysts. Mn-Ce
solid-solution is reported as a promising catalyst for the aerobic oxidation reactions because of its
maximized Mn-O-Ce interfaces, but expensive surfactants and ionic liquids and high Mn content are
usually required for maximization of solid-solution phase, which is really costly for the catalyst
preparation”. However, for oxidation reactions, the solid solution phase is not always the most efficient
catalyst'”. The efficient catalytic oxidation of C-H bonds with molecular oxygen over non-noble metal
catalysts, as well as avoiding the solvents and initiator additives, is highly desired yet challenging. Titania
(TiO,) is one of the preferred strong oxide-support interactions (SOSIs) supports”, but Wang et al.l”
reported a highly active Mn-Ce oxide catalyst with SOSIs for the catalytic partial oxidation of hydrocarbons
without solvents and initiator additives [Figure 1A]. The TEM analysis showed the existence of manganese
oxide layers with two-dimensional and amorphous status on the cerium matrix [MnO,/CeO,, Figure 1B and
C], and a high capacity of active oxygen species at 46.1% is obtained. The MnO,/CeO, catalyst with SOSIs
shows high activities and selectivities in the oxidation of hydrocarbons to alcohols and ketones with
molecular oxygen under solvent- and initiator-free conditions at mild temperature [Figure 1A], which
outperform the noble metal catalysts and the highly efficient solid-solution Mn-Ce catalysts””. Importantly,
the MnO,/CeO, is stable and exhibits constant performances in the continuous recycling tests.
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Figure 1. (A) Synthetic and catalytic strategies of the ceria-supported two-dimensional manganese oxide catalyst with SOSls. (B,C)
High-resolution STEM images of MnO,/CeO, catalyst with SOSIs. The isolated Ce sites in the amorphous region were highlighted by
yellow circles in )",

Multiple characterizations (EPR, in situ Raman, in situ FTIR, in situ XPS...) are used to study the redox
properties of the materials. The EPR, Raman, and XPS results demonstrated the existence of abundant
oxygen vacancies/defective sites in the MnO,/CeO, catalyst, which are beneficial for oxygen activation.
More importantly, the in situ Raman and XPS studies indicated the availability of the active oxygen species
at low temperature (< 80 °C) and can be regenerated during the continuous oxidation process, which makes
it extremely active for the aerobic oxidation reactions. The in situ FTIR experiments confirmed the pivotal
role of surface active oxygen species for the adsorption and activation of the C-H bond, which accelerated
the conversion of hydrocarbons to corresponding alcohols and/or ketones.

This work teaches us how to use the SOSIs to construct abundant active interfacial sites for the activation of
C-H bonds. The interfacial sites can not only regulate the catalytic activities but also foster further studies
on the structure-performance relationship of various supported metal oxide catalysts. It is anticipated that
this method will be further applied for designing efficient metal oxide catalysts for the sustainable
production of valuable chemicals.
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Abstract

Circularly polarized luminescence (CPL) is an interesting phenomenon that represents the unequal emission of left-
and right-handed polarized light from an emitter. CPL is promising in chirality characterization and various optical
applications. Traditionally, research on CPL has been centered on organic substances. Nevertheless, in recent
years, CPL based on inorganic substrates has also become a nascent topic, which is significant in exploring novel
chirality- and luminescence-related properties and applications in inorganic materials. This short review
summarizes the recent progress made regarding the following two aspects: 1) how to endow common inorganic
luminophores with CPL activity; 2) how to use emerging chiral inorganic nanomaterials to design CPL-active
systems. The general synthesis strategies, optical properties, applications and outlook of CPL-active inorganic
materials are also demonstrated.

Keywords: Circularly polarized luminescence, chirality, luminescence, inorganic luminescent materials, inorganic
chiral materials

INTRODUCTION

Chirality is termed as the phenomenon where a certain object is nonsuperposable on its mirror image.
When two objects with such a relationship exist, they are known as enantiomers. Chirality is pervasive and
manifests itself at different scales, ranging from macroscopic left and right hands to molecular-scale
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asymmetric carbon atoms and to various helical structures [Figure 1A-C]. The significance of chirality is
well acknowledged, for example, only one given enantiomeric form of many biomolecules is preferred to
maintain life. The above homochirality of life also raises an exacting enantiomer selectivity toward
numerous daily chemicals, drugs and pesticides. Therefore, understanding chiral structure-property
relationships is one of the most important topics across a broad range of disciplines'?.

Light can also be chiral in the form of circularly polarized (CP) light. As shown in Figure 1D, around the
direction of propagation, the electric field of CP light rotates in either a counterclockwise or clockwise
helical pattern, resulting in left-handed CP light (LCP) or its counter-enantiomer of right-handed CP light
(RCP), respectively. CP light has many promising applications, including three-dimensional (3D) and
holographic display, spintronics, encryption, diagnosis and asymmetric synthesis®"”. Traditionally, a
combination of a linear polarizer and a quarter-wave plate is applied to obtain CP light. However, this
method suffers from a severe loss of light, especially in LED displays (up to 50%), invalidity beyond a certain
frequency range and incompatibility with highly integrated photonic circuits""'"*. Therefore, it is of interest
to explore high-efficiency methods for the generation of CP light.

Usually, enantiomers are indistinguishable to some extent, since they share many identical properties.
Fortunately, they respond differently toward LCP and RCP, which enables us to “see” microscale chiral
matter using CP light-based spectroscopy*'”. Furthermore, the capability of chiral substances to
manipulate the polarization states of light provides an alternative method to enable a luminophore to emit
LCP and RCP beams unequally, which is known as circularly polarized luminescence (CPL)"". A schematic
description for CPL in chiral systems is shown in Figure 1E. In principle, a pair of CPL-active enantiomers
exhibit the same photoluminescence (PL) spectra. However, the LCP and RCP components in the emission
are unequal when chirality is taken into consideration, i.e., LCP is over than RCP in one enantiomer, while
the reverse is true in the other enantiomer. By measuring the difference between LCP and RCP (denoted by
“I;-1y”, where I, and I, are the intensity of LCP and RCP, respectively) at a given emission wavelength, a
CPL spectrum can be drawn using “I;-I;,” as the vertical axis and emission wavelength as the horizontal axis.
It is noted that the value of “I;-I;” is expressed as an ellipse angle 6 (mdeg) in many studies and some
commercial CPL instruments. This is because the overall polarization trajectory for a mixture of LCP and
RCP light becomes an ellipse when I, is unequal to I,. The CPL signals usually overlap with the
corresponding PL signals, but a pair of enantiomers show opposing CPL spectra.

Another important index to evaluate CPL is the dissymmetry factor of g,.:8um = [2(I;-1)]/(I;+I;). For the
values of g, ranging from -2 to +2, only a given handedness CP light is emitted in the extreme cases (+2 for
LCP only and -2 for RCP only), while no circular polarization occurs (i.e., I;=I;) when g, is zero.
Consequently, CPL spectroscopy affords a unique tool to study the chiral structures and properties of
matter in excited states, is the emission analog of common circular dichroism (CD) spectroscopy and is
supplementary to fluorescence spectroscopy. In return, the construction of various CPL-active chiral
luminescent materials further expands the applications of CP light.

Over the past decade, notable progress has been made in the exploration of novel CPL-active systems,
together with the advancement of CPL spectroscopy. However, much research has focused on organic
substances, partially due to the fact that research on chirality has a long history in organic chemistry"*?'.
According to the principles of CPL in chiral systems, the choices of either luminescent or chiral unity
should be diverse, thus allowing for a broad range of potential CPL-active systems beyond organics. On this
basis, it is noteworthy that inorganic-based CPL has become a new and active research topic in recent years.
For example, many inorganic luminophores are employed to create more colorful CPL candidates and



Liu et al. Chem Synth 2022;2:7 | https://dx.doi.org/10.20517/cs.2022.01 Page 3 of 29

T T Left-handed CP light (LCP)

Right-handed CP light (RCP)

E ;\N\,‘\ _
S AN IL> Ik =t
i b :
o CPL: I #1g o
9. CPL-active PL )
%  enantiomers P 2(I, - Ig)
8\ m (1 + Ig)
. N\N\.I <l a

Wavelength (nm)

Figure 1. Typical enantiomers of (A) left and right hands, (B) chiral carbon centers, (C) helices and (D) left- and right-handed CP light.
(E) Schematic of CPL from two CPL-active enantiomers. CPL: Circularly polarized luminescence.

[22,23]

emerging chiral inorganic nanomaterials are able to impart various luminophores with CPL activity
Such research is significant for many reasons, including the fact that it brings a new perspective to explore
the luminescence properties and mechanisms of inorganic luminophores, especially in chiral environments.
In addition, it provides a toolbox to analyze the structures of chiral inorganic materials and is helpful in
understanding the chirality transfer in “matter-matter” or “light-matter” interactions. Finally, it also offers
more inorganic/organic functional materials with the power to manipulate light to broaden CPL-based

24-28]

applications'

In this short review, we consider two inorganic-associated CPL-active systems, namely, inorganic
luminophore-containing and chiral inorganic host-based systems. For the former systems, various classes of
inorganic luminophores are described, including metal ions (e.g., lanthanide and chromium ions),
perovskite nanocrystals (NCs), metal clusters, carbon dots and semiconductors nanoparticles (NPs). Given
that there are some recent well-written reviews focusing on lanthanide complexes, chromium complexes
and perovskite NCs, they are discussed at length here. With regards to the latter systems, the utilization of
chiral silica (SiO,) nanomaterials, chiral inorganic crystals and helical inorganic assemblies as hosts for CPL
is discussed. To demonstrate the recent progress in these systems, some typical examples are selected and
discussed. The properties (components, construction strategies and excitation and emission wavelengths,
g.m) of these examples are summarized in Table 1.

