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Recent Advances in Heterogeneous Frustrated Lewis Pair:
Synthesis, Characterization, and Catalysis

Jiasi Li, Shik Chi Edman Tsang,* and Guangchao Li*

Frustrated Lewis pair (FLP) in heterogeneous chemistry have garnered
tremendous attention in recent years owing to their diverse structural designs
and outstanding activation ability for small molecules. The ability to tailor the
structure of FLP enables precise control over their reactivity and selectivity,
paving the way for the creation of catalysts for specific reactions. This review
offers an in-depth examination of the design, characterization, and application
of FLP within heterogeneous systems over the past few years. The current
challenges in developing solid FLP catalysts are discussed. Furthermore, future
potential advancements are explored, considering how emerging technologies
and innovative approaches could enhance the design, advance characteriza-
tion, and application of FLP in heterogeneous chemistry. Through this detailed
overview, it is aimed to provide valuable insights into the evolving landscape
of FLP research and its implications for the future applications in catalysis.

1. Introduction

Catalytic activity is significantly governed by the structural and
electronic properties of active sites, which span diverse elemen-
tal compositions, geometries, and bonding configurations. Engi-
neering these sites to steer specific reactions has thus become
a cornerstone of sustainable catalyst development. Among the
innovative approaches in this field, Frustrated Lewis Pair (FLP)
has emerged as a prominent area of research and received a
lot of attention over the past two decades, offering unique ad-
vantages such as the ability to activate small molecules under
mild conditions.l!! The FLP concept originated from studies of
sterically hindered phosphine donors and electrophilic boranes

that activate H, without forming classical
Lewis adducts (CLA).? This landmark dis-
covery bridged homogeneous and hetero-
geneous catalysis by enabling metal-free
activation of inert chemical bonds, offer-
ing a unified framework for designing effi-
cient catalytic systems. Figure 1a traces the
evolution of FLP chemistry, highlighting
key milestones and their catalytic impact.

Acids and bases are fundamental to
chemical reactions, which catalyze pro-
cesses to form diverse products with regios-
electivity, chemoselectivity, and stereoselec-
tivity. The Lewis definition, introduced in
1923, describes acids as electron pair accep-
tors and bases as electron pair donors.!
The interaction between a Lewis acid (LA)
and a Lewis base (LB) involving electron
transfer depends on the energy difference between the LA’s low-
est unoccupied molecular orbital (LUMO) and the LB’s highest
occupied molecular orbital (HOMO) (Figure 1b). In general, this
interaction with sufficiently overlapping orbitals forms a stable
Lewis adduct. However, under certain conditions, this adduct for-
mation can be impeded. This phenomenon was identified several
decades ago. In 1942, Brown and colleagues first observed this
unusual phenomenon, they found that trimethyl borane and luti-
dine could not form a classic adduct, even at low temperatures.[]
In 1950, Wittig and coworkers discovered that instead of form-
ing a Ph,C-BPh, adduct, a ring-opening reaction of tetrahydro-
furan (THF) occurred when BPh, and a THF adduct reacted
with the Ph,C~ anion.5! which highlighted alternative reaction
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Figure 1. a) Development of FLP from homogeneous to heterogeneous system. b) The definition, c) types, and (d) mechanisms of FLP chemistry.

pathways due to steric hindrance. Further exploration by Brown
and Kanner in 1965 showed that steric hindrance affects the
base strength of pyridine and its derivatives, influencing their
ability to donate electrons or add protons.[® In 1966, Tochter-
mann found that Ph,C~ and BPh, could react with butadiene to
form a 1,2-addition product, and described this non-quenched
pair as “antagonistisches Paar”.l”) After that, Brown and Wang
in 1979 summarized that steric effects destabilize coordination
between 9-borabicyclo[3.3.1Jnonane and bulky amines.!®/ These
findings suggest that bulky groups at LA and LB centers can
open alternative reaction channels beyond classical adducts. In

Adv. Mater. 2025, 2502101 2502101 (2 of 44)

1996, Piers and Parks demonstrated that B(CF;); could cat-
alyze hydrosilylation reactions involving imines or ketones and
Si—H bonds, showcasing FLP’ catalytic potential.’) Two years
later, Erker et al. observed unconventional reactivity in LA/LB
complexes, where the phosphorus ylide adduct of B(C.F;), dis-
sociates under thermal stress, leading to the LB attack on the
pentafluorophenyl ring, forming a linked phosphonium fluo-
roborate salt,!% underscoring the unique reactivity of LA/LB
complexes.

In addition to earlier discoveries, a significant milestone in
the study of LA and LB active centers in homogeneous catalysts
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was achieved in 2006. Stephan et al. synthesized a zwitterionic
phosphonium hydridoborate, (C;H,Me,),HP(C(F,)BH(CF),,
which released H, gas upon heating above 100 °C, forming
the ambiphilic phosphinoborane (C,H,Me,;),P(C,F,)B(C.Fs),.
Remarkably, this phosphinoborane was also reverted to the
phosphonium hydridoborate by reacting with H, at room
temperature.l?l This groundbreaking work demonstrated, for the
first time, that a metal-free catalyst could achieve reversible H,
activation. Building on this foundation, Stephan et al., in 2007,
further advanced the field by demonstrating the heterolytic cleav-
age of H, using a combination of tris-(pentafluorophenyl) bo-
rane and tris-(tert-butyl) phosphine by unquenched acid and base
system.l"!] This led to the introduction of the “Frustrated Lewis
Pair” concept,['2] which initially describes systems of which ster-
ically hindered LA and LB are unable to form traditional adducts,
thus opening alternative reaction pathways. Following these pio-
neering efforts, numerous FLP have been developed by varying
the combinations of LA and LB. The scope of FLP has gradually
expanded, with LA now including non-metallic elements such as
Siand C, as well as metallic elements like Al, In, Ga, and Sn. Sim-
ilarly, LB has broadened to encompass elements such as C, N, O,
S, and Te.[¥]

During explorations, the concept of FLP-type activation has
been refined. In addition to separated (unquenched) sites, some
classical Lewis pair systems in equilibrium were discovered to be
FLP active.['*1] In general, there are now three dominant types of
FLP: intermolecular, intramolecular, and hidden or masked FLP
(Figure 1c). For intermolecular FLP, which represents the tradi-
tional FLP, with the unquenched LA and LB centers from two
different compounds.!'®] When in solution, the two compounds
associate and form a loosely bound complex through secondary
interactions, primarily London dispersion forces.!'”:*®] Balancing
the steric bulkiness of substituents for appropriate separation dis-
tance is crucial in these FLP: if too bulky, repulsive interactions
between the side groups render the two sites inactive.l"'l Con-
versely, if substituents are too small, LAs and LBs may form clas-
sic Lewis adducts, losing the “frustrated” nature. Similarly, in un-
quenched intramolecular FLP, although the LA and LB sites are
now from a single molecule, there is no direct covalent bond-
ing between the two sites.['*?% There might be weak Van Der
Waals forces between sites or not, depending on the linker in be-
tween. The third FLP type is the hidden or masked intramolec-
ular FLP. The classical LA/LB pair adduct, which is in equilib-
rium with its separated form, can also perform traditional FLP-
like chemistry for small-molecule activation.!*1521:22] In all cat-
egories of FLP systems, the geometric parameters and confor-
mational flexibility of LA/LB play an essential role in the reac-
tivity of FLP. Rigid LA/LB frameworks exhibit reduced activity
due to the lower possibility of suitable conformers with func-
tional FLP.[2)] The reaction pathway at FLP sites (in both ho-
mogeneous and heterogeneous systems) is illustrated by a two-
electron transfer mechanism, where the LA and LB act cooper-
atively to activate small molecules.[?*2%] Initially, the LA and LB
form an “encounter complex” with weak forces in between. The
adsorbates introduced are then heterolytically activated as the LB
donates electron density from its lone pair into an antibonding
orbital of the substrate, while the LA accepts electron density
from a bonding orbital of the substrate. Furthermore, the electric
field (EF) mechanism may significantly influence the reaction by
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initially polarizing the gas molecules before heterolytic cleavage
(Figure 1d).1"]

The rapid advancement of FLP chemistry in the activation of
small molecules (e.g., H,, CO,, monomers), for the synthesis of
valuable chemicals, and polymers!?®! and other organic products,
has established FLP as a significant area in homogeneous catal-
ysis, and there are several excellent review papers discussing the
progress and applications of homogeneous FLP.["?-32] Further-
more, the extension of FLP chemistry to heterogeneous catalysis
makes a significant advancement in the field. These heteroge-
neous FLP systems are diverse, ranging from co-catalysts of some
transition metal complexes to some modified solid supports. In
this review, we will focus on the latter to explore the diverse
solid surfaces for FLP-type activation. The recent development
of these supports is underscored by the exponential growth in
publications (Figure 2a). Both metal-based and metal-free hetero-
geneous FLP catalysts have been developed, with solid catalysts
offering enhanced structural stability and simpler separation pro-
cesses that render them attractive for industrial applications.
Meanwhile, the diverse structures, distinct electronic states, and
facile functionalization of solid materials facilitate more flexible
construction of customized FLP active sites and a broad spectrum
of applications.33] Typically, metal-based FLP provide superior
activity and selectivity, thanks to the tunability of metal centers
which can be precisely optimized for specific reactions. However,
these catalysts are often costly, dependent on scarce or precious
metals, and prone to poisoning or deactivation under certain con-
ditions. In contrast, metal-free FLP offer a more sustainable and
economical alternative by eliminating the need for scarce metals
and generally demonstrating enhanced resistance to poisoning,
thereby improving their operational longevity. A potential limita-
tion of metal-free FLP, however, is that they may exhibit lower ac-
tivity or selectivity in some cases. The aforementioned points will
be discussed in comprehensive detail in the main body of the text.
So far, FLP have been successfully explored in different hetero-
geneous solids, such as metal oxides,33"] doped graphene, 3840
metal-organic frameworks,[#] zeolites,[*° and other sup-
porting materials.’’3] They have been applied in various ther-
mal, electronic, and photonic reactions.

There are some recent reviews exploring the FLP chemistry
in heterogeneous catalysis, including the design of CeO,-based
FLP,**] activation of CO, by solid FLP,*! and the design of
porous FLP.3% Our group has also been actively contributing
to this field for several years, exploring its advanced structural
characterization and H, activation application.[*®! Despite these
valuable contributions, a comprehensive elaboration of the syn-
thesis, characterization, and application of FLP active sites in
heterogeneous catalysis remains underexplored. This review ad-
dresses this gap by focusing on the three key areas. First, we
outline strategies for constructing FLP sites on solid materials,
emphasizing innovative approaches and design principles. Next,
we critically evaluate advanced characterization techniques for
identifying FLP active sites and probing reaction mechanisms
on solid supports. Finally, we explore the applications of het-
erogeneous FLP in thermal, electrochemical, and photochemi-
cal small-molecule activation, highlighting representative exam-
ples that disentangle the synergistic effects of FLP catalysts. We
conclude by discussing emerging challenges and opportunities
in heterogeneous FLP catalysis research.
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Figure 2. a) The annual publications of heterogeneous FLP chemistry over the past several years with different kinds of applications. b) The solid support

materials for heterogeneous FLP construction.

2. Formation of FLP in the Solid Materials

Constructing FLP sites on solid materials is a critical research fo-
cus, requiring careful consideration of surface geometry, chem-
ical composition, and electronic structure. This section explores
strategies for generating FLP sites on solid surfaces, highlighting
innovative approaches to synthesizing FLP catalysts with tailored
reactivity and enhanced performance.

2.1. Strategies for FLP Construction

The diverse strategies discussed here not only expand the func-
tional capabilities of solid materials but also provide a versatile
platform for the development of next-generation catalytic sys-
tems with enhanced catalytic performances. Each subsection is

expanded on the construction of different FLP systems by intrin-
sic formation, heteroatoms, and functional group incorporation,
in situ induction, and other novel approaches summarized in
Figure 3.

2.1.1. Intrinsic FLP Active Sites on the Surface of Metal Oxide

Metal oxides are widely adopted catalysts and catalyst supports
due to their adjustable structures and surface properties. In these
systems, the reactivity of surface atoms is usually correlated with
the coordination number of the nearest neighbor, and lower co-
ordination numbers often lead to higher acidity (M"* sites) or ba-
sicity (0%~ sites) resulting from electron distributions.*’] Mean-
while, the modifiable bandgap nature and carrier mobility fea-
tured by metal oxides broaden their applications in conductors

Common strategies for the construction of solid FLLP

Description
Utilizes the natural self-assembly of materials
to form active sites.
Applications
Leverages inherent material properties to
create stable FLP sites, useful for developing
robust catalysts with minimal processing.

Intrinsic
formation

Materials
Metal oxides.

Description
Introduces or manipulates defects to alter
material properties..
Applications
Creates tailored electronic and catalytic
environments, enhancing FLP activity and
enabling precise control over reaction pathways.
Materials

Defect
engineering

Metal oxides

" incorporation

Description
Involves adding chemical groups to modify
surface properties.

Applications
Enhances FLP reactivity and selectivity by
tailoring surface interactions

Surface
functionalization

Materials
2D materials, polymers, porous materials

Description
Forms active sites during synthesis or
Teaction processes.
. Applications
construction  Facilitates the dynamic creation of FLP
sites, maximizing catalytic efficiency and
adaptability in real-time applications.

In situ

Materials
Porous materials, zeolites, MOF, COF

Description
Substitutes or adds atoms to modify electronic structures.
Applications
Alters electronic propertics to optimize FLP performance, allowing
for enhanced catalytic activity and selectivity in diverse reactions.

Materials
2D materials, polymers, porous materials

Figure 3. Summary of different strategies for the construction of FLP over solid materials.
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Figure 4. a) The surface natural FLP active sites on Al,O3 for small molecules activation. Adapted with permission.[*8] Copyright 2012, American
Chemical Society. b) Oxygen vacancy on the surface of CeO,, working as the FLP active site for the activation of H,. Adapted with permission.[>°]
Copyright 2018, American Chemical Society. c) Tuning the reactivity of surface FLP in M;03 ,OH,, where M = In and AE = surface frustration energy
advantage, which can be tuned through chemistry control of the Lewis acidity and Lewis basicity of surface metal M (acceptor) and surface hydroxide
OH (donor) sites, respectively. Adapted with permission.[®9] Copyright 2016, American Chemical Society. d) Hydroxyl species on the surface of In,0,
and the FLP active sites for the activation of CO,. Adapted with permission.[®"] Copyright 2015, Royal Society of Chemistry.

and semiconductors. Intrinsic FLP can naturally form on metal
oxide surfaces through interactions between unquenched acidic
M"+ and basic OH~ or O~ sites. These FLP are often stabilized by
structural defects, particularly oxygen vacancies introduced dur-
ing synthesis (since perfect crystals are rare) or calcination (via
gas pretreatment). Two primary systems are commonly observed:
(1) the surface hydroxyl-oxygen vacancy ([OH-Ov]) system, with
unsaturated metal sites and surface hydroxide sites acting as the
LA and LB, respectively. And (2) the surface oxygen-oxygen va-
cancy ([0-Ov]) system, where coordinatively unsaturated metal
sites and lattice oxygen function as the LA and LB, respectively.
We will demonstrate these points with some typical examples in
the following content. It also should be noted that multiple FLP
types may exist in one system due to the complication of atomic
arrangements in solid materials and the potential structure re-
construction.

Adv. Mater. 2025, 2502101 2502101 (5 of 44)

y-Al,O, represents one of the intrinsic FLP systems, where
metastable three-coordinate unsaturated AI** sites and non-
associated adjacent surface oxygen on (110) termination in a sep-
aration distance of 4.1 A function as the most reactive LA-LB
pairs from DFT calculation.’*>®! Pretreating alumina is com-
pulsory to form FLP. Notably, a low water coverage on the sur-
face facilitates both the stabilization of this (110) termination
and the enhanced LA-LB activity for small molecule activation
(Figure 4a). Additionally, calcination of Aluminum-containing
precursors can generate FLP in defective Al,O; structures. As
pointed out by Yang et al.[®?] the reactivity and selectivity of
FLP active sites (i.e., the adsorption geometry of molecules) on
Al, Oy are significantly influenced by the gas used during precur-
sor calcination. Furthermore, Zheng et al.[®*] demonstrated that
carboxylate-containing Aluminum precursor will form a defect-
enriched Al, O, catalyst, where surface pentacoordinate Al>* and
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adjacent hydroxyl species function as FLP. In short, the oxygen
vacancy sites on the Al,O, surface are crucial for the formation
and functionality of FLP.

Similarly, the intrinsic FLP are formed on the surface of
cerium oxide (CeO,), where unsaturated coordinated Ce** (LA)
and adjacent lattice oxygen (LB) function as FLP active sites in
a distance of 4 A from computational simulation (Figure 4b).>"]
Due to the unique redox properties of CeO,, which lead to its re-
markable catalytic activity,[®*] Ce3* and Ce** redox couples can
undergo reversible switching, accompanied by oxygen storage
and release above 150 °C. CeO, surfaces possess a large number
of acid-base sites, and the surface oxygen vacancies not only avoid
the partial formation of classic LA-LB adjunct but also enhance
both the acidity of FLP-acid sites and the basicity of FLP-base
sites on CeO, surfaces.>*5965661 A gimilar system is observed
in titanium oxide.[*-%] Additionally, researchers have identified
many other natural FLP in different metal oxides belonging to
the [0-Ov] systems, such as MgO,”®l Nb,O,”!) MnO,.l"? Re-
cently, Chang et al.?”73] provided comprehensive simulations of
natural surface FLP on stable wurtzite crystal surfaces. On the
other hand, indium hydroxide (In(OH);) is one of the typical
[OH-Ov] systems of FLP (Figure 4c,d). Calcination of synthesized
(In(OH);) in air induces the extraction of surface oxygen, creat-
ing vacancies that facilitate the formation of FLP.[®!] This process
results in the formation of In,0,, (OH)y, a material character-
ized by spatially separated LB and LA sites, denoted as InOH--In,
which constitute the FLP system.[3>366061] At these oxygen va-
cancy sites, CO, molecules are activated through interaction with
adjacent hydrogen adatoms following heterolytic cleavage. In
contrast, the classical linked LB-LA complex InOH—In, exhibits
no activity due to the absence of oxygen vacancies and inaccessi-
ble active sites.[3>6074]

Additionally, other materials, including 2D supports!
and 3D porous materialsl’’! with natural acid and base sites, may
also feature intrinsic FLP sites due to structural defects. Gar-
cia et al.l®®] emphasized the importance of LA and LB sites in
graphene and graphene oxides for hydrogenation reaction in the
absence of metals. In their study, the gas environment during
the reaction will vary the activities of these sites significantly. In-
spired by B/N homogenous FLP, Dai et al. examined the syn-
thesis and application of 2D hexagonal boron nitride (h-BN)[%!
and BN-enriched nanoporous networks.l”! In both cases, defects
and active sites are precisely controlled during synthesis, and the
resulting material shows both acidity and basicity. The cleavage
ability of synergistic sites was verified by DRIFT and DFT calcu-
lations. Defective metal-organic framework (MOF) also have the
potential to be FLP-active. Two FLP active sites, Zr**/O?~ and
Zr* JOH-, were suggested in UiO-66 with insufficient organic
linkers.[”’]

38,75,76]

2.1.2. Modified FLP Active Sites by Heteroatom Doping

In addition to direct synthesis and calcination methods, which
modify the surface property of materials by creating intrinsic va-
cancies for the formation of unquenched LA and LB sites, FLP
entities can also be engineered by incorporating heteroatoms into
the material. This approach modifies surface properties and en-
hances FLP activity through two primary methods: (1) Element
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substitution, in which heteroatom replaces lattice atoms of the
support. (2) Element impregnation, in which heteroatom sits on
the surface and/or defective sites (e.g., interstitial sites and vacan-
cies) of the support. Both ways, with dopants across the periodic
table, could successfully alter the coordination environments and
charge distributions. Thereby, dopants often increase the concen-
tration and activities of existing FLP types by promoting vacancy
formation and/or introducing new combinations of FLP active
sites.

Substituting elements into supports is a common structure
modification method that can be found in metal oxides, carbon
supports, and other 2D materials. Among all, CeO, is an experi-
mentally and computationally well-studied example with FLP ac-
tivity. The substitution of cerium atoms by Ni,l78-801 Gd,/81) Pt,[82]
La,®] and other heavy metals have been reported. Due to dis-
crepancies between atomic radii, the ceria lattice often experi-
ences distortion, which varies the distances between active LA
Ce atoms and LB O atoms. Meanwhile, dopants often modify the
Bader charge distributions while creating more charge-balancing
oxygen vacancies. Ce/O FLP with improved acid-base activity is
populated, with potential additional M/O pairs, for improved acti-
vation ability for small molecules. Doping indium oxide (In,0O,)
with non-metal elements such as nitrogen, carbon, and sulfur
can enhance light absorption, carrier separation, and CO, adsorp-
tion, thereby improving photocatalytic activity. Nitrogen-doped
In,0; (N-In,0;) exhibited high performance and stability for
methanol formation from photocatalytic CO, reduction in aque-
ous solution under ambient conditions.® Furthermore, the in-
troduced P-block dopants (i.e., B, C, N, P), which replace the
outermost O atoms and their adjacent non-bonding zinc site on
Wurtzite structure ZnO (100), were identified as the FLP.[®] The
distances between these dopants and Zn were calculated to range
from 3.35 to 3.78 A, allowing concerted adsorption and activation
of molecules.

The heteroatoms can also be incorporated on the surface
and/or at defects (e.g., interstitial sites, vacancies) of 2D sup-
ports such as metal oxides as well as 3D porous systems.
This often stimulates the possibilities of new FLP systems
and new additional active mechanisms (i.e., dual active sites).
The partially coated Ni/ZnO calcined at 500 °C exhibits typi-
cal characteristics of FLP (Figure 5a). The nickel cluster func-
tions as the LA, and electron-enriched oxygen sites in defec-
tive ZnO act as the LB, facilitating the heterolytic cleavage
of H, at the Ni-ZnO interface.®®] A similar FLP formed be-
tween acidic metal dopants and basic support was also reported
in Ru/Mg0,"*?2l Au/hydrotalcite,[**** and Ni—CeO,/SiO,.l]
More recently, Wang et al. reported a robust phosphorus-doped
NiAl-oxide catalyst featuring FLP, where the phosphorus atom
bonded with an oxygen atom acts as an electron donor, and the
spatially separated nickel atom serves as an electron acceptor
(Figure 5b). This configuration enables efficient green diesel pro-
duction without the need for sulfur replenishment.®”]

Several carbon-based supports and porous materials were also
investigated. Fu et al.®] presented a molecular design strat-
egy to develop a defective boron carbon nitride (BCN) catalyst
(Figure 5¢), utilizing abundant unsaturated boron and nitrogen
atoms as LA and LB sites. This approach upgrades the cata-
lyst from a single “Lewis acid catalyst” to “FLP catalyst”. Yang
et al.l®! introduced tungsten single atoms into polymeric car-
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Modified FLP active sites by heteroatom doping
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Figure 5. a) Ni-ZnO interface with the formation of FLP active site. Adapted with permission.[8] Copyright 2023, American Chemical Society. b)
Ni(-O-Al)-P FLP in P-doped NiAl oxide. Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International license (https:
//creativecommons.org/licenses/by/4.0).137] Copyright 2024, The Authors, published by Springer Nature. c) FLP active site on defective boron car-
bon nitride. Adapted with permission.[®8] Copyright 2022, Wiley-VCH. d) Introduced tungsten single-atoms into polymeric carbon nitride to form FLP.
Adapted with permission.[#] Copyright 2025, American Chemical Society. e) Nitrogen-doped carbon supported Pd catalyst. Adapted with permission.[®]
Copyright 2018, Elsevier. f) Incorporation of single Ru atom inside 13X zeolite to build FLP for NH; decomposition. Reproduced under the terms of
the CC-BY Creative Commons Attribution 4.0 International license (https://creativecommons.org/licenses/by/4.0).[%] Copyright 2023, The Authors,

published by American Chemical Society.

bon nitride to prepare an atomic tungsten-based solid FLP cat-
alyst (Figure 5d). In this material, the electron-deficient tung-
sten single-atom serves as LA, while the adjacent electron-
rich nitrogen atom functions as LB. Other metal-doped car-
bon nitrides (C,N) with metal/N FLP systems were analyzed by

Adv. Mater. 2025, 2502101 2502101 (7 of 44)

Wang et al.®®! for hydrogen activation and hydrogenation. Pd-
incorporated nitrogen-doped carbon also features FLP activity be-
tween Pd (LA) and nitrogen (LB).[*! In the context of zeolites, the
incorporated metal ion and the framework oxygen can function
as LA and LB, respectively.”’] Recently, our group demonstrated

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH

85UB0 1 SUOLIWIOD BAIERID 3|0l [dde 8L Aq peusnob a1e s3Il YO 88N J0 S3|n Joj ARIG1T BUIIUO A3|IM UO (SUOIPUOD-PUR-SULBYWOY"AB| 1M AR 1[oU1JUO//S4NY) SUONIPUOD PUE SULLB L 841 885 *[5202/60/82] U0 Aiq118uliuO MM ‘WOH ON NH ALISHIAINN DINHOILATOd ONOX ONOH Ad TOTZ0SZ02 BPe/Z00T OT/10p/Lu0d" A3| 1M AReq oul U0 peoureApe//Sdiy wioiy papeo|umoq ‘0 ‘5601 TeST


http://www.advancedsciencenews.com
http://www.advmat.de
https://creativecommons.org/licenses/by/4.0
https://creativecommons.org/licenses/by/4.0
https://creativecommons.org/licenses/by/4.0

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

www.advmat.de

Modified FLP sites by functional group immobilization
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Figure 6. a) The Lewis base-coupled Au FLP. Adapted with permission.[®®] Copyright 2014, Royal Society of Chemistry. b) Construction of FLP on
In, O3 nanocrystals with amine-functionalization. Reproduced under the terms of the CC-BY Creative Commons Attribution 3.0 Unported license (https:
/[creativecommons.org/licenses/by/3.0).1'%2] Copyright 2024, The Authors, published by Royal Society of Chemistry. c) Construction of FLP into MOF.
Adapted with permission.['9] Copyright 2018, Elsevier. d) Construction of chair FLP into COF. Adapted with permission.l'%] Copyright 2024, American

Chemical Society.

this by introducing ruthenium into 13X zeolite, a single confined
Ru atom can form a Ru’* /O’ FLP. This configuration exhibits
superior activity compared to most ruthenium-containing cata-
lysts for NH; cracking.[*8

2.1.3. Modified FLP Sites by Functional Group Immobilization

Motivated by both homogeneous catalysts and heterogeneous cat-
alysts, surface modification by immobilizing tailored functional
groups also allows precise tuning of chemical environments,
which optimizes molecular-level interactions for specific reac-
tions. The flexibility in both the chemical and geometrical prop-

Adv. Mater. 2025, 2502101 2502101 (8 of 44)

erties of active molecular sites allows for improved reaction ef-
ficiency and product selectivity. Introducing molecules on inert
surfaces, including gold®®%°! and silical'®1%! was first studied
and reported (Figure 6a). Later on, amine functionalization of
various photocatalysts (such as oxides, sulfides, and graphitic car-
bon nitride), which enables substantial CO, adsorption through
acid-base interactions, has been summarlzed by Guan et al.l1%2]

(Figure 6b). On the other hand, MOF materials have recently
emerged as a novel class of heterogeneous catalysts, offering tun-
able structures and customizable pore environments that present
new opportunities for selective catalysis. An experimental break-
through was achieved by Ma’s group!'®! in 2018, who success-
fully introduced molecular FLP into MOF through a stepwise
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synthesis approach, with excellent recyclability (Figure 6¢). Nu-
merous studies on heterogeneous FLP MOF catalysts have since
been reported.[*4#5104-1%6] [n addition to MOF, covalent organic
frameworks (COF) have also been developed as supports for the
construction of FLP active sites. The first COF-FLP was reported
by Hu et al.l'l in 2021, demonstrating that triaryl phospho-
rus, serving as LB, could be anchored in two types of bromine-
functionalized COF. Subsequently, tris(pentafluorophenyl)boron
(BCF) was introduced as the LA, resulting in COF-supported het-
erogeneous FLP catalysts. These catalysts exhibit excellent cat-
alytic reactivity for the hydrogenation of alkynes to olefins. More
recently, Ma et al.l!%! reported the introduction of bulky chi-
ral LB into COF, followed by the incorporation of an LA such
as tris(pentafluorophenyl)borane (Figure 6d). This configuration,
featuring achiral LA with chiral LB within the COF, demonstrates
superior asymmetric hydrogenation capabilities. The introduc-
tion of foreign organic species to design new FLP increases the
reactivity of metal surfaces, providing a valuable method for de-
signing additional metal-based hydrogenation catalysts.

2.1.4. In Situ Formation of Induced FLP Active Sites

The most fascinating aspect of heterogeneous catalysis is that,
during the reaction process, the catalyst’s properties, including
its structure and electronic characteristics, continuously change,
resulting in more mechanistic possibilities. In contrast to FLP
sites which are engineered into the material’s surface or pores
prior to reactions, in situ FLP sites could arise dynamically un-
der operational conditions, which are often triggered by specific
catalytic environments. Critical processes such as adsorption,
light illumination, and thermal treatment play pivotal roles in
this spontaneous formation. All three stimuli will activate sites
for FLP chemistry by facilitating structural flexibility, atomic re-
arrangements, and/or electron redistribution. This capability to
generate FLP active sites in situ not only enhances the versatility
and responsiveness of catalytic systems but also provides deeper
insights into the mechanistic aspects of FLP chemistry, paving
the way for novel applications and improved catalytic processes.

Gas adsorption ability, which often involves electron transfer
in chemical adsorption, is directly related to the catalytic per-
formance and product selectivity. Zeolites that have outstanding
gas adsorption and separation ability serve as essential hetero-
geneous catalysts in a wide range of industrial reactions, yet the
creation and precise location of active sites for molecular adsorp-
tion and catalysis remain subjects of ongoing debate. Our recent
research demonstrates that in silica-aluminophosphate zeolites
(SAPO), conventional Brensted acid sites (BAS) can transform
into FLP through the cleavage of the Al-O bond upon adsorp-
tion of small polar molecules (Figure 7a).*’] This transformation
results in the formation of a three-coordinated framework alu-
minum as the LA and SiO(H) as the LB. A strategy has been de-
veloped to activate FLP from CLA by leveraging molecular mo-
tions that respond to external stimuli. In our related work, we
also demonstrated that thermal treatment can significantly as-
sist the formation of synergistic sites (Figure 7b).[*) The increase
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in the adsorption temperature facilitated the transformation of
BAS into induced FLP on SAPO-34 zeolite. In similar, Breher
et al.l""*l reported that the concealed aluminum-carbon FLP cat-
alyst, where the LA/LB adduct manifests as a quenched FLP in
the solid state, can engage in a thermoneutral reaction with non-
aqueous ammonia, reversibly cleaving the N—H bond at ambient
temperature.

Light irradiation is another stimulus that promotes electrons
between energy bands, resulting in changes in electronic prop-
erties. When a single-crystal ZnSn(OH), cube with a (100) sur-
face composed of alternating Zn—OH and Sn—OH terminal hy-
droxyl groups is irradiated under a Xe lamp, Ov are generated
as LA by oxidizing the light-unstable terminal hydroxyls at Sn
sites (Figure 7c).'®! These photo-induced O,s form FLP with
adjacent light-stable Zn—OH terminal hydroxyls, which act as
LB. This FLP interaction significantly reduces the energy bar-
riers for capturing, activating, and reducing CO, into CO with
the assistance of H,. Besides, our group recently discovered that
ruthenium MOF-based catalysts, synthesized using nitrogen-
containing linkers, are initially catalytically inactive for H, acti-
vation, even at elevated temperatures (Figure 7d).['1%) However,
upon exposure to light, a metal-to-ligand charge transfer occurs,
inducing charge polarization in the anchored Ru bipyridine com-
plex. This process forms a transient LA-LB pair in Rut—N~
bond, which facilitates the reaction. In a related study, Martinez
et al.'"] reported a light-induced FLP system achieved by con-
fining the LB partner within a molecular cavity. While the model
superbase without the cavity exhibited no catalytic activity, its as-
sociation with titanium (IV) chloride transformed the encaged
superbase into an efficient catalyst under identical conditions
(Figure 7e).