We provide an overview of inorganic-based CPL. Firstly, several types of construction strategies for CPL-
active systems are summarized, which are further clarified by selected examples of CPL-active systems
containing inorganic luminophores or chiral inorganic nanomaterials. Next, CPL-active systems based on
some special luminescent processes are listed, which are different from the common down-conversion
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Table 1. Components, construction strategies and CPL properties of some inorganic-based CPL-active systems

Construction strategy  Excitation Emission Quantum yield itud
Luminophore type wavelength  wavelength %) y gllagmtu e of
[chiral sources] (nm) (nm) ° fum
1. Inorganic luminophore-based CPL
Yb*' Il [PrPyBox, PhPyBOX] 365 972 0.60-0.70 107 Ref”®
NaYF,:Yb/Tm, 1l [L-/D-GAm assemblies] 980 360, 476, 802 (Tm), 540, N 107, Ref.
NaYF,:Yb/Er 654 (Er)
CaALO,:Eu, Nd Il [L-/D-cysteine] 320 440 N 107 Ref.®!
Zno I [L/D-methionine] 325 510 N N, Ref.?®!
CdSe Il [L-/D-cysteine] 451 605 N 107 Ref.! !
CdSe/CdS Il [L-/D-cysteine] 400 583-683 35-60 107, Ref.["
Ag clusters I [see Figure 6A] 365 558 39 107, Ref.””)
Au clusters I [see Figure 12A] 365 500 36.7 107 Ref.®®!
Ag clusters | [see Figure 12A] N 574 56,95 10’3, Ref. 8!
AuAg clusters Il [G-quartet nanofiber] 356 475 9.42 107, Ref.®?
Ag clusters Il [zeolite assembly] 360 520 N 107, Ref.l*”!
Carbon dots Il [L-/D-GAm assemblies] 350-370 445-455 N 107 ref.*"
Carbon dots Il [L-/D-GAm assemblies] 380 546, 604 30-55 107 Ref.™™
Carbon dots Il [cellulose nanocrystal N 450-620 5.2 (FL), 0.16 107, Ref.*?
assembly] (Phos)
2. Chiral inorganic host-based CPL
" Il [helical silica] 230 545 N 107 Refl’”
CsPbBr, 11l Thelical silical 365 517.5 N 107, Ref.”?!
Tetraphenylethylene (TPE)  Ill [helical silica] 366 453 57 10, Ref.”!
derivative
TPE derivative Il [helical silical 365 500 20-27 10710 Ref.’¥
Tb,0,, Eu,0, Il [chiral silica nanofibers] 375 545 (Tb,0,), N 107, Ref.”!
615 (Fu,05)
Porphyrin (TCPP), TPE, Il [chiral silica nanofibers] 375 650 (TCPP), N 107 Ref.”?
MAPbBr, 476 (TPE),
525 (MAPbBr,)
Eu®* 11l [TbPO,-H,0] 365 590-705 N 107-107, Ref.**?
DACT and TMD Ill [assemblies of GdOOH N 550 (DACT), N N, Ref.”®!
nanowires] 650 (TMD)

N: Not given; FL: fluorescence; Phos: phosphorescence.

luminescence in the visible range. Some typical applications are displayed, followed by a short conclusions
and perspectives section.

CONSTRUCTION STRATEGIES FOR CPL-ACTIVE SYSTEMS

There are various strategies to achieve CPL in chiral systems. A straightforward strategy [type I, Figure 2A]
is where the luminophore itself is chiral, which is known as an intrinsically chiral luminophore. However,
unlike organic molecules with diverse chiral geometries, many inorganic luminescent substances are not
chiral. Therefore, a subtle design of symmetry-breaking synthetic methods is often required to produce
chiral structures**. Chirality transfer is widespread on various interfaces*", which makes it more flexible
and versatile to enable CPL, even on preformed achiral luminophores. More specifically, the chirality can be
transferred from chiral ligands [type II, Figure 2B] and chiral hosts [type III, Figure 2C]. In Type I, to
acquire chiral products, chiral ligands or hosts are also employed but are finally removed. Compared with
type I, one characteristic in types II and III is that the chiral ligands or hosts are required to co-exist with the
luminophore for chirality inducement.
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O luminophore ﬂchiral ligands ‘Wschiral hosts

Figure 2. Three types of construction strategies of CPL-active systems: (A) intrinsically chiral luminophores (type 1); (B) chiral ligand-
induced CPL (type ID); (C) "host-guest”-induced CPL (type IlI). CPL: Circularly polarized luminescence.

Intrinsically chiral luminophores (type I)

The chirality in inorganic materials can appear in various forms. For crystalline materials, point and space
groups are basic tools to describe crystal structures. There are 230 group spaces, which are created via the
combination of 32 point groups and 14 types of Bravais lattices. Point and space groups are also useful to
judge chirality and chiroptical activity. Chiral crystals can exist in 65 Sohncke space groups, which are
divided into two categories: I) 22 chiral groups with helical operations that thus contain 11 enantiomeric
pairs (e.g., P3, and P3,); II) the remaining 43 groups are achiral; however, if the unit (i.e., the smallest
collection of atoms from which the whole crystal is restored by the application of all symmetry operations of
the space group and translation) is chiral, the crystals can be chiral®”. Early in 1948, chiral crystals with CPL
activity were demonstrated in sodium uranyl acetate Na[UO,(CH,COO),] crystals formed from achiral
molecular subunits. The space group of Na[UO,(CH,COO),] crystals belongs to the chiral space group of
P2,3 and the chirality is caused by the helical canting of the three [UO,(CH,COO),] rings and the
noncentrosymmetric spatial arrangement of four coordination clusters. Moreover, the crystallographic
structure is cubic, which is advantageous to observe CPL with small interruptions caused by birefringence.
With such unique structures, a high g, of 1.31 was observed in Na[UO,(CH,COO),] crystals by Riehl and
Richardson" and Moran et al.™".

Another method to endow crystals with optical activity is by creating crystalline defects (e.g., screws and
distortions), which are caused by chiral additives regulating the nucleation-growth process"”. In addition to
the lattice chirality described above, chiral nano-/micromorphologies (e.g., copying the helical patterns of
chiral organic templates) on a higher length scale can also induce chiroptical activity in crystalline or
amorphous materials”. Duan ef al.*! demonstrated chiroptically-active crystalline ZnO films with multiple
chiralities on different scales. Using chiral amino acids of L-/D-methionine (Met) as both structure-
directing and symmetry-breaking agents, chiral hydroxide zinc carbonate (HZC) nanostructures were
formed on quartz substrates. After removing organic species by calcination at 550 °C in air, HZC was
transformed into chiral nanostructured ZnO films (L-CNZF, obtained with L-Met) with three levels of
chirality [Figure 3]. On the primary level, the crystal structure of the ZnO nanoplate shows a subtle helical
distortion along the [10-11] axis in a left-handed coiled pattern together with some lattice defects, which is
caused by the chiral center of the methionine molecules. On the secondary level, several dozens of ZnO
nanoplates are bent into a ZnO particle with a right-handed helix form. On the tertiary level, the
arrangement of several ZnO particles forms a left-handed circinate helical morphology on the microscale.
For the ZnO films (D-CNZF) obtained using D-Met, the handedness one of each level is just opposite to the
corresponding one of L-CNZF. These ZnO films showed various chiroptical activities in their CD, CPL and
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Figure 3. (A) SEM image of L-CNZF. (B) TEM image and (C) SAED patterns of a single ZnO nanoplate. (D) Schematic of hierarchical
chirality in L-CNZF. (E) PL and CPL spectra of L- and R-CNZF. Reproduced with permission from Ref.*®’. Copyright (2015) John Wiley
and Sons. SAED: Selected area electron diffraction; CPL: circularly polarized luminescence; PL: photoluminescence; CNZF: chiral

nanostructured ZnO films.

Raman optical activity spectra. Under a 325 nm excitation, D-CNZF and L-CNZF exhibited antipodal CPL
signals centered at 510 nm, consistent with the fluorescence band maximum.

Chiral ligand-induced CPL (type ll)

Small chiral organic molecules are widely found and are powerful for producing chiroptical signals on
inorganic substances. As shown in Figure 4, for example, CD signals are observed on plasmonic metal (Au
and Ag) and semiconductor (e.g., CdS, CdSe and CdTe) NPs capped with chiral ligands'“**. The chirality
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Figure 4. (A) Optimized geometries and induced CD spectra. (B) CPL (top) and total luminescence (bottom) spectra of L- and D-
cysteine-capped CdSe quantum dots. Reproduced with permission from Ref.”*"”. Copyright (2013) American Chemical Society. (C) Chiral
riboflavin molecule-induced CD optical activity in Au islands deposited on a glass substrate. Reproduced with permission from Ref."?,
Copyright (2013) American Chemical Society. CD: Circular dichroism; CPL: circularly polarized luminescence.

transfer from ligands to inorganics can proceed through various mechanisms, including surface atom
distortion with asymmetric clusters, the chiral arrangement of ligands on the surface, crystalline defects and
the electronic interaction or coupling between chiral molecules and inorganic species'*>*.