As mentioned briefly in the case of SAPO above, heat is an en-
ergy source that thermodynamically favors the sites toward FLP-
type. In 2015, by utilizing the rotation flexibility of the phosphine
oxide moiety on substituted imidazolylidenes at above 60 °C,
Ogoshi et al.""?] reactivated FLP from self-stable thermodynamic
CLA carbene-borane complexes at room temperature (Figure 7).
This reversible approach allows for the dynamic control of FLP
activity, so FLP sites can be reactivated from CLA when needed.
Later on, they introduced another thermally induced revival of
FLP from the self-stable adducts.!''5! This process involves a ther-
mally induced borane transfer from the carbene carbon atom to
the N-phosphinoyl oxygen atom, initiating the transformation
of the carbene-borane adduct. Subsequent conformational iso-
merization, through the rotation of the N-phosphinoyl group in
Poxim moieties, ultimately revives the frustrated carbene-borane
pairs capable of cleaving H,. FLP formed by continuously intro-
ducing molecular substances could also fall in this classification
of “in situ formation of FLP”. Ma et al.['"3] synthesized a robust
metal-organic cage material featuring a bulky Lewis acid func-
tionalized linker, where FLP active sites are formed in situ upon
the addition of Lewis basic substrates (Figure 7g). Similarly, Shi
et al.1%] reported the in situ creation of FLP active sites in a MOF
by using acetic acid as a modulator to induce missing ligands in
UiO-66 (Zr), resulting in the formation of Zr**—OH FLP at the
defective sites.
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Figure 7. a) Methanol adsorption induced FLP from BAS in SAPO34 zeolite. Adapted with permission.[*”] Copyright 2021, American Chemical Society.
b) Thermal induced the transformation of BAS to FLP in SAPO34 zeolite. Reproduced under the terms of the CC-BY Creative Commons Attribution
4.0 International license (https://creativecommons.org/licenses/by/4.0).1° Copyright 2022, The Authors, published by Wiley-VCH. c) Photo-induced
surface hole oxidation as the FLP active site on ZnSn(OH)¢. Adapted with permission.['%] Copyright 2021, Elsevier. d) Photo-induced FLP active site
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licenses/by/4.0).111%1 Copyright 2023, The Authors, published by American Chemical Society. e) Light-induced bulky substituents molecular coordination
changes for the formation of FLP. Adapted with permission.['"] Copyright 2018, Wiley-VCH. f) Rotation of the bulky group for the formation of FLP from
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2.1.5. Other Strategies for the Creation of the Tailored FLP Active
Site

Beyond the established methods of post-synthesis calcination,
heteroatom doping, functional group modification, and in situ
generation, a variety of emerging strategies and considerations

Adv. Mater. 2025, 2502101 2502101 (10 of 44)

are being explored to effectively tailor FLP active sites for target
reactions. Techniques such as nanostructuring, the use of novel
support materials, and the incorporation of external stimuli-
responsive components are also gaining traction. In the follow-
ing subsection, we will further present the factors impacting
FLP generation and the amazing operational flexibility of FLP
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Other strategies for the creation of tailored FLP active site
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2024, American Chemical Society. d) Anchor the FLP active site on MOF material. Adapted with permission.[**] Copyright 2019, Wiley-VCH. e) The
creation of dual active sites with FLP and metal cluster for the synergy effect. Adapted with permission.l'2l Copyright 2023, Wiley-VCH. f) Creation of
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chemistry. All of these innovative approaches expand the toolkit
available for FLP design by flexibly utilizing both chemical
and geometrical/structural properties of heterogeneous catalysts.
Furthermore, they enable fine-tuning of catalytic behavior in re-
sponse to specific reaction conditions, paving the way for more
efficient and versatile catalytic systems.

Modifying the structures of metal oxides via metal incorpo-
ration could also generate FLP in a different mechanism from
Section 2.1.2. Ling et al.l''’] reported a case that combines the

Adv. Mater. 2025, 2502101 2502101 (11 of 44)

concept of both modified FLP and induced FLP. In platinum-
doped nitrogen-substituted titanium oxides (Pt/TiN,O,) for light-
assisted reverse water-gas shift (RWGS) reaction, the FLP was
formed between low-valent Ti (LA) and Ti-NH, surface species
(LB), which were operando generated by the hydrogen spillover
ability of nano-scale co-catalyst platinum (Figure 8a). Xiong
et al.l'®®! proposed another intriguing strategy which leveraged
hydrogen bonding as a “steric hindrance” to facilitate the spa-
tial separation between nitrogen and hydrogen atoms to con-
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struct FLP in poly (heptazine imide). Through theoretical cal-
culations, they confirmed that the unquenched H atoms (LA)
and N atoms (LB) exhibit an enhanced effect of hydrogen
bonding-mediated FLP on CO, adsorption energy, thereby con-
tributing to CO, trapping and polarization in the active region
(Figure 8b).

Careful structure modification in MOF before introducing
molecular FLP species could also smooth the way for FLP chem-
istry by achieving ideal FLP separation distances (spatial con-
straints). Deng et al.l!"] have illustrated that tailoring anchor
sites for active organics allows precise control over the spatial ar-
rangement between the LA and LB. In their examples of modi-
fied MOF, a series of FLP with fixed distances was constructed by
strategically anchoring the tritopic organoboron linker (LA) and
the monotopic LB linkers (LB) to the separate metal oxide clus-
ters (Figure 8c). These spatial constraints on active sites imposed
by immobilization of molecular catalysts to enhance the intrin-
sic activity of bifunctional catalysts were emphasized by Cormin-
boeuf et al.['?] Additionally, the pore environment of MOF can
also be tailored to populate the active sites. Ma et al.[**! reported
that post-synthesis dehydration allows for the precise exposure of
creating “ports” specifically designed for anchoring FLP and acti-
vation groups, which preferentially interact with targeted double
bonds in substrates, thereby enabling selective reduction during
hydrogenation (Figure 8d). In this process, the FLP plays a cru-
cial role in facilitating H, activation, while the activation groups
stabilize the reactants.

Simultaneously, the development of FLP-related dual-active
sites on solid materials has garnered significant attention due to
its potential to unlock novel reaction pathways and mechanisms
that single-site catalysts cannot access. This dual-site approach
enhances reaction rates and selectivity by optimizing the prox-
imity and interaction between the active sites, thereby enabling
more efficient substrate activation and transformation with its
flexible structure design. It also paves the way for the develop-
ment of multifunctional catalysts capable of executing sequential
or tandem reactions in a single step, thereby increasing process
efficiency and minimizing the need for additional reagents or pu-
rification steps.

Qu et al.l'?! reported the development of a dual-active site cat-
alyst by integrating platinum clusters with FLP sites on ceria ox-
ide (Figure 8e). This catalyst exhibited remarkable reactivity for
the RWGS reaction at low temperatures. The synergy between
the active sites was clearly demonstrated, with H, dissociation
occurring on the platinum sites and CO, activation on the FLP
sites. Chang et al.®?] proposed a novel approach for constructing
“Single-Atom”-“Frustrated Lewis Pair” (SA-FLP) dual-active-site
catalysts on CeO,. Their method involves creating a single-atom
site by doping a platinum atom at the cerium site on the CeO, sur-
face (Figure 8f). Concurrently, the FLP site is fabricated by strate-
gically removing oxygen atoms adjacent to the platinum atoms.
This design of SA-FLP sites enables the simultaneous activation
of two methane molecules, significantly enhancing the C—C cou-
pling of hydrocarbon species to generate C2 products. Expanding
on this strategy, they further explored the doping of various other
transition-metal atoms, such as Fe, Co, Ni, Cu, Ru, Rh, Pd, Ag,
Os, Ir, Pt, and Au, into the CeO,(110) surface to generate SA-
FLP.['2] Their modelling results demonstrated that introducing
single atoms into the CeO, surface facilitates both the formation
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of oxygen vacancies for the construction of FLP sites and the dual
active sites.

2.2. Outlook of FLP Design

FLP active sites are often synergistic systems composed of
electron-poor LA sites and electron-rich LB sites. The design of
novel FLP catalysts, which fundamentally arise from charge dif-
ferences, offers significant strategic flexibility, as outlined in Sec-
tion 2.1, thereby facilitating the development of intrinsic and
modified heterogeneous FLP systems (Figure 9). Moreover, the
dynamic in situ FLP systems formed during reactions deserve
further exploration to fully exploit their catalytic potential. To
further advance catalyst design for potential industrial applica-
tions, it is essential to assess and tune the properties of exist-
ing heterogeneous catalysts according to the structure-activity re-
lationship, which links catalytic activity with inherent catalyst-
adsorbate physicochemical properties.['?*] It shares commonal-
ity with homogeneous systems summarized by Paradise,!'?*] of
which steric and electronic properties matter significantly to cat-
alytic performances and are therefore worth controlling. To un-
derstand this relationship which involves multivariable, both ex-
perimental characterization and computational modelling are
compulsory.

Brensted—Evans—Polanyi (BEP) and other linear relationships
could computationally describe the reactivity trends of frustrated
LA-LB combinations. They explore key structure factors such as
acidity of LA, basicity of LB, chemical hardness, and softness of
the FLP sites.l>>) With more structural factors to be considered,
Corminboeuf et al.120125126] advanced the computational model
with non-linear relationships and mapped the active site geome-
try and chemistry to the activity of MOF in photocatalytic CO, hy-
drogenation. Building upon the insights from Section 2.1, several
key design principles emerge (Figure 10a). First, structural com-
patibility between the LA and LB components is critical, avoid-
ing acid-base neutralization. This means the sites should be un-
quenched (due to spatial separation) or have polarizable unsta-
ble bonding (electronegativity difference and insufficient orbital
overlap) for charge redistributions. Achieving this requires pre-
cise control over the chemical and geometric environments of
the donor and acceptor centers (Figure 10b).[12] Strategies such
as creating vacancies, inducing structural distortions, tailoring
attachment sites, and leveraging hydrogen bonding are valuable
design approaches. Second, an appropriate balance between the
acidity and basicity of the components is essential for directing
the desired reaction pathway (Figure 10c).l'?6] This balance can
often be assessed through Bader charge distribution analysis.
Third, as with many catalytic systems, achieving the most suit-
able correlation between reactivity and stability is crucial. Overly
reactive pairs may lead to undesirable side reactions, while overly
stable pairs may lack sufficient activity. These principles highlight
the potential of FLP to be optimized for specific target reactions.

Surface atomic arrangements (e.g., exposure facets) are equally
significant for the construction of active FLP and therefore the
catalyst activity. As mentioned in previous subsections, certain
facets of Al, O, and CeO,, for instance Al,0,(110) and CeO,(110),
feature the effective exposure of LA and reconstruction of sur-
faces upon post-synthesis (e.g., the creation of oxygen vacancies)
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for elongated distances and electron redistribution. Sometimes
the polarity of the exposure plane further assists metal-support
interaction. In Ru-doped MgO(111), Ru single atom, which is an-
chored by a terminating oxygen atom, forms active synergistic
sites with other adjacent oxygen atoms, achieving high conver-
sion for ammonia cracking.['’! In contrast, non-polar MgO(100)
and MgO(110) surfaces generate Ru nanoparticles due to the lack
of intermolecular force, leading to lower conversion, and poten-
tially different reaction pathways. The surface electron distribu-
tion, which atomic arrangement is also associated with, is a si-
multaneous factor to consider when designing catalysts and in-
vestigating the structure-activity relationship, particularly after
the substitution and/or doping of elements. This is the key to
evaluating the active sites and the activity strength of these syn-
ergistic sites.

Meanwhile, the construction of dual active sites, where one
site is an FLP, offers another innovative structural strategy that
is worth investigating. This approach leverages the co-activation
capabilities of multiple sites, further expanding the potential of
FLP systems. The concept of FLP can be extended to a broader
range of fields, as demonstrated by recent studies, in a non-
conventional way. For example, Zheng et al.*! revealed that FLP
active sites can form dynamically during reactions, with reac-
tion intermediates serving as active centers. In the methanol-to-
olefin (MTO) reaction, hydrocarbon pool species, such as poly-
methylbenzenium (acting as the LA), and deprotonated zeolites

Adv. Mater. 2025, 2502101 2502101 (13 of 44)

(Si—O—Al", acting as the LB), can function as FLP (Figure 10d).
Similarly, Mei et al.'?8] demonstrated that in the cracking of aro-
matic rings within zeolites, dihydroanthracenes and a single ex-
tra framework AI** atom in FAU zeolite can operate as an FLP
for H, splitting. These findings highlight the versatility of FLP
chemistry and its potential to drive innovative catalytic processes.

Due to the complication of these heterogeneous FLP cata-
lysts with varying surface properties as well as active sites, each
property needs to be assessed and tuned carefully, by both ex-
perimental characterization and computational modelling, for
novel catalyst design with better catalytic performances. In the
following section, we will introduce the various characteriza-
tion methods for better verification of FLP sites and interpre-
tation of structure-activity correlations, as well as mechanistic
studies.

3. Characterization of FLP in the Solid Materials

Characterizing FLP sites and their reaction mechanisms bridges
fundamental research and practical catalysis. Combining ad-
vanced experimental and computational tools reveals the spatial,
electronic, and dynamic properties of FLP, enabling tailored cat-
alyst design for improved reactivity and selectivity. The following
sections detail these techniques and example their integrated use
in analyzing FLP active sites and mechanisms.
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Figure 11. Summary of the different techniques applied for the characterization of FLP active sites on solid materials.

3.1. Introduction of Different Advanced Techniques

Identifying active sites and understanding their properties are
crucial for evaluating and optimizing catalytic performance,
guiding the design of more efficient catalysts. Advanced exper-
imental techniques and computational simulations have been
extensively developed for this purpose. Key methods, includ-
ing spectroscopy, microscopy and theoretical modelling (summa-
rized in Figure 11), all provide insightful explorations into the
structural, electronic, and chemical properties of active centers.
These tools also enable mechanistic studies and reaction path-
way mapping, offering a comprehensive understanding of FLP
behavior.

3.1.1. Solid-State NMR

Solid-state nuclear magnetic resonance (SSNMR) spectroscopy is
a powerful technique for probing the atomic-level structural de-
tails of solid materials. It provides critical insights into chemical
composition, local environments, and spatial coordination, mak-
ing it indispensable for characterizing structures and host-guest
interactions in solid-state catalysts.[12>132] By employing molecu-
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lar probes, SSNMR can assess the strength, type, concentration,
nature, and accessibility of active sites within materials.

The broad line widths in static SSNMR spectra of solids arise
from internal nuclear spin interactions, while parameters such
as isotropic chemical shift and chemical shift anisotropy (CSA)
reveal chemical composition and local environments.['*3] Multi-
dimensional homo- and hetero-nuclear correlation SSNMR ex-
periments enable direct observation of through-bond connectiv-
ity and through-space proximity. Techniques like REDOR and
RESPDOR provide precise internuclear distances from dipo-
lar interactions. Advances in ultra-high field spectrometers and
ultra-fast magic angle spinning probes have further enhanced the
sensitivity and resolution of SSNMR spectra, as highlighted in
comprehensive reviews.!13+137]

Over the past two decades, SSNMR has proven invaluable
in studying FLP-based catalysts. It has elucidated the coor-
dination states of LA and LB sites, the spatial arrangement
of surface species, and their structural transformations dur-
ing reactions. Additionally, multi-dimensional and multi-nuclear
SSNMR has been used to investigate the dynamic behav-
ior of adsorbed small molecules and their interactions with
FLP active sites, offering fundamental insights into catalytic
mechanisms.
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3.1.2. Synchrotron-Based Techniques

Synchrotrons accelerate charged particles (electrons in this case),
in a circular path under vacuum. As electron bunches pass
through bending magnets or insertion devices, the resulting
magnetic fields deflect their trajectory, causing them to emit
continuous electromagnetic radiation tangential to their path.
Synchrotron X-ray radiation offers several key advantages: (1) a
monochromatic beam with a broad energy range, spanning in-
frared to X-ray regions; (2) ultra-high photon flux (brightness),
enabling superior signal-to-noise ratios; and (3) small divergence
angles and excellent collimation, ideal for coherent diffraction
and imaging applications. These properties make synchrotron-
based techniques—such as scattering, diffraction, and absorp-
tion methods—indispensable for exploring fundamental and ap-
plied material sciences, including catalysis. Researchers across
disciplines leverage synchrotron radiation to gain deep insights
into material structures and dynamics at atomic and molecular
scales.[138-140]

Extended X-ray Absorption Fine Structure: X-ray absorption
fine structure (XAFS) is element-specific, which probes the elec-
tronic and local geometric structures of studied elements within
the bulk of crystalline and non-crystalline materials."*1-143] XAFS
is divided into two main components: X-ray absorption near-edge
structure (XANES) and extended X-ray absorption fine structure
(EXAFS). The XANES region, spanning ~30 eV below to 40 eV
above the absorption edge, provides critical insights into the
oxidation state and coordination geometry of absorbing atoms
through features such as the absorption edge (fingerprint), pre-
edge region, and overall spectral shape. The EXAFS region, ex-
tending from ~40 eV to 1000-1500 eV beyond the edge, en-
codes local structural information through oscillations caused
by the scattering of excited electrons by neighboring atoms. By
curve-fitting experimental EXAFS spectra to theoretical models
(e.g., fast Fourier transforms, FFT), key parameters such as bond
lengths and coordination numbers can be determined. In FLP
chemistry, ex-situ and in situ XAS measurements are widely used
to track changes in valence states and local environments, provid-
ing insights into the nature of active sites and electron transfer
mechanisms.

Synchrotron X-Ray Diffraction:  SXRD acquires diffraction pat-
terns of materials, polycrystalline materials in our cases, pro-
viding details on potential phases, chemical composition, mi-
crostructures, and morphology (i.e., exposure facets).['**] The
high photon flux and exceptional collimation offered by syn-
chrotron light sources result in a better signal-to-noise ratio
compared to those obtained from conventional laboratory X-ray
diffraction instruments. This enhanced resolution is particularly
beneficial for in situ or operando studies, gaining a deeper un-
derstanding of the crystal structure and phase transitions of crys-
talline materials under operational conditions.['*! It is often used
to identify the phases and microstructures of synthesized solid
catalysts, and meanwhile, it visualizes the spatial separation be-
tween cooperative LA-LB sites and the states of adsorbed species
after structure refinements.

Synchrotron Neutron Powder Diffraction: Neutron powder
diffraction (NPD) is a complementary technique to X-ray diffrac-
tion. Neutron sources are generated by striking accelerated pro-
ton beams at the metal target, and then the neutrons activated af-
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ter spallation are directed to the beamline. Unlike X-rays, which
interact with materials through electromagnetic interactions with
scattering factor scales with electron density, neutrons are scat-
tered by atomic nuclei. This fundamental difference allows neu-
tron diffraction to be particularly sensitive to light elements, such
as deuterium, with large positive coherent scattering lengths. It
plays an essential role in the research fields of hydrogen stor-
age materials, polymers, and biological macromolecules. Addi-
tionally, neutron diffraction is highly effective in distinguish-
ing between isotopes, providing detailed information about iso-
topic composition and distribution within a sample, including
thick samples or complex assemblies.'**) Therefore, during the
investigation, the NPD spectra will provide additional informa-
tion on the location of hydrogens, which assists in the depic-
tion of structures, by deuterating hydrogen atoms in the FLP
systems.

3.1.3. Fourier-Transform Infrared Spectroscopy

Fourier Transform Infrared (FT-IR) spectroscopy is a robust tech-
nique based on the absorption of infrared radiation to eval-
uate the stretching frequencies of various functional groups
within chemical compounds. Several FT-IR techniques have
been developed, including transmission absorption, diffuse re-
flectance (DRIFT), specular reflectance, reflection absorption
(RAIRS), and attenuated total reflection infrared spectroscopy
(ATR-IR).I'*] The advent of Fourier Transform techniques has
drastically reduced acquisition times to milliseconds or faster,
facilitating high-resolution real-time investigations. With a long
history of capturing the unique “fingerprints” of chemical sub-
stances, FT-IR enables the monitoring of interactions between
adsorbing gas molecules and heterogeneous catalysts.[*481 Tt is
an indispensable tool to characterize organic functional groups,
synergistic LB-LA sites, and the reaction intermediates/products
in FLP studies.

3.1.4. X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive,
element-specific analytical technique based on the photoelectric
effect. It uses high-energy X-rays (typically in the keV range)
to eject core-shell electrons, generating photoelectrons.!'*° XPS
is widely used to probe the chemical and physical properties
of metal and oxide interfaces, as well as polarization effects,
making it a leading method for characterizing catalyst surfaces
and their electronic structures.['>*] XPS provides both qualitative
and quantitative information. Qualitatively, shifts in peak posi-
tions reflect changes in oxidation states and coordination envi-
ronments (e.g., surface atomic arrangements). Quantitatively, the
atomic percentages of species in different states can be derived
from photoelectron peak intensities, and the energy band gap
can be evaluated. Similar to XAS, ex situ and in situ XPS are
invaluable for studying FLP active sites, revealing variations in
the oxidation states and coordination environments of LA and
LB components. These insights are critical for understanding
electronic interactions and charge transfer processes within FLP
systems.
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3.1.5. Other Experimental Techniques, Theoretical Calculations
Tools, and Notes

In addition to the above advanced techniques, there are other
methods for characterizing solid FLP active sites in hetero-
geneous catalysis, including electron paramagnetic resonance
(EPR) spectroscopy,>!l temperature programmed desorption
(TPD),I?l and Raman spectroscopy.['>?l Meanwhile, computa-
tional methods, particularly density functional theory (DFT)
and ab initio molecular dynamics (AIMD), have also supported
the study of catalytic systems, including FLP chemistry.[!>3-15¢]
Complementary to experimental evidence, they together enable
atomic-level insights on structural and mechanistic investiga-
tions, facilitating the bottom-up design of novel heterogeneous
catalysts. Computational models could examine key factors in-
fluencing catalytic performance, such as charge distribution, ac-
tivation energies, electronic structure, and defect states. They
serve as guidelines for establishing structure-activity relation-
ship, which requires further exploration by experimental char-
acterization.

It is important to note that a single characterization dataset
is often insufficient for understanding the complexities of solid-
state systems. To gain a comprehensive understanding of the cat-
alyst’s surface, electronic, and catalytic properties, multiple ana-
lytical techniques are often combined to use. Integrating results
from diverse methods also enhances the accuracy and depth of
both structural and mechanistic characterization, advancing both
fundamental research and practical applications.

3.2. FLP Active Site Characterization

The basics of each characterization technique and its roles in
heterogeneous FLP chemistry interpretations are briefly sum-
marized in Section 3.1, respectively. Importantly, to analyze FLP
in various materials, combinative techniques are essential to be
adopted to reveal the structural properties of solid FLP materi-
als prior to catalysis (including acidity, basicity, coordination en-
vironments, atomic arrangements, etc.), as well as the in-situ
changes in these properties with the formation of intermediates.
Therefore, in this section, we will explore the combinative use of
characterization using a few examples, such as porous materials,
metal oxides, and non-metal materials, highlighting their unique
characterization challenges and opportunities. These analyses
aim to provide a comprehensive understanding of how FLP active
sites enhance the functionality of solid catalysts.

3.2.1. Porous Materials

The porosity of heterogeneous catalysts has attracted a lot of at-
tention due to their merits in reaction efficiency and atomic econ-
omy. Possessing the advantages of both molecular FLP catalysts
and porous materials, porous FLP catalysts are advancing rapidly,
and this section will focus on the characterization of FLP active
sites in zeolites, MOF, and COF. A summary table can also be
found in Table S1 (Supporting Information).

Zeolites: Zeolites are widely used catalysts in the petroleum
industry and pollution treatment, composed of TO, tetrahedra
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(T = Si, Al, P). Their BAS arise from hydroxyl protons in the
Al-O(H)-Si framework, balancing the charge from low covalent
Al according to electroneutrality. The location of Al in the ze-
olite framework T site determines the accurate distribution of
BAS.['7] Zeolites can also work as support materials for the host-
ing of metal ions to create new active sites.[158-16]

The zeolite-based FLP catalysts have been reported in recent
years. The first zeolite-based FLP study (dual active site modi-
fied FLP) was reported in 2015 by Yoon et al.*®] who demon-
strated the formation of an FLP in zeolite NaY loaded with Pt
nanoparticles (Ptx/NaY). As shown in Figure 12a, the LB and
LA of FLP are framework oxygen and charge-balancing sodium
cations, respectively. After heterolytic cleavage of H, on the sur-
face of Pt nanoparticles, H™ and H* migrate to form sodium hy-
dride (NaH) and hydroxyl (OH). The authors used in situ NPD
to identify the location of the hydride and protonic species in-
side the framework. It was found that H* species are irregularly
located inside the framework due to the absence of their neu-
tron diffraction peaks, while H™ species were found to directly
bond with the Na* site. Also, they demonstrate that the hydridic
site (Na*H™) can catalyze size-selectively the esterification of a
small aldehyde. In addition to Pt metal, our group explored the
incorporation of metal ions, including Fe, Cu, Zn, and Ag, into
H-ZSMS5 zeolites to create FLP active sites (modified FLP). The
metal site and the adjacent framework oxygen function as LA and
LB sites, respectively.”’! The positioning of the metal site within
the channel was confirmed using SXRD (Figure 12b). We dis-
covered that the synergistic interaction between the FLP active
site and the spatially adjacent BAS is crucial for the formation
of dimethyl ether (DME). NPD confirmed the adsorption struc-
ture of methanol on Ag-ZSMS5, revealing that the C—O bond in
methanol coordinates with the Ag site. This interaction weak-
ens the C—O bond, facilitating its reaction with the methyl group
formed on the adjacent BAS sites. Consequently, the energy bar-
rier for DME formation over the dual active sites is significantly
lower than that in pristine H-ZSMS5, which contains only BAS.

The classical view of active sites in Al-Si zeolites for molec-
ular adsorption or reaction is generally believed to be on a
proton-attached oxygen bridge between substituted Al and Si
(Si—O—(H*)—Al) due to charge balance and extra-framework Al
species (LA sites), formed at fixed crystallographic positions on
the zeolite structures after their synthesis.['’] Our recent study
has shown that the adsorption of polar gaseous molecules, such
as acetone, methanol, and water, in the pristine SAPO-type ze-
olites can induce the Si-O(H)—Al moiety (BAS) to FLP.[*’] The
electron-rich oxygen from the hydroxyl of BAS acts as LB, while
the adjacent electron-deficient aluminum serves as LA in this sys-
tem. This concept, proposed for the first time, is verified exper-
imentally by combined SSNMR, DRIFT, DFT, and structure re-
finement techniques. As shown in Figure 12c, two distinct peaks
at 217 ppm (type-I) and 225 ppm (type-II) were observed in the
13C SSNMR spectrum, with close spatial proximity confirmed by
2D 13C proton-driven spin diffusion (PDSD) SSNMR. The ma-
jor peak at 217 ppm corresponds to '*C-2-acetone adsorbed on
BAS, as supported by the literature. The peak at 225 ppm, how-
ever, remained ambiguous. Further analysis using 2D 1*C—'H
heteronuclear correlation (HETCOR) SSNMR revealed a domi-
nant correlation at (217, 12) ppm, confirming BAS adsorption.
In contrast, the signal at (225, 7-10) ppm indicated proximity
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Figure 12. Formation and characterization of FLP in (a) Pt,-loaded zeolite NaY. Adapted with permission.[*6] Copyright 2015, Wiley-VCH. And (b) metal-
doped ZSM-5 zeolite. Adapted with permission.[®’! Copyright 2021, Royal Society of Chemistry. c) Structural characterization of adsorption-induced FLP
in SAPO34 zeolite by methanol. Adapted with permission.[’ Copyright 2021, American Chemical Society. d) Thermal alteration of the structural change
between BAS and induced FLP with adsorption of methanol. Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International
license (https://creativecommons.org/licenses/by/4.0).[4°] Copyright 2022, The Authors, published by Wiley-VCH.
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to hydrogen-bonded hydroxyl groups, suggesting adsorption on
LAS. SXRD and NPD measurements crystallographically visual-
ized the two acetone states: (1) Acetone molecules coexist within
the cage, with a C1 (type-I) to C2 (type-1I) distance of 5.40(2)
A, consistent with 2D 13C—"3C PDSD SSNMR results. (2) For
type-I acetone adsorbed on BAS, the C=0 to H (BAS) distance
is ~1.56(4) A. (3) For type-II acetone, the C=0 group leans to-
ward the framework Al (LAS), increasing the Al—O bond distance
from 1.58(3) A to 2.01(6) A, indicating weakened Al—O interac-
tion. This structure represents an adsorption-induced FLP active
site. Furthermore, with the in situ SXRD study, we found that the
increase in temperature can promote the transformation of BAS
to FLP sites, as shown in Figure 12d, the occupancy of induced
FLP increased with rising temperature.*”] In situ DRIFT upon
the adsorption of acetone suggests that more LAS-bonded ace-
tone was formed under the high temperature, matching with the
in situ SXRD results. Furthermore, the lower transformation en-
ergy between BAS and induced FLP at higher temperatures than
that at low temperatures was also verified by theoretical calcula-
tions.

Combined with other reported studies, the identification of
FLP sites in these systems remains challenging due to the coexis-
tence of intrinsic LA sites (both framework-associated and extra-
framework species) and BAS, all of which contribute to gas ad-
sorption and catalytic activity. Additionally, the inherent flexibility
of the framework introduces further complexity. As a result, con-
ventional techniques such as NH;-TPD and pyridine-adsorbed
FT-IR often fall short in precisely distinguishing FLP sites, al-
though they still yield valuable qualitative insights. To address
these limitations, local and bulk structural characterization meth-
ods, including XRD, NPD and SSNMR, are widely employed to
visualize catalyst crystallography and identify active sites before
reaction, as well as to elucidate the adsorption states of interme-
diates. These experimental findings are often supported by com-
putational studies, which provide complementary evidence for
FLP site distribution and interaction mechanisms. Furthermore,
in situ DRIFT spectroscopy is highly recommended for real-time
monitoring of dynamic processes, such as the emergence of new
vibrational bands or shifts in intensity during catalytic reactions,
aiding in the identification of intermediates and the characteri-
zation of FLP sites.

MOF: MOF materials have recently been explored as a new
class of heterogeneous catalysts. Their tunable structures and
customizable pore environments offer new opportunities for se-
lective catalysis. Heterogeneous FLP in MOF has been exten-
sively developed in recent years, and a key criterion for design-
ing excellent catalysts is to combine high catalytic activity with
outstanding recyclability, achievable through the construction of
highly efficient heterogeneous catalysts. The feasibility of design-
ing MOF-based FLP catalysts was first suggested through com-
putational studies in 2015.[41*3] A significant experimental break-
through was achieved by Ma’s group in 2018, who successfully
introduced FLP into MOF (modified FLP).['%] They employed a
stepwise approach to synthesize the FLP-MOF, as illustrated in
Figure 13a. MIL-101(Cr) was selected as the host material due to
its large pores (or cages), numerous open metal sites upon ac-
tivation, and high stability. The LA and LB are anchored within
the nano space of the MOF, designated as MIL-101(Cr)-LP. To
confirm the anchoring of both LA and LB within the cages of
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MIL-101(Cr), the authors first used XRD to assess phase purity.
The XRD pattern for MIL-101(Cr)-LP was consistent with that of
pristine MIL-101(Cr), indicating the preservation of the frame-
work structure during the loading process. The occupation of LA
and LB groups within the cages of MIL-101(Cr)-LP resulted in a
significant decrease in the corresponding BET surface area com-
pared to the pristine material. Additionally, Fourier-transform in-
frared spectroscopy (FT-IR) was employed to study the LA and
LB groups within the cages. Furthermore, noticeable peak shifts
were observed in FLP@MIL-101(Cr) compared to the FLP peaks,
indicating successful coordination of the FLP N atoms with the
open Cr sites of MIL-101(Cr). In XPS spectra, the higher binding
energy in Cr(2p) compared to MIL-101(Cr) suggests an increase
in the electron density of Cr(I1I), attributed to the interaction be-
tween Cr and DABCO. One year later, Ma’s group customized the
pore environment of MOF and anchored FLP catalysts to it.[*"]
The prepared heterogeneous FLP catalyst demonstrated efficient
and selective reduction of imine bonds in «,f-unsaturated sub-
strates under moderate hydrogen pressure.