The combination between inorganic nanomaterials and chiral ligands can be fulfilled by two synthetic
routes, namely, ligand-guided one-step synthesis or post-modification by ligands exchanges. Although these
methods appear easy to carry out, the chirality induction is dependent upon many factors, such as the types
of ligands, the sizes/shapes of the NPs and the synthetic conditions. Furthermore, although the chirality is
mainly judged by the CD signals, CD activity does not guarantee CPL activity. This is understandable based
on the differences between the CD and CPL mechanisms, i.e., CD is associated with absorption from the
ground states, while CPL is associated with emissions in the excited states.

“Host-guest”-induced CPL (type Ill)

Based on the concept of chirality induction in type II, it is found that various luminescent guests show
chiroptical activity after being embedded in many chiral materials as chiral hosts. Moreover, several
different guests can be simultaneously integrated into one host to acquire white CPL. In particular, with this
method, emerging novel inorganic nanomaterials have found broad applications in CPL in recent years by
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encapsulating inorganic and/or organic luminescent guests. As a result, this strategy is more flexible for
producing multicolor CPL by a rational combination between hosts and guests, thus widening the scope of
inorganic CPL-active systems.

OVERVIEW OF INORGANIC-ASSOCIATED CPL-ACTIVE SYSTEMS

Inorganic luminophore-containing systems

Metal ion-based luminophores

Lanthanide ions [Ln(III)] are appealing for CPL because of their interesting optical properties, such as a
large pseudo-Stokes shift, long lifetime and unique spectral fingerprint from the ultraviolet (UV) to near-
infrared (NIR) range. In particular, the magnetic dipole allowed transitions in lanthanide ions are
advantageous for a high g,,.; for example, a high g, value of 1.38 was reported for Eu(IIl) complexes'*.
Since lanthanide ions are isotropic, lanthanide-based CPL is predominantly demonstrated in various chiral
lanthanide complexes, where the coordination orientation of chiral ligands can form left- or right-handed
twists and helices. The CPL mechanism of these complexes can be interpreted based on multipole [Ln(III)]-
point charge (chiral ligand) interactions and/or multipole [Ln(III)]-dipole (excited-ligand) coupling. Since
there have been several recent reviews on CPL-active lanthanide complexes, they are not described here and
the reader can refer to Refs.l*

Other transition metal complexes with CPL activity have also been reported. For example, chromium(III)
(Cr™) is of interest due to its earth abundance, kinetic inertness and magnetically allowed but electric-dipole
forbidden emissions (600-800 nm) from the Cr(*E) and Cr(°T,) states. In a recent report, helical [Cr(dqpR),
I’* (dgp = 2,6-di(quinolin-8-yl)pyridine; R = OCH,, Br or C = CH) complex enantiomers were resolved™. A
high quantum yield (up to 17%), long-lived excited lifetimes (1.35 ms) at room temperature in aqueous
solutions and a large g, (0.20) were found for these chiral complexes, thereby providing satisfactory CPL
brightness. More reports on CPL-active chromium-based materials have been well summarized in a recent
review™, so this topic will not be discussed in detail here.

In addition to metal complexes, metal ion-containing luminophores can also be found in metal oxides (e.g.,
Eu,0,) and metal ion-doped inorganic matrixes (e.g., NaYF,:Yb/Tm, NaYF,:Yb/Er and CaAl,O,:Eu,Nd). As
discussed below, they can also be engineered with CPL in highly thermal stable oxides for up-conversion,
NIR emission and phosphorescence applications.

Carbon dots

Since the discovery of carbon dots in 2006, their luminescence has gained increasing attention as they
possess many important features, such as easy production, rich raw materials, multicolor emission, high
stability and versatile surface chemistry. In some early reports, carbon dots with chiroptical activity in their
CD spectra were easily prepared using chiral molecular precursors; however, the CPL activity was not easily

52-55]

demonstrated”". The CPL of carbon dots was recently activated using the simple “host-guest” strategy'**".

One special characteristic of carbon dots is that their emission wavelength can be tuned by changing their
excitation wavelength. Building on this phenomenon, Li et al.® showed an excitation-dependent CPL
example. A chiral L-/D-glutamic acid gelator (L-/D-GAm) was assembled into a helical structure that was
used as a chiral host to co-assemble with the nitrogen-doped carbon dot guest. The as-formed composites
(L-and D-co-gels) appeared as spiral nanotubes [Figure 5A]. The maximum emission wavelength changed
from 400 to 460 nm as the excitation wavelength increased from 300 to 400 nm [Figure 5B]. Similarly, the
CPL signals were also red-shifted with increasing excitation wavelength from 350 to 370 nm [Figure 5C]
and the |g,..| was ~ 2x107°-4x10 > under a 360 nm irradiation.
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Figure 5. Morphologies and optical properties of D-co-gel: (A) FE-SEM image; (B) PL; (C) CPL spectra with the fitting line (inset: plot of
the maximum CPL emission wavelength versus the excitation wavelength) under different excitations. Reproduced with permission from
Ref.[s‘”.Copyright (2020) American Chemical Society. (D) Mirror image CPL spectra of three carbon dot-doped co-gels. (E) PL spectra
of white-emitting co-gel (insets: a photograph of the co-gel under 365 nm (top right) and its CIE coordinate value (bottom left). (F) g,
of white-emitting co-gel from D-GAm (black) and L-GAm. Reproduced with permission from ref.”*’. Copyright (2021) John Wiley and
Sons. PL: Photoluminescence; CPL: circularly polarized luminescence.

Again, using L-/D-GAm co-gels as the hosts to encapsulate three kinds of carbon dots with blue, yellow and
red emission colors, Ru et al.*” demonstrated a white CPL system. These carbon dots displayed CPL signals
at 450, 550 and 610 nm, with a |g,,,,| of ~107 [Figure 5D]. Furthermore, by simply blending these three kinds
of carbon dots at a mass ratio of 4.63:15.75:1 (blue:yellow:red), white emission was fulfilled with a CIE
chromaticity diagram coordinate value of (0.334, 0.329) [Figure 5E]. This as-obtained mixture showed
circularly polarized white-light emission with a g, of ~ 2.5x10” [Figure 5F], which is smaller than the g,
of the individual carbon dots.

Metal clusters

Fluorescent metal clusters composed of a few to a hundred atoms represent a class of special luminophores
that provide a link between nanoparticles and the atomic behavior of metals. These ultrasmall metal clusters
exhibit molecule-like properties, including size-regulated fluorescence and discrete electronic states, which
are promising for a broad range of biological applications. The ultrasmall size of the metal clusters is also
possibly advantageous for the combination between metal clusters and ligands (or hosts), meaning that
diverse CPL-active metal clusters can be synthesized by the three strategies discussed above (types I-1I11)"".

Wuet al.”” synthesized spirocyclic Ag clusters [2-(R) and 2-(S), Figure 6A] using two types of chiral diide
ligands and 2-(pyridin-2-yl)-1H-benzo[d]imidazole (PBZ). The intrinsic chirality origin of 2-(R) and 2-(S)
can be ascribed to the chiral diides, the spirocyclic arrangement of a Ag, cluster and the helical arrangement
of PBZ molecules. In addition, 2-(R) and 2-(S) can crystalize into crystals with the chiral space group of P2,.
In a mixed solvent of water and methanol, with an increase in the water fraction, 2-(R) and 2-(S) assemble
into um-long helical nanofibers. Furthermore, the solid films of 2-(R) and 2-(S) show strong and mirror-
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Figure 6. (A) Spirocyclic Ag cluster structure of 2-(S). (B) CPL spectra (solid line) and g, (dotted line) for film samples of 2-(R) and 2-
(S). Reproduced with permission from ref.””’. Copyright (2021) John Wiley and Sons. (C) SEM image of ZAS(180, 4.34)-80 showing
helices with yellow blocks. (D) CPL spectra of AgNC/ZAS(180, 4.34)-T under different temperatures (T). Reproduced with permission
from Ref.[(’O].Copyright (2020) John Wiley and Sons. CPL: Circularly polarized luminescence; ZAS: zeolite LTA superball.

imaged CPL signals centered at 558 nm, with a high g, of 0.16 [Figure 6B]. Such a high g, may benefit
from the exciton couplings between the helically arranged PBZ molecules of individual spirocyclic clusters
and the microscopic helical assembly. In other words, both the molecular-level and microscale chirality
contribute to the high g,,... The assembly- and aggregate-induced CPL of metal clusters is also found in gold
clusters of Au,[R/S-BINAP],Cl and copper clusters of [Cu,,(R/S-DPM),]°" (DPM = R/S-2-diphenyl-2-
hydroxylmethylpyrrolidine-1-propyne), which are CPL inactive when dispersed in good solvents (e.g., CH,

58,59]

Cl,) but become CPL active in the aggregate states after the addition of poor solvents (e.g., n-hexane)***.

Using a host-guest method, Tao et al.'™ reported the CPL activity of luminescent Ag nanoclusters (AgNC)
incorporated in colloidal zeolite LTA superball (ZAS) assemblies. The macroscopic porous films built from
ZAS showed 3D long-range periodicity featuring a photonic band gap (PBG) [Figure 6C]. For one-
dimensional PBG structures, the maximum PBG wavelength A, is calculated as follows: 1, = nPsin®,
where n and P are the average refractive index and helical pitch of a PBG structure, respectively, 0 is the
angle of the incident light with respect to the PBG structures. A PBG structure with a helical periodic profile
can selectively reflect CP light, especially at A,,,, with the same handedness of the PBG structure while
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allowing the transmittance of the opposite-handed CP light'*"**.. For example, LCP is blocked while RCP is
transmitted within a left-handed helical PBG structure, and therefore a large difference between LCP and
RCP was detected with a high g,.. By embedding luminescent AgNC, the AgNC/ZAS enabled the selective
reflection of R-CP light and allowed L-CP light, resulting in a g, of 0.013 at a 520 nm emission. The g,
can be tuned by the assembly temperature to change the helical pitches of PBG structures [Figure 6D].