Similarly, Liu et al.['!] constructed FLP sites in a polyoxomet-
alate (POM)-based MOF, using unsaturated Cu nodes as LA
and POM surface oxygen as LB (Figure 13b). The catalysts, Dx-
NENU-3 (x = 1-4, reflecting acetic acid addition), were charac-
terized to confirm FLP formation. TGA showed mass loss at
280 °C, indicating ligand removal and Cu unsaturation. FT-IR
with acetonitrile-d, adsorption revealed a peak at 2296 cm™' in
D4-NENU-3, confirming stronger Cu Lewis acidity. EXAFS analy-
sis further demonstrated reduced Cu—O coordination, validating
the defect engineering strategy for creating 3D porous FLP cata-
lysts. In addition to forming FLP active sites in MOF through the
introduction or creation of LA and LB sites, we have recently dis-
covered a novel method for generating FLP active sites in ruthe-
nium (Ru)-modified UiO-67-bpydc (Ru/bpy) upon light illumina-
tion (Figure 13¢).'"% The Ru-N centre acts as a hidden FLP site,
where light-induced polarization of the Ru—N bond via metal-to-
ligand charge transfer (MLCT) enables Ru*-N~-mediated solid
FLP chemistry, enhancing H, activation. Advanced characteri-
zation techniques were employed to study this process. 'H SS-
NMR revealed gas-phase H, adsorption at 4.1 ppm in the dark,
while illumination produced a peak at 2.4 ppm (NHY), linked
to bipyridine protons (7-9 ppm) in 2D 'H-'H correlation SS-
NMR, confirming light-induced H, activation. In situ DRIFT
spectroscopy further supported this, showing Ru-H stretching at
2045 cm~! and N—H stretching at 2973 cm™! under irradiation,
indicative of heterolytic H, cleavage by the Rut*—N~ FLP pair.
The weak Ru—H signal suggested partial proton migration, un-
detected by SSNMR. Incorporating Ru into UiO-67-bpydc forms
bidentate Ru complexes, enabling efficient electron delocaliza-
tion. Light-induced MLCT enhances Ru-N polarization, creating
the Ru*-N~ FLP for H, activation. UV-vis spectra revealed MLCT
peaks in Ru/bpy, replacing linker-linker charge transfer (LLCT)
peaks, while Ru/NH, retained LLCT but showed a Ru d-d tran-
sition peak, leading to slower charge recombination and longer
exciton lifetimes, as confirmed by PL and TRPL. This design
strategy offers potential for light-driven FLP chemistry in small-
molecule activation. On the other hand, Ma et al.l'®®! combined
computational simulations with experimental data to design a
molecular chiral frustrated Lewis pair (CFLP) integrated into a
MOF, creating the innovative catalyst CFLP@MOF (Figure 13d).
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Figure 13. a) Formation and characterization of modified FLP with incorporation of organics in (a) MIL-101(Cr). Adapted with permission.['%] Copy-
right 2018, Elsevier. b) polyoxometalate (POM)-based MOF (denoted as D,-NENU-3). Adapted with permission.["®!] Copyright 2023, Wiley-VCH. c)
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with permission.[1%] Copyright 2023, Wiley-VCH.
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Computational screening of CFLP identified (R)-2,5-dihydro-3,6-
dimethoxy-2-isopropylpyrazine (N4) as the most effective LB for
H, activation, based on its low thermodynamic and kinetic Gibbs
free energy barriers. The CFLP@MOF catalyst was synthesized
via a step-wise anchoring method and characterized using ''B
SSNMR, confirming its H, activation capability. CFLP@MOF
combines the high activity and enantioselectivity of homoge-
neous catalysts with the recyclability and regenerability of hetero-
geneous systems. This work establishes CFLP@MOF as a pio-
neering platform for heterogeneous asymmetric hydrogenation,
opening new avenues for asymmetric catalytic processes.

Beyond MOF, COF have emerged as another attractive porous
crystalline material, particularly for their excellent chemical and
thermal stability from covalent bonding constructed by light in-
organic elements. COF are also structurally flexible, functionaliz-
able, and electro-conductive, making them ideal for applications
in environmental science and renewable energy. Their porous
architecture again provides space for catalyst loading and facil-
itates substrate access to catalytic centers,['®?] positioning COF
as promising candidates for heterogeneous FLP systems. FLP-
anchored COF have also been reported in recent years. In 2021,
Hu etal.['%] reported the first COF-based FLP catalyst, employing
a post-synthetic functionalization strategy to anchor triarylphos-
phorus (LB) and tris(pentafluorophenyl)borane (BCF, LA) onto
a bromine-functionalized COF. The successful incorporation of
these FLP components was confirmed by FT-IR, XPS, and EDX.
31P SSNMR provided direct evidence of FLP formation, showing
a downfield shift in the phosphorus signal upon BCF coordina-
tion, which is the indicative of LA-LB interaction. This COF-FLP
catalyst demonstrated exceptional reactivity for the hydrogena-
tion of alkynes to alkenes, highlighting the potential of COF as
versatile platforms for heterogeneous FLP catalysis.

Structure determination is a critical aspect in the development
of modified MOF and COF with immobilized FLP. The success-
ful anchoring of FLP molecules within the framework and the
structural stability of the resulting materials are commonly eval-
uated using BET, FT-IR, TGA, XPS, XAS, and SSNMR. Addition-
ally, ex-situ SSNMR and in-situ FT-IR spectroscopy are utilized to
monitor reaction intermediates by tracking shifts or emergence
of characteristic vibrational bands. In some cases, theoretical cal-
culations are conducted prior to experimental work to identify
optimal combinations of porous supports and FLP molecules,
thereby enhancing efficiency and conserving resources. For pho-
tocatalytic applications in MOF, optical spectroscopic techniques
are indispensable for investigating properties such as band struc-
tures and electron-hole recombination dynamics.

3.2.2. Metal Oxides

Metal oxides are a prominent class of materials for heterogeneous
FLP systems, owing to their versatile and tunable surface prop-
erties, as well as industrial potential. On metal oxide surfaces,
spatial separation between coordinately unsaturated metal atoms
(LA) and terminal hydroxide groups (LB) due to defects and/or
dopants prevents adduct formation, enabling FLP structures and
facilitating the heterolytic dissociation of small molecules. The
reactivity of these active sites can be revealed by employing
advanced characterization techniques to elucidate these spatial

Adv. Mater. 2025, 2502101 2502101 (21 of 44)

www.advmat.de

distributions and electronic environment operandoly. Such in-
sights are critical for optimizing metal oxide-based FLP catalysts,
enabling their application in diverse chemical transformations
(Table S2, Supporting Information).

Aluminum Oxides: Aluminum oxide (Al,O,) is a vital ceramic
material renowned for its exceptional hardness, high melting
point, and low electrical conductivity. These properties make it in-
dispensable in diverse technological applications, including elec-
tronics, optics, biomedicine, and mechanical engineering, and its
industrial utilization is continuously innovated. Balajka et al.l'®3]
recently demonstrated that Aluminum rehybridization facilitates
bonding with subsurface oxygen atoms, significantly stabilizing
surface reconstruction. This finding contrasts with the traditional
view, which attributes structural reconstruction primarily to oxy-
gen desorption from the outermost layers at high temperatures.
In catalysis, gamma alumina (y-Al,O,) is the most widely used
support due to its high mechanical strength, high surface area,
and cost-effectiveness. However, despite its extensive applica-
tion, the structure of y-Al,O; remains poorly understood. This
complexity arises from the diverse surface species and defective
atomic arrangements present on different exposed facets, which
underscores structural characterization and mechanistic stud-
ies. In 2011, combining experimental and DFT studies, Sautet
et al.3* discovered that unbonded Al-+-O pairs on H,O-covered
7-Al, O, surfaces can serve as active sites for CH, dissociation to
form AlI—-CH, and O—H. Later, the role of water was explored in
more detail in a subsequent publication by the same group, and
they demonstrated that the optimised partially dehydroxylated
y-Al, O, surface could activate methane and dihydrogen at low
temperatures and also bind N, at the active Al(II1) sites.[] DFT
results show that partial hydroxylation stabilizes the metastable
(110) surfaces, alters the electronic structures of the Al—O FLP,
and affects the reactivity of Al and O sites, which increases the
Al atom’s acidity and the O atom’s basicity. Therefore, the de-
sign and stabilization of surface FLP on (nonreducible) metal ox-
ide surfaces can be accomplished through proper surface water
residue. Recently, Liu et al.'*¥ recently constructed solid surface
FLP on layered AIOOH (Figure 14a), where a Lewis basic OH~
site and an adjacent Lewis acidic unsaturated Al** site near an
OH vacancy (OHv) form the FLP active sites, enabling efficient
H, activation for hydrogenation. Characterization techniques, in-
cluding TEM, XRD, FTIR, XPS, EPR, TGA, and 2’ Al SSNMR,
confirmed the layered structure, OH defects, and FLP formation.
Particularly, EPR identified that OHv were key defects, and XPS
revealed the electron-rich unsaturated Al arose from OH vacan-
cies. Their DFT calculations supported the FLP model, showing
a low H, dissociation barrier (0.16 eV) for the OHv configura-
tion. Besides, Zheng et al.[3] reported the construction of FLP on
pentacoordinated Al**-enriched defective Al,O; (d-Al,05), where
Al; sites and surface oxygen species act as LA and LB, respec-
tively, enabling heterolytic H, activation to form O-H®* and Al-
H®~ without transition metals (Figure 14b). 2’ Al SSNMR and in
situ FTIR confirmed the presence of FLP and heterolytic H, ac-
tivation, and DFT calculations supported a stepwise hydrogena-
tion mechanism, where hydride transfer from Al-H®~ precedes
proton transfer from O-H®*. The d-Al,O, catalyst was proposed
to exhibit broad applicability, efficiently hydrogenating olefins,
alkynes, and polar unsaturated bonds. Yang et al.l®? prepared
two Al,O, catalysts with different FLP sites from AIOOH by
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Figure 14. Construction and characterization of FLP on (a) AIOOH. Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 In-
ternational license (https://creativecommons.org/licenses/by/4.0).1'%4] Copyright 2022, The Authors, published by Springer Nature. b) defective Al,0;.
Adapted with permission.[®3] Copyright 2024, Royal Society of Chemistry. And (c) y-Al,O; with different calcination. Adapted with permission.[%2] Copy-

right 2023 Elsevier.

calcination in air and N, atmosphere (Al,O;—air and Al,0,—N,),
respectively (Figure 14c). Characterizations by 2’Al SSNMR,
EPR, and XPS confirmed the presence of unsaturated AI>* sites
near OH vacancies, which act as LA sites, while surface O atoms
serve as LB sites. 2’ Al SSNMR showed a shift to higher fields due
to electron shielding from OH defects, indicating the formation
of FLP. In situ FT-IR confirmed the presence of LA-LB pairs,
with Al,O,—air exhibiting Al;,—O FLP sites and Al,O,—N, fea-
turing Al,—O FLP sites. DFT calculations further supported the

Adv. Mater. 2025, 2502101 2502101 (22 of 44)

FLP structures, showing that Al;,,—O sites favour vertical adsorp-
tion of C=0 bonds, while Al,—O sites enable flat adsorption of
both C=C and C=0 bonds, leading to different hydrogenation
selectivity.

Indium oxides: Indium oxide (In,0,) is a typical surface FLP
catalyst.>3¢%] The FLP on In,0, surface comprises a coordi-
nately unsaturated Lewis acidic In atom, proximal to an oxygen
vacancy and an adjacent Lewis basic hydroxide group, which en-
ables the heterolysis of H, and therefore assists CO, reduction

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH

) SUORIPUOD pue swLB L U 39S *[5202/60/82] Uo A1 8uliuO ABIM ‘WOH ON NH ALISYIAINN DINHOILATOd ONOX ONOH AQ TOTZ0SZ0Z BWPpe/z00T 0T/I0p/LI0d A3 |Im Afeiq | fpul uo"pedueApe//Saiy Wwo.j papeojumod ‘0 ‘G607 TZST

oA

-pUe-SLUL

35USD17 SUOWIWOD dAITERID Bt |dde a3 Aq peuenob ale sapiLe YO 8sn Jo sajnu Joj Akeuq 1 auluO A3(IM Uo


http://www.advancedsciencenews.com
http://www.advmat.de
https://creativecommons.org/licenses/by/4.0

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

to form either CO or CH,OH."#1%°] Tn 2019, Ozin et al.['**] dis-
covered that the rhombohedral polymorph of rh-In,0,_ (OH),
was around two orders of magnitude more reactive than the cu-
bic form of ¢-In,0;_,(OH), for the production of CO or CH;0H
in CO, hydrogenation (Figure 15a). XRD, HRTEM, and XPS
spectroscopy confirmed the presence of oxygen vacancies and
hydroxyl groups, which are crucial for forming FLP. DFT cal-
culations revealed that the rhombohedral structure facilitates
stronger charge separation between In** (LA) and OH~ (LB)
sites, with a larger Bader charge difference (+2.90 e and —2.09
e) compared to the cubic form. This results in a lower activation
energy barrier for H, dissociation (0.45 eV) and more efficient
CO, hydrogenation.

Inspired by the fact that catalytic activity can be tuned through
elemental variation, the catalytic performance of In,0,,(OH),
was optimized through isomorphic substitution of In3* with Bi**
(Figure 15b).1'%) HRTEM and SAED confirmed the cubic struc-
ture of In,0; and the uniform distribution of Bi** within the
lattice. XPS revealed the presence of surface defects by identi-
fying the surface species, including oxygen vacancies and hy-
droxides, which are crucial for catalytic activity. DFT calculations
suggest that the 6s? electron pair of Bi** hybridizes with the
oxygen in the neighboring In-OH LB site, leading to mildly in-
creased Lewis basicity without influencing the Lewis acidity of
the nearby In LA site. Meanwhile, Bi** can act as an extra acid
site, serving to maximize the heterolytic splitting of reactant H,
and resulting in a more hydridic hydride for efficient CO, reduc-
tion. In their following work, the DFT results further supported
the enhanced reactivity of Bi**-O?~ pairs, showing shorter Bi—O
distances and higher charge differences compared to In3*+-O?-
pairs, which facilitate H, dissociation and lower activation energy
for CO, hydrogenation.['”] Recently, Wang et al.l'®] reported
the Znln,S,/In(OH),_, (ZI0S) heterojunction for visible-light-
driven CO, reduction, where Znln,S, (ZIS) harvests the light
and In(OH),_, with FLP activates the CO, (Figure 15c). CO,-TPD
and NH,-TPD revealed strong basic and acidic sites, respectively,
with desorption temperatures at 434 °C for CO, and above 501 °C
for NH;. Py-IR spectroscopy confirmed the presence of LA sites,
characterized by peaks at 1448 and 1605 cm~!. EPR spectra pro-
vided direct evidence of hydroxyl vacancies, further supporting
the formation of FLP. DFT calculations and electrostatic potential
analysis demonstrated that the hydroxyl groups (In—OH) serve as
electron-rich LB, while the adjacent hydroxyl vacancies (In—O0)
act as electron-deficient LA. Also, ethanediamine was used to
functionalize the In,0, ,(OH), with the hydroxyl group substi-
tuted by an amino group, and this new material is proven to con-
tain an InNH,---In surface FLP and its CO, photocatalytic per-
formance is demonstrated to outperform that of its unfunction-
alized In,0,_,(OH), (Figure 15d).""”} XPS confirmed the pres-
ence of Ov and amine groups, with a higher Ov concentration
(34.43%), enhancing the Lewis acidity of In(III) sites. FTIR spec-
troscopy and SSNMR revealed successful grafting of ethylenedi-
amine (EDA) onto In,O;. In situ DRIFTS demonstrated CO and
CO, adsorption on unsaturated In sites, confirming LA-LB in-
teractions. DFT calculations validated the InNH,---In FLP con-
figuration, with shorter distances (3.378 A) enhancing synergis-
tic interactions for CO, and H, activation. The combined Lewis
acidity, basicity, and oxygen vacancies significantly improved CO,
adsorption and activation.
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Cerium Oxides: The strong reducibility of cerium metal in
CeO, enables the adoption of the material in diverse catalysis.
Surfaces with (111), (110), and (100) orientations are commonly
studied because these are thermodynamically most stable.['®]
The energetic cost of forming an oxygen vacancy in ceria is rela-
tively low, and the FLP site of (Ce, Ce)-O comprises adjacent Lewis
acidic Ce** and lattice O%~. Qu et al.’>%] conducted detailed in-
vestigations on the influence of oxygen vacancies’ positions on
the generation of surface FLP in CeO, through DFT calculations.
They found that all FLP are formed when surface Ov was regu-
lated to spatially separate Lewis acidic (Ce3*) and basic (O%~) sites
in elongated Ce--O distances (~4 A) (Figure 16a). DFT calcula-
tions reveal that FLP sites on CeO, (110) with two adjacent oxygen
vacancies exhibit a low activation energy (0.17 eV) for heterolytic
H, dissociation, with the hydride being stabilized at the Ce site.
In addition to the single surface Ov on the CeO, to create FLP
active sites, recently, Xe et al.'’% proposed the introduction of va-
cancy clusters on CeO, to construct real FLP active sites, which
consist of sterically hindered Ce** (LA) and lattice oxygen (LB)
sites near surface defects (Figure 16b). The FLP environment was
thoroughly investigated using various techniques. XPS detected
an increase in Ce** species, indicating the formation of more sur-
face defects, and a higher concentration of oxygen vacancies in
the partially reduced CeO, nanorods (P-CeO,-NR) was suggested
by ESR. XAS further identified the presence of Ce-O dimer and
O-Ce-O trimer vacancies, which are crucial for forming FLP sites.