Semiconductor nanocrystals

Semiconductor nanocrystals (NCs), mainly comprised of elements from the II-VI, III-V and IV-VI groups
of the periodic table, show many promising optical properties, including exceptional brightness, high
quantum yield, superior photostability and size-tunable emission. Colloidal semiconductor NCs are usually
capped with organic ligands for the purposes of surface passivation and good dispersibility. In addition,
surface ligands also influence the photoluminescent properties. By a ligand-exchange step, chiral ligands can
be absorbed onto the surfaces of NCs to make semiconductor NCs CPL active””**.

As shown in the previous work by Tohgha et al.*", CPL signals at ~ 605 nm (|g,..| of 3-4x107) are observed
on CdSe NPs modified with D- and L-cysteine. Furthermore, Cheng et al."*” conducted a systematic study
of the CPL properties of cysteine-modified CdSe/CdS core-shell NCs with different shapes [Figure 7A]"".

The CdS shell could improve the luminescent quantum yield (QY) of the CdSe core. Interestingly, even if
the CdSe core is separated from chiral ligands by the CdS shell, CdSe still shows CPL bands from 550 to 650
nm with a |g,,| of 1-9x10*. The CPL performance may be caused by orbital coupling and Coulombic dipole
interactions between CdSe and cysteine. The PL and CPL could be manipulated by the thickness and shapes
of the CdS shell (g, increases with decreasing CdS shell thickness) but is proportional to the QY [Figure 7B
and C]. This work confirmed that chiral ligands can control the whole wavefunction even though there
exists an energy barrier of the thin CdS shell.

Perovskite nanocrystals

Luminescent metal halide perovskite colloidal NCs composed of inorganic octahedral layers and organic
ligands represent a class of promising next-generation optoelectronic materials. As summarized in recent
reviews”*”, using type I and II strategies with the assistance of a series of chiral ligands, CPL is also
extended to perovskite NCs with potential applications in CP light detection, quantum networks,
ferroelectrics and spintronics. In addition to organic molecules as chirality sources, some inorganic
nanomaterials are also able to endow perovskite NCs with CPL activity, thereby offering new CPL-active
candidates.

Chiral inorganic host-based systems

Chiral silica

Over the past two decades, a variety of chiral silica nanomaterials have been reported and their chirality can
be manifested by helical outwards or molecular-scale asymmetry on the siloxane framework!®”. Compared
with chiral organic molecules, a prominent feature of silica is its thermal stability (close to 1,000 °C), which
is desirable for high-temperature synthetic procedures. It has been confirmed that ions, molecules and
nanoparticles incorporated within these chiral nano-silica materials can become CD active!®”. With the
above success, it is of interest to explore chiral silica-based CPL-active systems.

Our group first demonstrated several entirely inorganic silica-lanthanide oxide CPL systems”. In our
previous work, we found that linear polyethylenimine and L- (or D-) tartaric acids can co-assemble into
catalytic chiral templates to direct the formation of chiral SiO, nanofibers [Figure 8A]. Vibrational circular
dichroism spectroscopic analysis revealed the asymmetric feature of Si-O-Si frameworks on the molecular
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Figure 7. (A) Schematic anisotropic shapes of CdSe/CdS (gold-colored core: CdSe; orange-color shell: CdS). (B) Dependence of g, of
D-Cys-CdSe/CdS, CdS shell thickness and (C) QY on different shapes. Reproduced with permission from Ref.”?”*Copyright (2020)
American Chemical Society. QY: Quantum yield.

scale, which can be maintained even up to 900 °C. These SiO, nanofibers are used as chiral nanoreactors for
the formation of sub-10 nm Eu,O, (or Tb,0,) NPs, which are transformed from the Eu** (or Tb*") trapped in
SiO, after heating at 900 °C in air [Figure 8B and C]. Interestingly, the CPL features of NPs are observed
around the emission wavelengths of 615 nm (Eu,0,) and 545 nm (Tb,0,) with a |g,,.| of the order of 10°.
However, the excitation wavelength using homemade CPL spectroscopy is 375 nm, which deviates from the
optimized excitation wavelength from PL spectra. The influence of the excitation wavelength on the CPL
performance was not probed.

In addition to lanthanide oxides, other luminophores are also endowed with CPL after being embedded
within these SiO, nanofibers [Figure 8D]"”. As a unique luminescent phenomenon, aggregation-induced
emission (AIE) has gained ever-increasing attention. Tetraphenylethene (TPE) and its derivatives are
representative AIE luminogens (AIEgens) with high quantum yields and ready functionalization. TPE
molecules can be easily absorbed onto SiO,nanofibers modified with phenyl groups and have already
demonstrated AIE-based CPL signals of ~ 476 nm in the aggregated state. When SiO, was modified by
amine groups, fluorescent carboxylic molecules (5,10,15,20-tetrakis(P-carboxyphenyl)porphyrin, 1-
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Figure 8. (A) Schematic of chiral SiO,nanofiber synthesis using PEl/D-tart (or PEl/L-tart) as chiral catalytic templates and their usage
to prepare chiral lanthanide oxide (M,05) NPs. (B) TEM image of Tb,0,/D-SiO,nanofibers. (C) TEM image of an individual Tb,0,
nanoparticle on Tb,0,/D-SiO,nanofibers. Reproduced with permission from Ref.”". Copyright (2018) John Wiley and Sons. (D)
Various CPL-active systems using chiral silica as hosts to incorporate organic fluorescent dyes, AlEgens and perovskites NCs.
Reproduced with permission from Ref.[m.Copyright (2020) John Wiley and Sons. CPL: Circularly polarized luminescence.

pyrenecarboxyl acid and fluorescein) were attached to SiO, and then showed CPL signals at their
characteristic emission bands with a |g,,| of 2-5x10>. In addition, these amine-modified SiO, materials
could work as chiral reactors for the in-situ formation of perovskite NCs with CPL activity. These results
imply the significant potential of chiral SiO, in designing CPL-related materials.

Harada et al.”” found that cationic gemini surfactants of C,H,-1,2-[(CH,),N*C,H,,], self-assemble into
helical structures in the presence of L- or D-tartrate counter ions. Using these organic helices as templates
(dented by 16-2-16 L-tartrate or 6-2-16 D-tartrate), elegant right- and left-handed SiO, nanohelices could be
prepared and further used as chiral hosts to synthesize lanthanide ion- and perovskite-containing CPL
systems [Figure 9A]. After the absorption of Tb** onto SiO, nanohelices and calcination at 900 °C for 4 h in
air, the small amount of Tb** (~ 0.31%) can display CPL outputs at ~ 545 nm (irradiated at 230 nm) with a
|g1um| Of ~ 10 due to the helical-morphological chirality of SiO,. The chiroptical activity may be due to the 4f
orbitals of Tb*" being chirally distorted by the asymmetrically arranged Si-O framework. In addition, after
modifying the surfaces of SiO, helices with amine by 3-aminopropyl-triethoxysilane, perovskite CsPbBr,
nanocrystals (PNCs) are grafted onto SiO,”. When suspended in toluene, PNC-SiO, do not exhibit CD and
CPL signals. In contrast, after casting the above suspension on quartz and drying, the PNC-SiO, in a dried
film state became both CD and CPL active. The maximum CPL signals locate at 517.5 nm (under a 360 nm
excitation) and the |g,,| reaches 5.7-6.9x107. It was found that PNCs are closely packed and helically
arranged around SiO, helices during the solvent evaporation process, which facilitated the dipolar
interaction between the PNCs and then produced CPL.

The synthesis of the CPL-active materials above occurs via a two-step process, which requires the synthesis
of §i0, in advance. In fact, the luminescent components could also be one-step incorporated into a siloxane
framework during the condensation of silica sources (e.g., tetraethyl orthosilicate and multisilylated organic
molecules). For example, Cai et al.” designed TPE-containing bis(triethoxysilane) (BTSTPE) as the silica
precursor and then prepared TPE-bridged polybissilsesquioxane (TPE-silica) nanotubes with single-handed
helicity using the self-assemblies of a pair of chiral cationic low-molecular-weight gelators (L-ValPyBr and
D-ValPyBr) as templates [Figure 9B]. Strikingly, the TPE-silica products showed high thermal stability with
only a 5% weight loss at ~ 500 °C. The helical TPE-silica powders emit green light at ~ 500 nm with a
quantum yield of over 21%, which is higher than that of its precursor of BTSTPE. The CPL outputs are
found at 500 nm with a |g,,| of 0.6-1.6x10. In another work, Zhang et al.” reported AIEgen-silica helical
nanotubes displaying CPL signals at 453 nm with a g,,,, up to 0.02 [under a 366 nm excitation, Figure 9C].
The CPL-active products were obtained by the co-assembly from 2-[4-(1,2,2-triphenylethenyl)-phenoxy]-
acetic acid (as the luminophore), N-trimethoxysilylpropyl-N,N,N-trimethylammonium chloride (as a co-
structure directing agent) and tetraethylorthosilicate (as a silica precursor).

Other chiral inorganic hosts

As discussed above, there are 22 chiral space groups in crystal structures, providing the possibility of
generating intrinsically chiral crystalline materials. For example, the space groups of TbPO,-H,O crystals
belong to the chiral group of P3,21 or its enantiomorph P3,21. Hananel et al.” employed tartaric acid
enantiomers as chirality inducers to produce chiral TbPO,-H,O doped with Eu*". Under a 365 nm excitation,
Eu’* in the TbPO,-H,O host showed strong CPL signals between 590 and 720 nm corresponding to the °D,—
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Figure 9. (A) Molecular structure of 16-2-16 L-tartrate (left) and TEM images of L-Si0,:Tb>* calcined at 900 °C (middle) and
nanohelices@PNCs in a dried film and the cross sections (yellow and red frames) obtained with 3D tomography reconstructions (right).
Reproduced with permission from Ref.”®’.Copyright (2021) Royal Society of Chemistry. Reproduced with permission from Ref.”?.
Copyright (2020) American Chemical Society. (B) SEM image of TPES-P. Reproduced with permission from Ref. U‘”.Copyright (2019)
Royal Society of Chemistry. (C) SEM image of L-CASN. Reproduced with permission from Ref.””. Copyright (2019) Royal Society of
Chemistry. TPES-P: TPE-silica with plus helice. L-CASN: left-handed chiral lamellar mesostructured AlEgen-silica hybrid hollow
nanotubes;

’F, transitions of Eu™. The g, could be 0.06 at 612 nm and is comparable with many chiral Eu(III)
complexes. In this work, CPL spectroscopy is also used as a tool to study the symmetry breaking behavior of
chiral TbPO,-H,O crystals controlled by the enantiomeric excess (e.e.) of tartaric acid.

Unlike the case above where the symmetry breaking is regulated by chiral molecules, Zhang et al.” found
that oleyamine-coated GdAOOH nanowires with a diameter of less than 1 nm could randomly transform into
macroscopic left- and right-handed helical assemblies (MHAs) at the centimeter level by an evaporation-
induced self-assembly process without the assistance of a chiral dopant [Figure 10A,B]"". The spontaneous
formation of helices is a result of an energy-minimizing process and the handedness is uncontrollable.
Fortunately, the left- and right-handed helices can be observed by the naked eye and easily separated.
Achiral fluorescent molecule guests of DACT and TMD embedded into MHAs showed CPL signals at their
emission bands at 500 and 625 nm, respectively.

SELECTED SPECIAL CPL-ACTIVE SYSTEMS

Many luminophores show down-conversion fluorescence with emission bands in the visible range. In fact,
there are other luminescent processes, including up-conversion PL, phosphorescence, thermally activated
delayed fluorescence (TADF) and NIR emission. Studies of the CPL related to these processes could enrich
our understanding of the origin of CPL and help us to explore more CPL-related applications. Therefore,
some special CPL-active systems are presented in this section.
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Figure 10. (A) Cryo-electron microscopy image and its large-magnification version (upper inset) of the sub-1 nm GdOOH nanowires
(bottom: a photograph of the dispersion of nanowires). (B) CPL spectra of DACT-MHA. Reproduced with permission from Ref.”®.
Copyright (2020) American Chemical Society. CPL: Circularly polarized luminescence; MHA: macroscopically spiral assemblies.

Up-conversion CPL

Up-conversion luminescence is capable of converting long-wavelength NIR light to shorter-wavelength
narrow and sharp emission ranging from UV, to visible and even to shorter NIR light. Up-conversion
luminescence is utilized widely in a broad range of areas, especially in biological and biomedical ones, due
to low background fluorescence, weak photodamage, good penetration in tissues and high sensitivity.

Lanthanide ions (e.g., Yb*, Er'* and Tm*') doped in fluoride-based matrixes (e.g., NaYF, and NaGdF,)
possess high up-conversion efficiencies because of sufficient metastable energy and excited states with a
long lifetime. Yang et al.”” offered a dexterous solution for an up-conversion CPL based on a radiative
energy transfer process from NaYF,:Yb/Tm Upconverting nanoparticles (UCNPs) to CsPbBr, perovskite
nanocrystals (PKNCs) in the chiral nematic liquid crystal (N*LC) featured with PBG [Figure 11A]. A high
|| is possible in a PBG structure due to strong handedness-selective reflection of CP light. However, the
light loss may occur and the emission of emitters is boosted when the emission wavelength is located at the
edge of the photonic bandgap, while the emission is suppressed at the center of the bandgap. Therefore, it is
a challenge to achieve both a large g, and high emission efficiency. To address this issue, an achiral
nematic liquid crystal SLC1717 and chiral dopant R-(or S-)811 were used to form left- or right-handed
helical N*LC, where two different emitters of NaYF,:Yb/Tm and CsPbBr, were embedded. Under a 980 nm
excitation, NaYF,:Yb/Tm UCNPs showed emission bands at 450 and 475 nm near the edge of the bandgap
of N*LC and these emissions were thus enhanced and the g, at 475 nm was 0.3. The emission of PKNCs
was centered at 495 nm, which overlaps with the center of the bandgap. Fortunately, the emission of PKNCs
could be enhanced via a radiative energy transfer with quenching the emission of NaYF,:Yb/Tm at 475 nm.
Meanwhile, a very high g, of 1.1 was still achieved for PKNCs at 495 nm.

NIR emission CPL

The emission at the NIR range from luminophores is highly beneficial to optical applications in transparent
biological windows because of the suppressed absorption or scattering from skin and blood. However, there
is a lack of suitable, reliable detection instruments for weak NIR emission and reports on NIR-CPL are
scarce. Yb™ is a typical NIR emitter in the range of 900-1050 nm. The complex of Yb(TTA), (TTA = 2-
thenoyltrifluoroacetonate) shows relatively good quantum yields due to the antenna effect of TTA ligands.
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Figure 11. (A) Schematic representation of RET process from UCNPs to CsPbBry PKNCs in N*LC (the emissions of CsPbBr; PKNCs and
UCNPs were located at the center and the edge of the photonic bandgap, respectively, left) and UC-CPL spectra of CsPbBr,
PKNCs/UCNPs in N*LC with di erent incident power of a 980 nm laser (right). Reproduced with permission from Ref.””. Copyright
(2020) John Wiley and Sons. (B) NIR-CPL spectra (top) of both the enantiomers of Yb(TTA)3iPrPybox (left) and Yb(TTA);PhPybox
(right) and total NIR emission (bottom). Reproduced with permission from Ref."”®!. Copyright (2019) Royal Society of Chemistry. RET:
Radiative energy transfer; PKNCs: perovskite nanocrystals; UCNP: upconverting nanoparticles; TTA: 2-thenoyltrifluoroacetonate.

On the basis of Yb(TTA),, Zinna et al.”” introduced additional chiral ligands (PrPyBox or PhPyBox) to
synthesize two groups of chiral Yb(TTA),PrPyBox and Yb(TTA),PhPyBox complexes [Figure 11B]. To
measure the NIR-CPL of these complexes, the authors conducted modifications on
spectrofluoropolarimeter apparatus using an Ag-O-Cs photomultiplier tube as the detector and a
photoelastic modulator coupled with an uncoated Glan-Thompson polarizer for polarization
discrimination. For Yb(TTA),PrPyBox, relatively sharp peaks at 972 nm (°F,, — °F,, transition of Yb*")
appeared on their CPL spectra appeared with a g, of -0.025 and +0.029 for (R,R) and (§,S) enantiomers,
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respectively. Similar results were also found for Yb(TTA),PhPyBox enantiomers.

Thermally activated delayed fluorescence CPL

In principle, TADF enables an internal quantum efficiency of 100% by harvesting triplet (T1) excitons,
which is fulfilled through the reverse intersystem crossing from the triplet (T1) to singlet (S1) state in a
thermally activated process. Therefore, TADF has received widespread attention, especially in organic light-
emitting diode displays. Recently, TADF-based CPL has also gained increasing interest in organic
molecules™. In contrast, TADF-CPL in inorganic emitters is rare. Han et al."™ synthesized octahedral Ag(I)
clusters using chiral ligands named as L/D and PL/PD enantiomers [structures shown in Figure 12A]. In the
case of PL/PD, Ag, cores in the Ag clusters of Ag.PL, and Ag PD, are distorted and deviate from the regular
octahedral Age skeleton, and these clusters crystallize in the chiral monoclinic space group P2,. Based on
chiroptical spectra and DFT simulations, the chiroptical activity of the clusters is mainly attributed to the
asymmetric Ag, core and the chiral interface between Ag and the coordinated C and N atoms. The PLQY of
AgPL,/AgPD, surpasses 95% at room temperature, which is a result of TADF confirmed by the
temperature-dependent luminescence spectra and decays. Finally, these clusters display TADF-based CPL
signals at 575 nm (excited at 370 nm) with a g, of ~ 4x107.

Phosphorescence CPL

As for the origin of photoluminescence, phosphorescence is an important complementary mechanism to
fluorescence. Phosphorescence is the emission from triplet-excited states and its lifetime is longer than
fluorescence. Therefore, phosphorescence is appealing in optical sensors, information security,
optoelectronic devices and biomedical agents.