On the other hand, the catalytic activity of FLP on ceria has
been found to be enhanced by incorporating heteroatoms into
CeO,. This structure modification method alters the properties
of FLP, as replacing Ce** ions with other metal ions would mod-
ify their Lewis acidity, as well as the local electronic/geometrical
structures. Zafeiratos et al.,!l'”!] synthesized Ni-substituted CeO,
nanoparticles, which exhibited exceptional Ni mass-specific activ-
ity and nearly 100% methane selectivity (Figure 16c). Operando
characterization techniques, including XAS and XPS, revealed
that ionic Ni and Ce* surface sites are crucial for the reaction,
while metallic Ni formation does not significantly enhance ac-
tivity. DFT calculations suggested multiple active sites that Ce-O
FLP and Ni-O CLPs facilitate H, dissociation, with Ce-O FLP en-
abling heterolytic H, dissociation to form Ce-H and O-H species
without an energy barrier, while Ni-O CLPs also promote H, dis-
sociation with a low energy barrier of 0.11 eV. Hua et al.l8!l re-
ported that gallium substitution can also produce novel single-
atom catalysts on ceria surfaces where the doped metal has a
Lewis acidic nature, resulting in a lower energy barrier for dihy-
drogen activation. In the study of Qu et al.®¥/ lattice substitution
of Ce* by La** could lead to surface FLP structure reconstruction
and their DFT results suggested that the smaller Bader charge on
La** decreased the Lewis basicity of (La, Ce)-O FLP site, resulting
in a weak adsorption of CO,. Similarly, Xu et al.['”?! synthesized
a CeO, photocatalyst with cooperatively tailored N-substitution
that promote light absorption, CO, bonding and activation, mul-
tiple proton-electron transfer processes, and C—C coupling reac-
tions.

Apart from this, Qu et al. introduced a single Pt atom onto the
surface of porous nanorods of CeO, (heteroatom impregnation).
This dual-active site catalyst, consisting of Pt single-atoms and
FLP, realized a stable H, generation at a low temperature.['’?]
The key innovation lies in the synergistic interaction between Pt

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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FLP active site characterization in indium oxides
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Figure 15. Construction and characterization of FLP on (a) rhombohedral polymorph of rh-In,O;—x(OH)y. Reproduced under the terms of the CC-BY
Creative Commons Attribution 4.0 International license (https://creativecommons.org/licenses/by/4.0).['%] Copyright 2019, The Authors, published
by Springer Nature. b) Bi-substituted In,0;_, (OH)y. Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International li-
cense (https://creativecommons.org/licenses/by/4.0).['%6] Copyright 2018, The Authors, published by Wiley-VCH. ) Znln,S, /In(OH);_, heterojunction.
Adapted with permission.!1%8] Copyright 2023, American Chemical Society. And (d) NH, substituted In,O;_, (OH),. Reproduced under the terms of the
CC-BY Creative Commons Attribution 3.0 Unported license (https://creativecommons.org/licenses/by/3.0).1'%2] Copyright 2024, The Authors, published
by Royal Society of Chemistry.
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Figure 16. a) Computational simulation of FLP on CeO,. Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International
license (https://creativecommons.org/licenses/by/4.0).1] Copyright 2017, The Authors, published by Springer Nature.[®*] Construction and character-
ization of intrinsic FLP on (b) partially reduced CeO, nanorods. Adapted with permission.['7%l Copyright 2022, Wiley-VCH. Characterization of modified
FLP on (c) Ni-substituted CeO,. Adapted with permission.['’" Copyright 2023, Wiley-VCH. d) Pt-impregnated CeO,. Adapted with permission.[173]
Copyright 2022 under a CC-BY 4.0 license. And (e) Ru-impregnated CeO,. Adapted with permission.['74] Copyright 2018, American Chemical Society.
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single-atoms that activate methanol and FLP on ceria, facilitating
water dissociation. Structurally, EDS spectra presented the uni-
form distribution of Pt on CeO,, and XAS provided insights into
the coordination of Pt species. Mechanistically, DFT calculations
revealed that FLP on CeO, (110) surfaces significantly lowered the
energy barrier for H,O dissociation, enabling spontaneous water
activation. Additionally, (Figure 16d). Later, the reaction mecha-
nism of these dual-active sites between Pt clusters and FLP on
porous CeO, nanorods was further updated by Qu et al.[?!] XPS
and Raman spectroscopy confirmed the presence of Ce3* and
oxygen vacancies, essential for FLP formation. DFT revealed that
FLP on CeO,(110) surfaces exhibit the strongest CO, adsorption
energy (—2.45 eV) and optimal activation, with elongated C=0
bonds and reduced O—C—O angles. This means that the FLP
sites, rather than the metal and support interfaces, enhanced the
adsorption and activation of CO,, and meanwhile significantly
weakened CO adsorption on FLP to facilitate CO release and
suppress the CH, formation. Similarly, Wang et al.!’*] reported
the high activity of nanostructured Ru/ceria (Ru-clusters/ceria)
in the ethylene methoxycarbonylation reaction (Figure 15e). The
key innovation lies in the identification and utilization of in-
terfacial LA-LB pairs [Ru-O-Ce-Ov], where Ce-Ov (Ce adjacent
to Ov) acts as the acidic site and the interfacial oxygen of Ru-
O-Ce as the basic site. The EXAFS-fitting results reveal that
the coordination number (CN) of Ru from Ru—Ru bond in Ru-
clusters/ceria is 2.4, which is much smaller than the CN of Ru
foil (CN = 12), indicating that Ru is present as ultrasmall clus-
ters in Ru-clusters/ceria. And the interfacial LA-LB pair [Ru-O-
Ce-Ov], acts as the active site for the dissociation of methanol
and the subsequent transfer of hydrogen to the activated ethy-
lene. The FLP characterization is highlighted through detailed
in situ IR and 'H SSNMR studies, which reveal the generation
of Brensted acidity from methanol dissociation at the Ce-Ov site
and the transfer of hydrogen species to ethylene via the interfacial
oxygen.

Other metal Oxides: In addition to the study of FLP on the
above conventional metal oxides, recent efforts have expanded to
explore FLP on a broader range of metal oxides, driven by the
desire to harness the diverse electronic and structural proper-
ties of different metal oxides for catalytic functionalities and im-
proved efficiencies. For example, Zou et al.l'®! reported the FLP
active site by irradiating ZnSn(OH), cube with (100) surface. The
FLP can be constructed between the photo-induced Ov and its
proximal light-stable Zn—OH terminal hydroxyls. Besides, they
found that the FLP with different acid-base distances can be cre-
ated by irradiation on ZnSn(OH), samples with different crystal
facets, specifically the (100) and (111) facets.['”>] They synthesized
single-crystal ZnSn(OH), cubes (Sc) and octahedra (So) and cre-
ated FLP through vacuum irradiation, which selectively corrodes
light-unstable terminal hydroxyls, generating Ov as LA and adja-
cent hydroxyls as LB. The FLP on the (111) facet of So exhibited a
shorter acid-base distance (0.207 nm) compared to those on the
(100) facet of Sc (0.488 nm), leading to stronger orbital interac-
tions and more efficient CO, activation. The FLP were character-
ized using EPR and XPS, with EPR confirming the presence of
Ov (g = 2.003) and hyperfine splitting signals indicating the trap-
ping of protons at Ov, particularly on the (111) facet. XPS revealed
a decrease in Sn 3d binding energy, confirming the formation of
low-valence Sn’" (6 < 4) as LA sites (Figure 17a).
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By solid-state reaction with Na/NaCl, which forms an amor-
phous shell of TiO, (OH), outside of the TiO, core, Ozin
et al.l”] synthesized a core-shell heterostructure of ¢-TiO,@a-
TiO,(OH),, comprised of HO-Ti-[O]-Ti surface FLP embedded
in an amorphous shell surrounding a crystalline core, which en-
ables a new genre of chemical reactivity. An avenue to improve
the process performance metrics lies in replacing M—OH (LB)
with a stronger alternative; an intriguing example is the amine
M—NH, in metal nitrides.["V”] This study establishes a proof-of-
concept that an amine-type photoactive surface FLP (MNH,---M)
can be constructed in titanium nitride (TiN,O,) when integrated
with a nanoscale platinum spillover co-catalyst. This surface FLP,
comprising Ti—NH, as the LB and low-valent Ti as the LA, facil-
itates the gas-phase light-assisted heterogeneous reverse water-
gas shift reaction (Figure 17D). As for the FLP characterization,
HAADF-STEM confirms the structural integrity and distribution
of Pt nanoparticles on the TiN,Oy surface. In situ DRIFTS un-
der hydrogen and light irradiation reveals characteristic peaks
for NH, and NH species, confirming the formation of robust
Ti—NH, groups. DFT calculations further support the stability of
the Ti-NH, < Ti(L) SFLP, with charge population analysis show-
ing the Lewis basic nature of the NH, group and the Lewis acidic
nature of adjacent low-valent Ti atoms. The formation energy
of the Ti-NH,<Ti(L) SFLP is calculated to be 0.37 eV, indicat-
ing its favorable formation. In another study, hierarchical hol-
low TiO,, boxes with FLP structures exhibited 36.6 times higher
CO, reduction rate as compared to that of the commercial TiO,
nanoparticles.[®”) The FLP was characterized using XPS, EPR,
FTIR, and TGA, confirming the presence of Ti** states and hy-
droxyl groups, with CO,-TPD and NH,-TPD revealing enhanced
CO, and NH, adsorption capacities. Theoretical calculations fur-
ther supported the strong CO, adsorption on FLP sites, with an
adsorption energy of —1.352 eV, compared to —0.18 eV for TiO,
without FLP.

Overall, the investigations on the nature and activity of FLP
systems in metal oxides require 1) The structural information,
including atomic arrangements, defects, valence states, and
coordination environments from X-ray techniques, EPR, SS-
NMR, TEM, and other methods. The acidity and basicity of sites
can be verified via TPD, Bader charge calculation, and other
computational methods. 2) The reaction pathway, including
formation of intermediates and in situ changes in structures by
adopting in situ techniques such as FT-IR, XPS, and XAS or ex
situ measurements.

3.2.3. Metal-Free Supports

Another promising category of catalyst supports comprise metal-
free materials (e.g., 2D crystalline materials, polymers, and oth-
ers), which exhibit immense potential for the stabilization of FLP.
These materials offer the added advantage that their structures
can e tailored to optimize reactivity and selectivity for target reac-
tions, which require the combinative adoption of characterization
techniques to verify the successful construction of FLP and inves-
tigate the reaction process (Table S3, Supporting Information). In
the case of carbon-based materials, the deliberate incorporation
of heteroatoms such as N, B, O, F into the carbon frame-
work disrupts the inherent lattice structure. This disruption
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Figure 17. a) Synthesis and characterization of FLP on ZnSn(OH), cubes. Adapted with permission.['7°] Copyright 2022, Elsevier. b) Characterization
of FLP on Pt/TiN,O, induced by hydrogen activation on Pt NPs. Adapted with permission.!""7] Copyright 2024, Springer Nature.
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redistributes the charge density between the carbon atoms
and the heteroatoms, thus establishing the FLP active sites.
A number of studies have demonstrated the exceptional cat-
alytic performance of metal-free FLP systems. For instance,
Su et al.l'’®l reported nanodiamond-based carbon materials
doped with electron-rich nitrogen and electron-deficient boron
for constructing FLP active sites. These materials effectively
activated H,, achieving a conversion of 97.4% and a selectivity of
99% in the hydrogenation of cyclooctene at 220 °C. Similarly, Liu
et al.l'”’] demonstrated that B/N-codoped carbon catalysts could
efficiently hydrogenate aldehydes to alcohols via an FLP active
site featuring B-N/pyridinic-N, which facilitates H, activation
with a remarkably low H—H bond dissociation energy of only
0.36 eV. Kwon et al.'”®] employed a B/N-codoped graphite FLP
catalyst to convert CO, to C,, alcohols. This system exhib-
ited a faradaic efficiency of 87.9%, with 95% selectivity and
demonstrated operational stability for 70 h. Furthermore, Chen
et al.l'”’l reported that phosphorus-doped carbon nanotubes
could function as metal-free FLP catalysts for the hydrogenation
of nitroaromatics at temperatures as low as 50 °C. These exam-
ples underscore how metal-free FLPs offer a viable alternative
to traditional metal-based catalysts by combining sustainability
with practical catalytic performance.

In early 2012, computational studies suggested that zigzag
graphene and graphene nanoribbons could function as het-
erogeneous FLP catalysts with alternating LA and LB edge
substituents.!'8 This was confirmed experimentally in graphene
and graphene oxide nanomaterials by Parvulescu and co-
workers.® The precise structural control of hexagonal boron ni-
tride (h-BN), composed of alternating B and N atoms, also en-
ables the creation of active acidic unsaturated B and basic unsat-
urated N sites within its lattice. Dai et al.”>] employed defect en-
gineering to construct FLP active sites on h-BN, anchoring steri-
cally hindered B centers (LA) and N centers (LB) within its rigid
crystalline framework. EXAFS spectra confirmed the presence of
these unsaturated B and N defects. TPD profiles validated the co-
existence of these sites, with NH,;-TPD showing a peak at 385 °C
for unsaturated B centers and CO,-TPD indicating unsaturated
N sites at 381 °C. In situ DRIFTS involving H, chemisorption
on h-BN-4 revealed H—H bond cleavage, which was evidenced
by the appearance of N—H (3430, 3550, and 3687 cm™?!) and
B—H (2497 cm™?) stretching modes, confirming FLP-like behav-
ior. Isotope-labelling experiments using H, /D, mixtures further
demonstrated efficient H, activation, with HD formation and a
H,:HD molar ratio of 1:3.5 after 20 minutes. Further supported
by DFT calculations, h-BN with medium-sized BN, vacancies ac-
tivates H, via FLP-mediated pathway with moderate activation
energies, highlighting its potential for hydrogenation reactions
(Figure 18a). Recently, our group reported the Co-N FLP active
site on the nitride-carbon material.l’?! We found that H,, tradi-
tionally used as a reductant in hydrogenation reactions, can cat-
alyze the transformation of LA-LB pairs (Co—N) into Brensted
acid-base pairs (OH? —Co—N—H?") via a H,0O-mediated path-
way, significantly lowering the activation energy for hydration re-
actions. In situ ATR-IR measurements with D, and D, O as probe
molecules reveal the heterolytic dissociation of D, over the Co—N
bond, forming Co—D? and N—D?" species, which are subse-
quently converted to Co—OD?  upon interaction with D,O, con-
firming the FLP mechanism. XPS analysis further supports this
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transformation, showing shifts in the Co 2p and N 1s peaks to
lower and higher energy regions, respectively, indicating the for-
mation of Co—OH? and N—H?" bonds after H,—H, O activation.
Additionally, isotopic labelling experiments using D, and H,O
demonstrate the generation of HD and the incorporation of deu-
terium into the hydration products, providing direct evidence of
the H,-mediated pathway. DFT calculations elucidate the energy
profile of the reaction, showing that H, dissociation on the Co—N
pair has a low energy barrier (0.51 eV) and that the subsequent
H,O activation to form Co—OH? is thermodynamically favor-
able (Figure 18b).