Phosphorescence can be observed in lanthanide and Cr ions at room temperature. As demonstrated in
Figure 12B Hao et al.™ reported a simple method to obtain colorful CPL-active inorganic persistent
lanthanide-based phosphor materials with a long afterglow, including a yellow-green SrAl,O,:Eu,Dy, purple
CaAlL,O,:Eu,Nd, blue-green Sr,Al,O,.:Eu,Dy, sky blue Sr,MgSi,O, and red Y,O0,S:Eu,Mg,Ti. These
commercial phosphor powders are mixed with D- (or L-) cysteine (Cys) in ethanol and subjected to ball-
milling for several hours and then the D-/L-Cys-modified phosphors are collected. Using this simple
process, these phosphors became CPL-active with a |g,,,| of 10°-107, of which a maximum value was
observed in the CaAl,O,:Eu,Nd sample (2.10x10°?). The CD and CPL activity of these inorganic phosphors
was induced by chiral Cys molecules, which were absorbed via metal-sulfur bonds.

Compared with lanthanides ions, the observation of room-temperature phosphorescence on other
luminescent materials is not straightforward. Xu et al.””’ demonstrated a three-component system with both
fluorescence- and phosphorescence-based CPL of carbon dots (CDs) at room temperature [Figure 12CJ.
Cellulose nanocrystals are used to form chiral photonic films, in which poly(vinyl alcohol) (PVA) and
luminescent CDs are integrated by a co-assembly process. Because of the PBG effect, CPL was observed
when the fluorescence wavelength (460 nm, excited by 365 nm) of the CDs located within the bandgap. The
employment of PVA seemed to restrict molecular motions and inhibit oxygen quenching to maintain triplet
excitons, thus leading to phosphorescence afterglow (480-500 nm) lasting for 2 s, even after turning off the
UV (260 nm) irradiation. However, there is an overlap between the fluorescence spectrum (with a peak
located at 450-470 nm) and the room-temperature phosphorescence (RTP) spectrum (with a peak at 480-
500 nm). In other words, the fluorescence bands are close to the RTP bands. Therefore, it is difficult to
differentiate FL-based CPL from RTP-induced CPL on the as-used JASCO CPL-200 spectrophotometer.
These authors designed an analytical device [shown in Figure 12C, middle] to measure circular polarized
room-temperature phosphorescence (CPRTP), which is fulfilled by combining a fluorospectrophotometer
and an L- (or R-) circularly polarized filter (CPF). The CPF was covered on the detector at the
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Figure 12. (A) Structures of Ag.l./D, and Ag,PL,/PD, enantiomers, L/D, PL/PD and octahedral Ag, framework in Ag.L,/D,.
Reproduced with permission from Ref.®”.(B) Images of various lanthanide-containing phosphor materials before and after
modification with L/D-Cys via ball milling (top) and schematic of CaAl,O,:Eu,Nd phosphor attached by chiral Cys molecules on the
surface and the induction of the phosphorescence-based CPL (bottom). Reproduced with permission from Ref.”®". Copyright (2021)
John Wiley and Sons. (C) Schematic of hybrid chiral photonic showing dual CPL and CPRTP (left), an experimental setup for the
measurement of CPRTP (middle) and phosphorescence emission spectra of hybrid chiral photonic films recorded with an L-CPF or R-
CPF (right). Reproduced with permission from Ref.”?.Copyright (2020) American Chemical Society. CPL: Circularly polarized
luminescence; CPRTP: circular polarized room-temperature phosphorescence; CPF: circularly polarized filter.

phosphorescence measurement mode to record the CPRTP spectra. In principle, L-CPRTP would be
blocked by the RCPF, while R-CPRTP would be blocked by the LCPF. On this basis, it was found that the
CPRTP intensity recorded with LCPF was weaker than RCPF. By borrowing the definition of g, a so-
called gy is defined as gprp= [2x(I;-I)]/(I;+1;), where I; and I, are the intensity of RTP recorded under
LCPF and RCPF, respectively. The highest absolute value of g, could reach 0.461.

APPLICATIONS OF INORGANIC-ASSOCIATED CPL

With success in the synthesis of various inorganic-associated CPL-active systems, their potential
applications are also explored. Here, we list several examples related to sensors, security, electroluminescent
devices, optical storage and asymmetric synthesis.

Sensors

Fluorescence sensing is an important analysis technique with many merits, such as rapidness, sensitivity,
nondestructiveness and the ability to obtain diverse information regarding molecular interactions and
microenvironments. Since fluorescence is a prerequisite for CPL, the change in fluorescent properties leads
to the variation of CPL signals. Therefore, the principles of fluorescence sensing may be borrowed to design
CPL sensors. For example, Suo et al.™ reported a AuAg bimetallic cluster-based CPL sensing method by
virtue of the fluorescence quenching effect [Figure 13A]. In the presence of metal ions (Sr** and K"),
guanosine 5’-monophosphate can self-assemble into left- or right-handed helical nanofibers (g-fibers) with
a width of 200 nm and a length of several micrometers. These g-fibers are used as chiral hosts to embed
AuAg clusters stabilized with adenosine 5'-monophosphate. Consequently, helical nanostructured g-fiber-
AuAg composites were obtained and showed CPL at ~ 475 nm under a 356 nm excitation, with a |g,,,| of 1-
3x107 Because of the fluorescence quenching of AuAg NCs by L-Cys, g-fiber-AuAg NCs could be used as
CPL sensors for the selective detection of L-Cys (in the range of 0.1 to 8 pmol L) with a limit of detection
down to 95.7 nM, which is comparable to other common fluorometric and electrochemical methods.

Anticounterfeiting

Luminescent nanomaterials are widely employed in anticounterfeiting applications. To improve the security
level, it is highly desirable that a luminescent material can possess more features. CPL-active materials
encode hidden chiral fingerprint information into luminescence, which is not easily decoded by common
optical read-out instruments. As a result, CPL offers a novel advanced anticounterfeiting technique with
high expertise in chirality.

Kitagawa et al.™ firstly synthesized europium complexes with chiral (+/-)-3-(trifluoroacetyl)camphor (+/-
tfc) ligands and then cast them on a glass substrate together with the achiral glass promoter tris(2,6-
dimethoxyphenyl)phosphine oxide (tmpo) ligand [Figure 13B]. After solvent evaporation, two enantiomeric
Eu(+tfc)-tmpo(2) and Eu (-tfc)-tmpo(2) transparent films with an extra-large |g,.| of 1.2 at a 594 nm
emission (the magnetic dipole transition D, — "F, of Eu™) were produced. Furthermore, the authors
demonstrated a CP light-based security device model to visualize the CPL image by a camera equipped with
a linear polarizer, a rotatable /4 plate and a bandpass filter (594 nm). Eu(+tfc)-tmpo(2) was cast into a sun
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Figure 13. Applications of inorganic-associated CPL-active systems. (A) CPL sensors of Cys. Reproduced with permission from Ref. 8%,

Copyright (2020) American Chemical Society. (B) A security paint based on CPL-active Eu(lll) lumino-glass. Reproduced with
permission from Ref.’¥¥.(C) Electroluminescent device architecture containing chiral Eu(lll) complexes and their circularly polarized
electroluminescence (CPEL) spectra. Reproduced with permission from Ref.®®*. Copyright (2015) John Wiley and Sons. (D) Conceptual
description of illuminating PL/CPL dual-mode rewritable optical storage and real images of PL/CPL dual-mode patterns. Reproduced
with permission from Ref. ). Copyright (2020) Royal Society of Chemistry. (E) Schematic of enantioselective photopolymerization
setup of HA. Reproduced with permission from Ref.®. Copyright (2019) American Chemical Society. PL: Photoluminescence; CPL:
circularly polarized luminescenc.

pattern and Eu(-tfc)-tmpo(2) into a moon. Without the /4 plate, both the sun and moon are observed. By
rotating the A/4 plate 90° clockwise or anticlockwise using an angle controller, the photographs of the
emission using L-CP light (“sun”) and R-CP light (“moon”), respectively, are exhibited.

Electroluminescent devices

Electroluminescent devices, where an emissive layer is sandwiched between an anode and a cathode, are
promising for artificial light sources. In these devices, the charge carriers (electrons and holes) are generated
at the electrodes under an external voltage, transported to and then recombined at the emissive layer to
produce electroluminescence. Various luminescent materials are used as the emissive layers to construct
electroluminescent devices, such as organic, CD-based and perovskite-based light emitting diodes.
Furthermore, these devices, which are capable of directly emitting CP light, are of significant interest for
their promising potential in displays with high-resolution, 3D imaging ability, improved brightness and
lower energy consumption.

Zinna et al.* used chiral europium complexes of CsEu(hfbc), (hfbc = 3-heptafluoro-butylyrylcamphorate)
with the highest available g, (g.. = 1.38 at 595 nm) as circularly polarized emitters in electroluminescent
devices [Figure 13C]. To reduce the emission from the matrix, the Eu(III) complexes were blended with a
polyvinylcarbazole host and a soluble additive of 1,3-bis[2-(4-tert-butylphenyl)-1,3,4-oxadiazo-5-yl]benzene
to form the emitting layer. To minimize the internal reflection of the emitted light on the back electrode, a
Ba/Al cathode (50% transmittance at 612 nm) was employed. With these strategies, a good polarization
degree of emission (as measured by the dissymmetry factor of g in electroluminescence) is achieved, with
g values of +0.75 and -0.09/+0.15 for the Eu *°D —’F, (at 595 nm) and Eu °D,—F, transitions (at 612 nm),
respectively. Furthermore, by optimizing the emissive layer formulations and fine-tuning the architectures
of the devices, the absolute value of g;; could even be increased to 1.0 (for Eu °D,—’F, at 595 nm)"*’.

Han et al."™ reported two enantiomeric gold clusters (Au,L,),/(Au,D,), consisting of a Au, core and a chiral
ligand, (S)-/(R)-4-isopropylthiazolidine-2-thione [abbreviated as L and D, structures shown in Figure 12A].
Through an aggregation- and crystallization-induced emission process, these aggregated gold nanoclusters
showed a strong green emission centered at 507 nm with a photoluminescence quantum yield of 41.4% and
intense CPL signals with |g,,| of 7.0x107. These nanoclusters were employed as the chiral emissive layer to
fabricate electroluminescent devices. The as-obtained device exhibited obvious green CPEL signals (driven
at a voltage of 10 V) with a maximum external quantum efficiency of 1.5% and a dissymmetry factor (|gy|)
of 4-7x107.

Optical storage

The usage of CP light for optical storage is attractive due to the orthogonal characteristics of the polarization
and uncomplicated optical system structures. Juan et al.*” proposed an optical storage model based on 980
nm NIR-light triggered reversible CPL switching. A cholesteric liquid crystal with a self-organized helical
superstructure was used as the host to load lanthanide (Yb*', Er** or Tm*")-doped NaYF,-based UCNPs and
a chiral fluorescent photoswitch of 6 [Figure 13D]. When the UCNPs are irradiated by 980 nm at a low
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power (980-1), the 520 nm green emission (Yb** — Er’* energy transfer process) dominated, while the 365
and 450 nm emissions (Yb** — Tm’* energy transfer process) appeared at a high laser power density (980 h).
Switch 6 showed a trans to cis photoisomerization under 520 nm light and the reverse isomerization upon
irradiation at 365 or 450 nm. A strong emission peak at ~ 580 nm appeared for the trans state of switch 6
and greatly decreased for the cis state. Correspondingly, both the CPL signal and its absolute g, of ~ 580
nm decreased with low-power 980 nm NIR light, while partly recovering when exposed to high-power 980
nm light. Based on this switchable process controlled by laser power, a PL/CPL-encryption dual-mode
rewritable optical storage device can be designed. The fluorescent dot array can be written on the cell using
a photomask with a high-power laser and the information is erased under a low-power mode.

Asymmetric synthesis

CP light-induced asymmetric photochemical synthesis is an important type of absolute synthesis and even
accounts for the homochirality origin on earth. Because of the unbalance between L- and R-CP emissions,
CPL-active emitters are potential CP light sources to initiate enantioselective synthesis. Jin et al.”™ showed
an up-conversion CPL to trigger the enantioselective polymerization of diacetylene [Figure 13E]. Achiral
lanthanide-doped UCNPs (NaYF,:Yb/Er or NaYF,:Yb/Tm) were co-assembled with chiral lipid gelator L-
/D-GAm to create helical nanotubes. After excitation with a 980 nm laser, the emission peaks of UCNPs-
Tm are mainly located at 360 nm (‘D, — *H, transition), 476 nm (‘G, — *H,) and 802 nm (*H, — *H,).
Interestingly, the UV part of CPL from UCNPs-Tm could induce the polymerization of 2,4-
heneicosadiynoic acid into polydiacetylene (PDA). PDA formed using L-GAm/UCNPs-Tm showed positive
CD signals, while negative CD signals were found with D-GAm/UCNPs-Tm. Therefore, the molecular
chirality of the gelator controlled the handedness of the UC-CPL from lanthanide ions and then
subsequently regulated the enantioselective polymerization of diacetylene.

SUMMARY AND OUTLOOK

After a survey of the recent literature, it is without doubt that we have a toolbox to engineer multiple
inorganic species (lanthanide ions, metal clusters, semiconductor NPs, carbon dots, perovskite NCs, nano-
silica and so on) to undergo CPL, although they are not supposed to be chiral from our common sense. CPL
in these inorganic materials is also found in various luminescence processes (e.g., up-conversion, TADF,
phosphorescence and NIR emission) and is useful for many applications in sensing, optical storage, security
and asymmetric synthesis. Because CPL is related to both chirality and luminescence, the achievements
above prompt us to believe that two enantiomeric forms are allowed both in the structures and
luminescence of inorganic substances and will open up new chirality-related horizons in inorganic
chemistry and light science.

However, there are still many issues to be addressed to comprehend CPL in inorganics, including:

Reliable CPL data free from artifacts: CPL measurements are traditionally conducted on various homemade
instruments and have recently been performed on some commercial CPL spectrophotometers. However,
there are some artifacts possibly existing in as-measured CPL signals, which can be caused by many factors
(e.g., instrumental limitations, linear dichroism effect and scattering/absorption phenomena). In particular,
solid-state or anisotropic samples should be treated carefully. To this end, some experimental guides and
data analysis methods can be found to obtain true CPL signals™". In addition, it is encouraging to give
CD/PL spectra and some experimental details (e.g., sample concentrations and spectral test parameters)
together with CPL data. It will be helpful to check the reliability and reproducibility of CPL signals.
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Enhancement of g, As shown in Table 1, the g, values of many kinds of inorganic-associated CPL are ~
10” or lower, although some metal ions (e.g., lanthanide and chromium(III)) can potentially present high
g due to magnetically allowed but electric-dipole forbidden emissions. The small g, value means that the
differences between LCP and RCP only account for 0.3% of the total emission. Hence, there is a significant
potential to increase g,,.. Some enhancement strategies have been proposed, which are fulfilled by ingenious
molecular design, energy transfer processes, plasmonic metal-assisted enhancement and assembly-
/aggregation-induced CPL!"***"),

Evaluation indexes for CPL: Basically, CPL is based on luminescence and therefore the indexes for
luminescence, such as quantum yield, brightness, excitation and emission wavelengths, should be taken into
consideration together with g,,... For example, Eu complexes showed a highest g, of 1.38 but with a very
low emission quantum yield of less than 1.0%, which restricts their applications, especially in displays. The
choice of excitation wavelength is also important in improving the CPL performance in some luminescent
systems involved with energy transfer (e.g., metal complexes). Moreover, the relationships between g, and
the luminescence parameters above are underexplored. Some researchers have suggested several indexes,
such as a figure of merit (FM) (FM = ®xg, ., where @ is the emission efficiency), asymmetric quantum
efficiency (¢,) (¢,=I,/I, or I;/I,, where I, is the incident light intensity) and a brightness indicator (BF) (B¢,
= g x®xg /2, where g, is the molar coefficient measured at the excitation wavelength)”"****. Nevertheless,
the application of the indexes above is underexplored for different purposes.

Multiple-component CPL-active systems: In many cases, the system is constructed as a binary-component
mode, i.e., only one chiral entity and only a luminescent one. However, it is not easy to achieve an ideal CPL
effect (e.g., high g, strong emission and tunable emission bands) only by two components. Consequently,
multiple components can be introduced to manipulate the optical and chiral properties.

Revealing the detailed mechanisms for CPL: Although we know how to synthesize CPL-active materials, the
underlying mechanism is not well explained in many publications. Often, the chirality transfer/induction
mechanisms proposed for CD activity are roughly extended to CPL activity, but it is unsuitable in some
cases because CD and CPL belong to two different transition processes. In addition, the theories and
simulation methods addressing luminescence in a chiral environment are currently inadequate.

Exploration of CPL-based applications: The applications described here are still in their infancy but are
inspirational nonetheless. With success in materials synthesis, exploration of their real applications is an
important follow-up work.
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acknowledge.

2.3.3.2 Authors’ Contributions

Each author is expected to have made substantial contributions to the conception or design of the work, or the acquisition,
analysis, or interpretation of data, or the creation of new software used in the work, or have drafted the work or substantively
revised it.

Please use Surname and Initial of Forename to refer to an author’s contribution. For example: made substantial contributions
to conception and design of the study and performed data analysis and interpretation: Salas H, Castaneda W'V; performed
data acquisition, as well as provided administrative, technical, and material support: Castillo N, Young V.

If an article is single-authored, please include “The author contributed solely to the article.” in this section.

2.3.3.3 Availability of Data and Materials

In order to maintain the integrity, transparency and reproducibility of research records, authors should include this section
in their manuscripts, detailing where the data supporting their findings can be found. Data can be deposited into data
repositories or published as supplementary information in the journal. Authors who cannot share their data should state
that the data will not be shared and explain it. If a manuscript does not involve such issue, please state “Not applicable.” in
this section.

2.3.3.4 Financial Support and Sponsorship

All sources of funding for the study reported should be declared. The role of the funding body in the experiment design,
collection, analysis and interpretation of data, and writing of the manuscript should be declared. Any relevant grant numbers
and the link of funder’s website should be provided if any. If the study is not involved with this issue, state “None.” in this
section.

2.3.3.5 Conflicts of Interest

Authors must declare any potential conflicts of interest that may be perceived as inappropriately influencing the
representation or interpretation of reported research results. If there are no conflicts of interest, please state “All authors
declared that there are no conflicts of interest.” in this section. Some authors may be bound by confidentiality agreements.
In such cases, in place of itemized disclosures, we will require authors to state “All authors declare that they are bound by
confidentiality agreements that prevent them from disclosing their conflicts of interest in this work.”. If authors are unsure
whether conflicts of interest exist, please refer to the “Conflicts of Interest” of Chemical Synthesis Editorial Policies for a
full explanation.

2.3.3.6 Ethical Approval and Consent to Participate

Research involving human subjects, human material or human data must be performed in accordance with the Declaration
of Helsinki and approved by an appropriate ethics committee. An informed consent to participate in the study should also
be obtained from participants, or their parents or legal guardians for children under 16. A statement detailing the name of
the ethics committee (including the reference number where appropriate) and the informed consent obtained must appear
in the manuscripts reporting such research.