Polymers have also been investigated as good matrices be-
cause of their ease in design and pore introduction.8!l The
polymer matrix with inherent structural irregularities can pro-
vide a flexible and tunable environment, allowing for the ratio-
nal adjustment of the distance and orientation between the LA
and LB. Building on the structural-flexible and disorder-tolerant
feature, Chen et al.l!82] synthesized two copolymers incorporat-
ing bulky borane- and phosphine-containing blocks, effectively
constructing macromolecular FLP capable of binding CO, and
functioning as recyclable catalysts. Additionally, Yang et al.®] in-
troduced tungsten single-atoms into polymeric carbon nitride
(i-e., inorganic polymer), synthesizing atomic tungsten-based
FLP (N--WSA FLP) sites. The precise design of N--WSA FLP
sites, where the electron-deficient W single-atom acts as the LA
and the adjacent electron-rich N atom serves as the LB, enables
a unique “push—push” electron transfer mechanism for CO, ac-
tivation. The FLP characterization is thoroughly conducted us-
ing advanced techniques, including HAADF-STEM and XAS,
which confirm the atomic dispersion of W and the formation of
N---W, FLP sites. Pyridine-infrared (Py-IR) spectroscopy reveals
the predominance of LA sites (1449 cm™') over BAS (1540 cm™1),
with the LA content closely matching the amount of W single-
atoms, further validating the FLP structure. Theoretical calcula-
tions further support the FLP mechanism, demonstrating that
the N---W;, FLP facilitates electron transfer from W 5d orbitals
to the antibonding 2z orbital of CO,, weakening the C=0 bonds
and lowering the energy barrier for CO, reduction (Figure 18c).

As in other materials, the detailed information on structures
and mechanisms is essential to characterize FLP in these metal-
free supports. The formation of spatially separated LA and LB
sites and the cooperative activity in small molecule activation are
required to be justified. So far, we have demonstrated a few tech-
niques with examples emphasizing their roles in FLP character-
ization, and we encourage their combinative use to reveal well-
rounded chemistry behind FLP.

4. Application of FLP in the Solid Materials for
Small Molecule Activation

Materials incorporating FLP chemistry, which feature coexisting
electron-deficient and electron-rich active centers, have been ex-
tensively investigated for small molecule activation.[>'83] The ac-
tivity arises from the electron density difference between LB and
LA sites, which is thermodynamically favorable for the cleav-
age of bonds such as H—H, H—X, and C=0. In most cases,
these processes are explained through synergistic electron trans-
fer mechanisms involving molecular orbital interactions, leading
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to heterolytic bond activation.[?] Beyond this conventional mech-
anism, alternative pathways have been proposed, particularly in
homogeneous FLP systems. These include electric field effects
between LB and LA sites that induce molecular polarization, 134
as well as single-electron transfer that generates frustrated radi-
cal pairs capable of homolytically activating substrates.[1>1:185.186]
Although these mechanisms are less frequently observed, their
contributions to bond activation are non-negligible.

In this section, we will shed light on the applications of solid-
state FLP systems across three major catalytic fields: thermocatal-
ysis, electrocatalysis, and photocatalysis. A summary of repre-
sentative applications is provided in Table S4 (Supporting Infor-
mation). Alongside summarizing the broad applicability of FLP-
based materials, we will also discuss proposed mechanistic path-
ways for specific reactions, with the aim of providing valuable
insights and inspiration for future research.

4.1. Thermocatalysis
4.1.1. Hydrogen-Related Activation

Motivated by the pioneering research in homogeneous thermo-
catalysis, which ingeniously activated hydrogen gas molecules by
the cooperative FLP active centers, more efforts have been dedi-
cated to investigating the activation and hydrogenation reactions
for producing valuable chemicals. The Stephan group published
some reviews on the diverse use of homogenous FLP with hydro-
gen for the reduction of organic substrates (including alkenes,
alkynes, amines, and so forth), and revealed high yield as well
as product selectivity.?+%”] They also summarized the feasibility
of FLP-derived transfer hydrogenation reaction in the absence of
hydrogen gas, of which FLP abstracts hydrides/protons from ad-
ditional organic molecules (H-source). Conversely, FLP catalyst
systems can also assist in dehydrogenation reactions. Benefiting
from synergistic active sites and a wide variety of homogeneous
FLP systems, more organic molecules can be synthesized in dif-
ferent reaction pathways. However, the rapid deactivation upon
air exposure, low turnover frequency and challenging product
separation of most homogeneous FLP catalysts constrained the
industrial application. Instead, a dynamic production is desired,
which is achievable by heterogeneous FLP systems. Similar to
homogeneous FLP systems, the ability of heterogeneous FLP to
break the H-H bond is a determinant for different kinds of hy-
drogenation reactions. Dating to the 20" century, there had been
experimental evidence from FT-IR spectra suggesting that HX (X
= OH, H, SH, NH,) molecules are adsorbed on MgO surfaces in
the form of Mg(X)—O(H).['®] The detection of OH bands and the
corresponding evaluation using isotopes showed agreement with
ab initio calculations in terms of stretching frequencies. In the ar-
ticle, the authors emphasized the functionality of v(OH) to probe
the states of coordination of surface Mg?* and O?~, highlighting
the high resolution of this technique and the presence of intrinsic
surface defects for H, activation. Later, more solid materials were
evidenced to heterolytically cleave hydrogen with their intrinsi-
cally separated LA and LB sites, such as metal sulfides, 18919
Ce0,,1>>191 crystals in the wurtzite structure,l®”) and others. No-
ticeably, in the example of both metal sulfides and CeO,, the con-
tribution of homolytic dissociation of hydrogen on the bridging
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S% or 0?7, which further creates anion vacancies, was pointed
out. This reaction process further provokes FLP sites on the de-
fective surface and therefore promotes simultaneous heterolytic
cleavage.['®] This conclusion is consistent with the findings that
calcination (H, or CO) could generate vacancies for the construc-
tion of FLP sites.[**1%2 The detection of the simultaneous forma-
tion of M-H and O-H bonds, the conversion dependence on both
sites, and the atomic arrangements on the surface, which visu-
alize spatial distances between sites, become essential to justify
activation via FLP, as discussed in Section 3.

Modified FLP systems, which are obtained through the attach-
ment of organic compounds, the substitution or doping of ele-
ments, as well as induced FLP, exhibit significant hydrogen acti-
vation ability. LA/LB molecules can be immobilized in semisolid
FLP,[100193] and porous FLP (particularly MOF) systems. FLP cen-
ters are either formed between guest molecules and supports
or are both anchored on the support as adsorbates. A detection
of HD signal via 'H SSNMR H/D exchange experiment was
presented to support the room temperature activation reaction
in semi-immobilized triphenylphosphine motifs.['] However,
the possibility of proton transfer that does not involve any bond
cleavage was not ruled out by the characterization results. Ad-
ditional "B and 3'P SSNMR spectra or IR spectrum showing
direct evidence of B—H and P—H bonding could further vali-
date the findings. For more active and less porous supports, ele-
ment substitutions and doping could facilitate existing FLP sys-
tems and/or introduce new FLP systems. In B/N co-doped bi-
layer graphene,®?! the active sites were calculated by DFT to be
the carbon atoms around dopants, and they heterolytically cleave
hydrogen in sequential order. The authors explained the distinct
outcomes of active sites, that the B/N sites are in an extended
7 network which, from our perspective, may alter the electron
density distribution. Therefore, carbon atoms around dopants
become the most acidic or basic sites, separately. This example
reminds us that there are no definite classifications that could
summarize the FLP active sites and reaction mechanisms due to
the complications of FLP systems. Therefore, characterizations
and computational simulations are compulsory. In the example
of Ru/MgO(111), anew FLP system was constructed between the
isolated Ru atom and its next-nearest O neighbor in MgO(111).1?]
IR, SSNMR, and QENS!*l results evidenced the cooperative FLP
sites and the proton mobility over the support. Due to the pres-
ence of transition metals, contributions from other active sites
are crucial to be considered. However, in this system, the ho-
molytic cleavage of hydrogen by ruthenium cations can be ex-
cluded according to the high ruthenium oxidation state and the
changes observed in both in situ XPS and XAS. The possibilities
of dual active sites will be revisited in the following section.

Hydrogen activation is the fundamental and key step for
the catalyzed hydrogenation of organic compounds. After iden-
tifying both LA and LB sites in the heterogeneous FLP and
verifying the H, dissociation abilities, the catalytic performances
of FLP systems are often evaluated. Summary table Table S4
(Supporting Information) illustrates the progress on solid FLP
in organic synthesis. Diverse solid FLP are found to success-
fully reduce alkenes, ketones, aldehydes, imines, and other
organic molecules, and some FLP systems were found to achieve
stereoselectivity, regioselectivity or chemoselectivity. Among all,
selective hydrogenation of acetylene (to form ethylene) is the
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commonly adopted reaction to assess the hydrogen activation
capacity of materials. The importance of synergistic active
centers with unique spatial separation could be reflected in the
varying conversion efficiency while modifying the concentration
of LA and LB sites, as in POM-based NENU-3.1'%!1l DFT calcula-
tions suggested the reaction pathway for ethylene formation in
TiO,[*?! (Figure 19a) and Ni-substituted CeO,”*! (Figure 19b).
Initially, hydrogen is dissociated to form metal hydrides (M—H)
and hydroxyl groups (M—OH) with low energy barriers in both
cases. Then, the weakly adsorbed acetylene will first be attacked
by the hydride of M—H species to form C,H; species, which
accept H of M—OH species at the second hydrogenation step.
Before the second step, the C,H, radical will either react with
H in a radical-assisted mechanism!'®?! or relax to a more stable
adsorption state C,H;* on the support,’>?] which is site and
exposure-facet dependent. Overall, the rate-determining step
is dependent on the M-H binding strength and the adsorption
strength of the C,H; species.

In a similar selective hydrogenation reaction, 93% of chemos-
electivity for alcohol was achieved at 99% conversion in Ru
nanoparticles/N-doped graphene (Ru NPs/NH,-rGO), and the
catalyst showed rentention of stability and reusability in four
cycles. A dual mechanism was proposed (Figure 19¢).*") From
the classic Dewar—Chatt—-Duncanson model and dihydrogen ac-
tivation theory,[1>1%] transition metal, Ru’ in this case, forms
three-center-two-electron complexes with dihydrogen by electron
sharing from the H-H o orbital to metal d orbitals. With ruthe-
nium being electron-rich (i.e., nucleophilic), the back donation
of electrons from metal d orbitals to H—H o* orbital is signif-
icant, as a consequence, homolytic cleavage of dihydrogen oc-
curs. Meanwhile, due to the presence of basic nitrogen sites in
the support, the support better stabilized Ru NPs and the N het-
eroatom formed FLP with adjacent Ru atoms for an additional
heterolytic cleavage pathway. This dual mechamism enables a
higher HD formation rate by Ru NPs/NH,-rGO than that of Ru
NPs/rGO. The isotope labelling experiment of “NH,/®NH, in-
dicated the involvement of nitrogen in hydrogenation reactions.
In the following acetophenone experiment, it turned out that the
Ru®*—N?- FLP is the key to selectively form fatty alcohols from
fatty acids. This example emphasized the importance of mecha-
nistic studies from diverse aspects and the corresponding design
of experiments for catalysts with FLP chemistry.

In MIL-101(Cr), product stereoselectivity is fulfilled by anchor-
ing a chiral FLP at Cr'! open site, with B(C(F;); (LA) and chi-
ral amines (LB) connecting to one N atom, respectively.['®] Un-
der the reaction conditions of 3 mL dry solvent, 20 mg catalyst,
0.2 mmol substrate, and 20 bar H,, 48 h at room temperature,
an average of 80% of enantiomeric excess value for S isomer was
achieved with an average yield of 90% for hydrogenation of differ-
ent imines. Both XPS and SSNMR measurements supported the
heterolytic cleavage of hydrogen. The S isomers are proposed to
have a lower energy barrier, and according to the authors, chiral-
ity is transferred from the R configuration chiral amine (LB site)
to the product under the assistance of hydrogen bonding. How-
ever, more detailed mechanistic results are needed to elaborate
on the reaction process.

The last example in this section explores the FLP-mediated bi-
functional sites. After activating hydrogen, the FLP cooperative
sites can be further modified to provide dual activities for synthe-
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sis. Hydration of alkenes and epoxides often requires acidic and
water conditions. In single-atom Co-dispersed nitrogen-doped
carbon (Co-NC), after dissociating hydrogen via the Co-N FLP
and forming H*~—Co—N—H®’" pair, the unstable polar Co-H
bond further reacted with H, O and resulted in the Brensted acid-
base OH?*~—Co—N—H?%* pair.[] These sites have been evidenced
by in situ ATR-IR, SSNMR, and other characterization tech-
niques, providing a different reaction pathway with lower energy
barriers as calculated by DFT. During the hydration of alkene,
regioselectivity was maintained following the Markovnikov rule
of acid-catalyzed reaction, and the reaction rate constant signifi-
cantly exceeded those of traditional acid catalysts such as zeolites.
Diols are formed from epoxides of high selectivity in the presence
of water with acid from Co—H protonating the epoxides.

4.1.2. Carbon Dioxide-Related Activation

Carbon dioxide (CO,) is one of the most severe greenhouse gases
with a long lifetime, that gradually impacts the climate. To slow
down global warming and achieve sustainability, CO, capturing
and conversion for “net zero emission” have been two tremen-
dous topics over the past decades. Among published catalytic per-
formances of solid FLP, various chemicals are reported to be ther-
mally produced from the hydrogenation of CO,, including CO,
methane, methanol, and formic acid, based on the FLP-derived
hydrogen molecule or carbon dioxide activation. In the absence
of hydrogen sources, C-C couplings and the formation of other
organic molecules are also attainable by FLP chemistry.

The reverse water-gas splitting reaction (RWGS) has two
potential mechanisms — direct cleavage of C—O bond and the
format mechanism.[®”) In both reported CeO, cases — Ni-CeO,
and Pt doped PN-CeO,,[*121] the format mechanism was proved
to dominate, giving a high CO formation rate (both < 400 °C).
The overall mechanism can be generalized as the hydrogenation
of adsorbed CO, to form CO via format intermediate COOH*.
To optimize the catalytic performances, a few factors relating to
structure design are emphasized by the authors. 1). The appro-
priate H, activation for both high conversion and selectivity. 2).
Weak CO adsorption. However, the two FLP systems proposed
different interaction details between H,, CO, and FLP sites.
In Ni-CeO,, both Ce-H and Ce**-OH were detected in H,-pre-
treated sample by in-situ DRIFT, showing H, is heterolytically
activated by Ce-O FLP sites.[®) With the switch of flow to CO,
or CO,/H, mixture, IR peaks for bicarbonate appeared and
Ce-OH peaks gradually disappeared, suggesting an adsorption
geometry of CO,. Instead of being trapped at an oxygen vacancy
(Vo), CO, is stabilized by Ce**-OH in the form of bicarbonate
species HCO,*. Then the hydride in Ce-H attacked to form CO
via formate intermediate, which was also observed by in situ
DRIFT. In the other example case, with the presence of noble
metal Pt, a dual active site for activating H, and CO, respectively,
was reported (Figure 19d).12!] 1.1 wt.% Pt was loaded onto the
porous CeO, nanorods, and formed small cluster anchored on
the surface with a high disperson > 40%. An astonishing catalyst
stability was achieved after 800-hour conversion test in the
fixed-bed flow reactor — conversion retained at around 20% with
100% CO selectivity. Based on the H,/D, isotope experiments
and the detection of Ce**-OH in DRIFT, hydrogen is suggested
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Figure 19. Computation simulation of thermocatalytic selective hydrogenation of acetylene on (a) anatase TiO,. Adapted with permission.['®2] Copy-
right 2021, Royal Society of Chemistry. And (b) Ni-substituted CeO,. Adapted with permission.l”?! Copyright 2022, Royal Society of Chemistry. c)
Schematic diagram of the mechanisms of reduction of acids on Ru nanoparticles dispersed in N-doped graphene and reaction performance. Adapted
with permission.[“0] Copyright 2019, Elsevier. d) Mechanistic elucidation of Pt-supported CeO, in CO, reduction. Adapted with permission.[%] Copyright

2023, Wiley-VCH.
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to be activated on Pt clusters. It is then followed by hydrogen
spillover to the main reaction sites — ceria FLP sites where
CO, is adsorbed and activated in the form of bicarbonate. This
migrating H* then reduces the bicarbonate to CO*. Additionally,
they have suggested that the remaining oxygen will meanwhile
replenish V,, and reform FLP sites with H* later. In their study,
they also pointed out the Pt aggregation after long-term stability
test, while due to the presence of the dual active sites, conversion
was not significantly impacted. Further studies on the structures
of spent catalyst would also help elaborate this point.