Studies involving animals and cell lines must include a statement on ethical approval. More information is available at
Editorial Policies.

If the manuscript does not involve such issue, please state “Not applicable.” in this section.

2.3.3.7 Consent for Publication

Manuscripts containing individual details, images or videos, must obtain consent for publication from that person, or in
the case of children, their parents or legal guardians. If the person has died, consent for publication must be obtained from
the next of kin of the participant. Manuscripts must include a statement that a written informed consent for publication was
obtained. Authors do not have to submit such content accompanying the manuscript. However, these documents must be
available if requested. If the manuscript does not involve this issue, state “Not applicable.” in this section.

2.3.3.8 Copyright
Authors retain copyright of their works through a Creative Commons Attribution 4.0 International License that clearly
states how readers can copy, distribute, and use their attributed research, free of charge. A declaration “© The Author(s)
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2022.” will be added to each article. Authors are required to sign License to Publish before formal publication.

2.3.3.9 References

References should be numbered in order of appearance at the end of manuscripts. In the text, reference numbers should be
placed in square brackets and the corresponding references are cited thereafter. If the number of authors is less than or equal
to six, we require to list all authors’ names. If the number of authors is more than six, only the first three authors’ names are
required to be listed in the references, other authors’ names should be omitted and replaced with “et al.”. Abbreviations of
the journals should be provided on the basis of Index Medicus. Information from manuscripts accepted but not published
should be cited in the text as “Unpublished material” with written permission from the source.

References should be described as follows, depending on the types of works:

Types Examples

Journal articles by Weaver DL, Ashikaga T, Krag DN, et al. Effect of occult metastases on survival in node-negative
individual authors breast cancer. N Engl J Med 2011;364:412-21. [PMID: 21247310 DOI: 10.1056/NEJMo0al008108]
Organization as author Diabetes Prevention Program Research Group. Hypertension, insulin, and proinsulin in participants

with impaired glucose tolerance. Hypertension 2002;40:679-86. [PMID: 12411462]
Both personal authors and |Vallancien G, Emberton M, Harving N, van Moorselaar RJ; Alf-One Study Group. Sexual dysfunction

organization as author in 1,274 European men suffering from lower urinary tract symptoms. J Urol 2003;169:2257-61. [PMID:
12771764 DOI: 10.1097/01.ju.0000067940.76090.73]

Journal articles not in Zhang X, Xiong H, Ji TY, Zhang YH, Wang Y. Case report of anti-N-methyl-D-aspartate receptor

English encephalitis in child. J App! Clin Pediatr 2012;27:1903-7. (in Chinese)

Journal articles ahead of  |Odibo AO. Falling stillbirth and neonatal mortality rates in twin gestation: not a reason for

print complacency. BJOG 2018; Epub ahead of print [PMID: 30461178 DOI: 10.1111/1471-0528.15541]

Books Sherlock S, Dooley J. Diseases of the liver and billiary system. 9th ed. Oxford: Blackwell Sci Pub;
1993. pp. 258-96.

Book chapters Meltzer PS, Kallioniemi A, Trent JM. Chromosome alterations in human solid tumors. In: Vogelstein
B, Kinzler KW, editors. The genetic basis of human cancer. New York: McGraw-Hill; 2002. pp. 93-
113.

Online resource FDA News Release. FDA approval brings first gene therapy to the United States. Available from:

https://www.fda.gov/NewsEvents/Newsroom/PressAnnouncements/ucm574058.htm. [Last accessed
on 30 Oct 2017]

Conference proceedings Harnden P, Joffe JK, Jones WG, editors. Germ cell tumours V. Proceedings of the Sth Germ Cell
Tumour Conference; 2001 Sep 13-15; Leeds, UK. New York: Springer; 2002.

Conference paper Christensen S, Oppacher F. An analysis of Koza's computational effort statistic for genetic
programming. In: Foster JA, Lutton E, Miller J, Ryan C, Tettamanzi AG, editors. Genetic
programming. EuroGP 2002: Proceedings of the 5th European Conference on Genetic Programming;
2002 Apr 3-5; Kinsdale, Ireland. Berlin: Springer; 2002. pp. 182-91.

Unpublished material Tian D, Araki H, Stahl E, Bergelson J, Kreitman M. Signature of balancing selection in Arabidopsis.
Proc Natl Acad Sci U S A. Forthcoming 2002.

For other types of references, please refer to U.S. National Library of Medicine.
The journal also recommends that authors prepare references with a bibliography software package, such as EndNote to
avoid typing mistakes and duplicated references.

3.3.10 Supplementary Materials

Additional data and information can be uploaded as Supplementary Materials to accompany the manuscripts. The
supplementary materials will also be available to the referees as part of the peer-review process. Any file format is
acceptable, such as data sheet (word, excel, csv, cdx, fasta, pdf or zip files), presentation (PowerPoint, pdf or zip files), image
(cdx, eps, jpeg, pdf, png or tiff), table (word, excel, csv or pdf), audio (mp3, wav or wma) or video (avi, divx, flv, mov, mp4,
mpeg, mpg or wmv). All information should be clearly presented. Supplementary materials should be cited in the main text
in numeric order (e.g., Supplementary Figure 1, Supplementary Figure 2, Supplementary Table 1, Supplementary Table 2,
etc.). The style of supplementary figures or tables complies with the same requirements on ﬁgures or tables in main text.
Videos and audios should be prepared in English, and limited to a size of 500 MB or a duration of 3 minutes.

2.4 Manuscript Format
2.4.1 File Format
Manuscript files can be in DOC and DOCX formats and should not be locked or protected.

2.4.2 Length
There are no restrictions on paper length, number of figures, or amount of supporting documents. Authors are encouraged
to present and discuss their findings concisely.
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2.4.3 Language
Manuscripts must be written in English.

2.4.4 Multimedia Files

The journal supports manuscripts with multimedia files. The requirements are listed as follows:

Videos or audio files are only acceptable in English. The presentation and introduction should be easy to understand. The
frames should be clear, and the speech speed should be moderate.

A brief overview of the video or audio files should be given in the manuscript text.

The video or audio files should be limited to a size of up to 500 MB.

Please use professional software to produce high-quality video files, to facilitate acceptance and publication along with the
submitted article. Upload the videos in mp4, wmv, or rm format (preferably mp4) and audio files in mp3 or wav format.

2.4.5 Figures

Figures should be cited in numeric order (e.g., Figure 1, Figure 2) and placed after the paragraph where it is first cited;
Figures can be submitted in format of tiff, psd, Al or jpeg, with resolution of 300-600 dpi;

Figure caption is placed under the Figure;

Diagrams with describing words (including, flow chart, coordinate diagram, bar chart, line chart, and scatter diagram, etc.)
should be editable in word, excel or powerpoint format. Non-English information should be avoided;

Labels, numbers, letters, arrows, and symbols in figure should be clear, of uniform size, and contrast with the background;
Symbols, arrows, numbers, or letters used to identify parts of the illustrations must be identified and explained in the
legend;

Internal scale (magnification) should be explained and the staining method in photomicrographs should be identified;

All non-standard abbreviations should be explained in the legend;

Permission for use of copyrighted materials from other sources, including re-published, adapted, modified, or partial
figures and images from the internet, must be obtained. It is authors’ responsibility to acquire the licenses, to follow any
citation instruction requested by third-party rights holders, and cover any supplementary charges.

2.4.6 Tables

Tables should be cited in numeric order and placed after the paragraph where it is first cited;

The table caption should be placed above the table and labeled sequentially (e.g., Table 1, Table 2);

Tables should be provided in editable form like DOC or DOCX format (picture is not allowed);

Abbreviations and symbols used in table should be explained in footnote;

Explanatory matter should also be placed in footnotes;

Permission for use of copyrighted materials from other sources, including re-published, adapted, modified, or partial tables
from the internet, must be obtained. It is authors’ responsibility to acquire the licenses, to follow any citation instruction
requested by third-party rights holders, and cover any supplementary charges.

2.4.7 Abbreviations

Abbreviations should be defined upon first appearance in the abstract, main text, and in figure or table captions and used
consistently thereafter. Non-standard abbreviations are not allowed unless they appear at least three times in the text.
Commonly-used abbreviations, such as DNA, RNA, ATP, etc., can be used directly without definition. Abbreviations in
titles and keywords should be avoided, except for the ones which are widely used.

2.4.8 Italics
General italic words like vs., et al., etc., in vivo, in vitro; t test, F test, U test; related coefficient as 7, sample number as n,
and probability as P; names of genses; names of bacteria and biology species in Latin.

2.4.9 Units
SI Units should be used. Imperial, US customary and other units should be converted to SI units whenever possible. There
is a space between the number and the unit (i.e., 23 mL). Hour, minute, second should be written as h, min, s.

2.4.10 Numbers
Numbers appearing at the beginning of sentences should be expressed in English. When there are two or more numbers
in a paragraph, they should be expressed as Arabic numerals; when there is only one number in a paragraph, number < 10

should be expressed in English and number > 10 should be expressed as Arabic numerals. 12345678 should be written as
12,345,678.

2.4.11 Equations
Equations should be editable and not appear in a picture format. Authors are advised to use either the Microsoft Equation
Editor or the MathType for display and inline equations.
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2.5 Submission Link
Submit an article via https://oaemesas.com/login?Journalld=cs.
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