Interestingly, the formation of format is one of the steps in the
three-step mechanism to produce formic acid in Al-embedded
nitrogen-doped carbon.I'””] In the material, hydrogen is calcu-
lated to dissociate heterolytically on C/N-Al FLP sites with CO,
weakly bonded with the Al-H moiety. Then the first hydride on Al-
His transferred to HCOO* intermediate, followed by the transfer
of the second hydride from the second activated H, molecule to
the adsorbed formate, forming the final product. There is also a
simulated two-step mechanism in Ga-embedded nitrogen-doped
carbon!*”] and Ui0-66-P-BF2,[**! including the heterolytic cleav-
age of H, on synergistic active sites and successive hydrogen
transfer of both hydride and proton. DFT simulated reasonable
reaction pathways with low energy barriers in each case, offering
innovative ideas for experimentalists to explore. To achieve the
activity, the support moiety should feature weak CO, adsorption
strength, otherwise, as mentioned by Ye et al.,|*}] strongly bind-
ing CO, will be activated prior to H,, leading to poor selectivity.
Meanwhile, the binding sites of CO, as well as the hydrogen dis-
sociation rates also impact the selectivity to form formic acid over
CO.

Reported mechanisms of methanel'’! and methanol(“>1%4! for-
mation from CO, are more complicated. Using both operando
spectroscopy and DFT simulation, Barreau et al.'7!] highlighted
the role of three sites for achieving 100% methane selectivity in
Ni-embedded ceria (Ni-CeO,) (Figure 20a). In the first step of H,
dissociation, the activation energy by both Ce—O FLP and Ni—O
CLP was calculated to be low, indicating the dual active sites. CO,
was bound to surface OH groups and Ni-Ce CLP sites are re-
sponsible for the subsequent H capture and methanation reac-
tion. For the formation of methanol in UiO-67-NBF,, three pos-
sible reaction pathways, each of which has a series of concerted
two-hydrogen transfer steps, were simulated.[*”] Meanwhile, the
site preference for H, cracking over CO, adsorption was empha-
sized again. Using theoretical intermediates as a reference, more
experimental evidence is needed to study the FLP-activated CO,
hydrogenation.

Heterolytic cleavage of hydrogen via FLP is essential to hy-
drogenate the weakly adsorbed CO, species. In the absence of
hydrogen, some heterogeneous FLP catalysts could activate or-
ganics coupling with CO,. In contrast, these systems need to
have stronger CO, capture ability for activation. Copolymer con-
sisting of e~ accepting-center borane and e~ donating-center
phosphine is able to reversibly capture and release CO,, with
changes in chemical shifts in 3'P SSNMR spectra and peak inten-
sity changes in UV-vis spectra.'8] Meanwhile, the CO, adsorp-
tion triggers the micellization of polymers, which functions as a
catalyst. Upon the addition of PhSiH, (reductant) and amines,
a turnover number (TON) over 12000 to form formamides (at
room temperature within 3 hr) was achieved. Compared to the
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reaction condition using CO, and H,, pressure and temperature
were significantly lowered.

Monomethylcarbonate (MMC)!*®]  and phenylethylene
carbonates!®] were experimentally found to be formed by
reacting CO, with methanol and styrene in CeO,, respectively.
Focusing on the former case, since both CO, and methanol
have strong interaction with CeO, support, there would be many
competing side reactions (e.g., methanol dehydrogenation)
and other reaction pathways that result in the formation of
the product. Salusso et al. focused mainly on the FLP-related
mechanistic study. FTIR once again became the key character-
ization technique to identify the adsorption states of reactants.
By locating the bands in the mid-IR region, methanol was found
to bridge two Ce** atoms in the form of a methoxide group with
the release of H,0. CO, adsorption had an electronic interaction
with Ce*, proved by UV-vis and XPS, thus, a bidentate carbonate
configuration that bridges the FLP for charge transfer was pro-
posed. Then, the stretching frequencies of MMC were tracked
in the FTIR spectra. The formation of acetic acid from CO, and
CH, is another complicated co-conversion reaction that is in
the preliminary research stage. DFT calculations offer insights
into structure design, which mostly involve the incorporation of
metal single atom into the support, i.e., CeO,*??) and In,0,.[**"]
Two different mechanisms were presented. In SA, /CeO, (110), a
SA-FLP dual active site was suggested, which concurrently acti-
vates CH, and CO,.['?? In contrast, in Cu, /In,O; the Cu-O FLP
site was mainly used to dehydrogenate CH, with Ov adsorbing
and trapping CO, for further C-C coupling.'*!

4.1.3. C-X bond Activation

As revealed from the last examples, the C-X (X = H, halogen)
bond can also be activated by FLP systems. This field is under
exploration, with most of the outcomes derived from compu-
tational modelling. We encourage more experimental examina-
tions on catalytic performances of systems such as AL, O, (Al;;;/O
FLP),13+58200] CeQ, (Ce/O FLP),[%582] zeolites!*") and albitel201:202]
for alkane dehydrogenation. Among all, the nonoxidative cou-
pling of methane is the most studied case. Adsorbed CH,-H
species are heterolytically activated by the cooperative FLA-FLB
sites, and then CH;* species will migrate to achieve C—C cou-
pling, forming C, products.[¢>82202] Tn 2018, Ye et al.?%! con-
ducted the experiment in the flow reactor. They reported that
using raw albite, a conversion of 3.32% is achieved at 1073 K,
with methane gas hourly space velocity (GHSV) of 2 L-gcat™!-h™!
and catalyst dosage of 0.25 g. Ethane, ethene, and ethylene were
the products. They later reported theoretical calculations that cor-
relate the activity of albite to the intrinsic Si/O FLP,[2%! consis-
tent with the studies in CeO, systems.!®*#2] Another theoretical
study on PMB™ confined zeolite by Wei et al.’"! justified its ac-
tivation ability on the H-H bond and the C-H bond. More im-
portantly, the system remains stable, and it can dehydrogenate
propane via PMB*-O~ FLP, forming propene as observed in GC-
MS. The pathway mentioned in the paper involves simultane-
ous bond breakage of two C-H bonds by the LA-LB pair, releas-
ing propene and hydrogen directly. Once again, there might be a
few competing activation reactions and different reaction mech-
anisms, depending on the diverse geometrical configurations of
propane around the LA-LB entity.

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH

8SUBY 1T SUOLUWIOD BAITER.D el [dde ay) Ag peussnob a2 SapILe YO 9Sn JO S9INJ Joy ARIqIT8UIUO AB[IA UO (SUOTIPUOD-PpUe-SWB)Wod A3 1M ARelq1pulUO//:Sd1ly) SUONIPUOD Pue SWwid L 841 89S *[5202/60/82] U0 Aiqi7auliuo A8|IM ‘INOH ON NH ALISHIAINN DINHOILA T0d ONON ONOH Aq TOTZ0SZ0Z BWPR/Z00T 0T /I0p/Woo" A9 |1 Afe1q 1 pul jUo"peoueApe//Sdy o1y popeoumoq ‘0 ‘S60rTZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

Thermocatalysis in

(a

N’
n

www.advmat.de

heterogeneous FLP

40

1004 sXAS
1100 g--®
X 0-0---9
S ] el
=h 4 R X 804 , ce* ° AR o |30
S tso T e " \ /
o > N --4-- NiCe i 5 23
S 2l = Z 60{--=- N te” 1 x
2 P8 o {re-NiO P BN
S 21 - o = e b [0)
8 i a0 B Z 40 T )
o~ - <« o ot ‘5 L10
4 z I &
8 1X i [ (:5 20 1 ‘,J-vioA' =
0.02 e fs—va ¥ g°o<;° N \
04— Bl : . —Lo 0 ; - - Sl
200 240 280 320 360 200 240 280 320 360
Temperature / °C Temperature / °C
100 |- Themodynamic equilibium
ES
=1
°
o
8 60
c
8
40
T
< —a—Ru/MgO(111)
201 —a—Ru/MgO(110)
——Ru/MgO(100)
0 9 = 9 1 1 1 1
% 200 250 300 350 400 450 500 550
E 6.0 Temperature / °C
2 i
E BN e Ru/MgO(111)
£-10.0 A = ——400°C
5 ROV X =5 ——350°C
$-12.0 SN ©
3 &~ A bl o =
140 b —100 : et g
4160 | —110 a® LM 2
I .- T —— .E
-18.0 2
INH*  2NH,*42H* INH*+4H*  2N*+6H* -N-N-+6H* -N,+6H* 6H*+Ny
0.4
= Mg0(100) MgO(110) m=m=MgO(111) L 1 ! 1 ! 1 1 1
a0 |\ 2100 2000 1900 1800 1700 1600 1500 1400
ST Al Wavenumber / cm™
04 | 0.59 [e]
< L 0,07, |e,
T s |22 = =X o v RUMgO(111
% : S 045 Jel 5 |46 m(ln 3 /_\\ 300°C
2 -12 -‘ 0.6 [ed 047 Tel ® [F10-min—t
o2 -
g 16 L= of g
H 20 b= LR g
b S
* J033 lel 2.22eV i3 2
24 1 gii ‘:I‘ 023 [e] 0,53 1] 0001e1 9 54 fe| <
; -| 0.48 |e| 852
-2.8 2 ~0.68 | e[
L | .
o 3350 3300 32150
T N* + H* H spillover TS HatO Wavenumber / cm

Figure 20. Thermocatalytic application and mechanistic elucidation of (a)

Ni-embedded CeO, for methane formation. Adapted with permission.['”1]

Copyright 2023, Wiley-VCH. And (b) Ru-doped MgO(111) for ammonia decomposition. Reproduced under the terms of the CC-BY Creative Commons
Attribution 4.0 International license (https://creativecommons.org/licenses/by/4.0).1?] Copyright 2023, The Authors, published by Spinger Nature.

4.1.4. Other Molecules Activation

The application possibilities of heterogeneous FLP in thermo-
catalysis are endless. Other small molecules, such as methanol!*’]
and ammonial**'?’] which have similar bond strength to alkanes,
and oxygen!?®! with a higher bond order can also be catalyzed. In
2021, our group reported the operando creation of FLP in SAPO-
type zeolites for the first time.l*’] In their study, upon the adsorp-
tion of methanol, Si-O(H)-Al BAS sites are activated and form
Si-O(H) LB and Al LA sites to capture the adsorbates. The O-H
bond in methanol dissociates upon the action of two sites. The
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detection of surface methoxy species (SMS) in SSNMR and peak
shift in in situ DRIFT measurements with isotopic labelling both
supported this abnormal methanol activation process in zeolites.
More catalytic results are expected to unmask the product selec-
tivity of the system.

Ru-O FLP constructed in Ru/MgO(111)[*?] and Ru/13X
zeolites!*®] were reported to contribute to the ammonia decom-
position reaction for green hydrogen production. Particularly in
3.1 wt.% Ru/MgO(111) (Figure 20b), the equilibrium conversion
of ammonia is 98-99% at 425 °C under WHSV of 30000 mL
gt h™L.%1 The direct evidence of reversible appearance of
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both Ru-N and O-H stretching frequencies in DRIFT spectra
highly suggested the FLP chemistry. One important thing about
this system is the construction of ruthenium atomic sites by pre-
venting ruthenium agglomeration.

Au-doped hydroxyapatite (HAP)-CeO, studied by Guo et al.?%]
showed a surprisingly high catalytic conversion for the CO oxida-
tion reaction. Since CO is one of the most stable molecules due
to its triple bond, O, is more easily activated. 100% conversion
was achieved at ~110 °C under 10vol% CO gas flow in air (to-
tal flow rate: 36.3 mL min~!), 200 mg catalyst, and space velocity
(SV) = 200000 mL g, ' h'. Via characterizations such as EPR,
Raman, and DRIFT, superoxide O, species were noticed on the
surface, which combined with CO to give carbonate adsorbate.
The comparison experiments with Au-doped CeO, and Au-doped
HAP emphasized the linked contribution of this heterojunction
system, that FLP may exist between Ce from CeO, and O in HAP
for the activation of O, and with the assistance of Au, CO oxida-
tion occurs.

4.2. Electrocatalysis

In Section 4.1, we have introduced a series of catalytic reactions
in thermocatalysis, and in fact, researchers have spent most of
their studies on the application of FLP in that category. The iden-
tification of active sites and adsorbed intermediate species is the
key to correlating FLP chemistry with improved conversion ef-
ficiency and selectivity. However, as shown above, the presence
of multiple reaction sites and different pathways in FLP systems
complicates the interpretation of mechanisms, and the studies
will vary by case. With additional stimulus imposed for reactions
(i-e., electricity, solvents, and light irradiation), more factors and
material properties need to be considered. Sections 4.2 and 4.3
will dig into these two fields as the guidance.

First of all, in electrocatalysis factors such as purity of chemi-
cals, temperature of surroundings, setup of electrodes, including
catalyst thickness and homogeneity on electrodes, depth of elec-
trodes, distances between electrodes, and calibrations will impact
the catalytic test significantly. The review on nitrogen electrore-
duction reaction!?**2%] also pointed out the case of gas impuri-
ties, which influence the reproducibility between laboratories. In
the electrochemical flow cell system, the actual flow and electro-
chemical potential are additional uncertainties when comparing
across the literature. Meanwhile, electrolyte flooding in the gas
cellis a remaining issue in the field. Therefore, many precautions
are required while conducting the experiments. Secondly, we rec-
ommend the adoption of conducting materials that have proven
FLP properties for try-out experiments, for instance, CeO, and
carbon materials. The difficulties in ruling out the instrumen-
tal errors from conversion will either overestimate or underesti-
mate the catalytic performances, misleading the assessments and
elucidations of FLP-related mechanisms, particularly for the new
system.

In 2023, Xu et al.[?%] explored the application of Pt NPs
doped phosphor-CeO, in the field of direct methanol fuel cell
(Figure 21a), showing the possibility of FLP engineering for im-
proving activity, with the current density remaining high after
3600s. In the study, comparison experiments were designed be-
tween materials with and without the phosphor dopants. They
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hypothesized that FLP will activate water molecules and the Ce-
OH formed on the surface will attract CO-like intermediate to
reduce Pt-poisoning. Then, Pt NPs and FLP will synergistically
accelerate the oxidation reaction of the CO-like intermediate. Ac-
cording to the paper, an improved CO oxidation rate was recorded
in Pt/pp-CeO, due to the stronger activity of Ce-P FLP than Ce-O
FLP. However, these points remain uncertain. Materials in com-
parison have different concentrations of oxygen vacancies, which
may indicate the intrinsic difference in the population of active
sites. Therefore, additional characterizations are essential to the
study by providing direct evidence for both Ce—P FLP systems
and reaction intermediates. Special flow cells need to be designed
for these purposes.

The electrocatalytic reduction of N, and NO was also explored
by Dai et al.®8 and Zhao et al.,[®] separately. Using defective
boron carbon nitride, a high Faraday efficiency of 18.9 %, and an
ammonia yield of 20.9 pgh~' mg™'_, was achieved in the nitro-
gen activation reaction via the pull-pull effect on six-membered
ring intermediates (Figure 21b).38] After 6 cycles, the ammonia
yield was reported to retain at 90%, showing a good stability of the
catalyst. Both the undercoordinated N sites (LB) and boron sites
(LA) were experimentally justified. During the isotopic labelling
experiment using *N, and °N, as the feed gas, 'H SSNMR spec-
tra of electrolytes were recorded and confirmed the source of ni-
trogen in the ammonium water formed. A GS-MS measurement
provided additional evidence for the cleavage of nitrogen, with
DFT calculations suggesting the pull-pull effect of FLP sites on
adsorbed nitrogen. Then, the reaction continued with the attack
of H* from the hydrogen evolution reaction (HER) of water in the
electrolyte. The competition between H* adsorbate and reactant
gas at active sites will impact the reaction efficiency as pointed
out by Zhao et al.®] in their case. Ammonia was formed from
NO on a P-doped ZnO(100) catalyst with ammonia production
0f218.2 ymol h~'em=2 at —0.7 V at 91.4 % FEs N—distal pathway
(Figure 21c). The catalyst was catalytically stable, which remained
high FE,;;; and NH, yield rates over seven cycles. After experi-
mentally proving the source of nitrogen in ammonium, the calcu-
lations were used extensively. The substitution of Zn with p-block
element elongated the bond distances between dopant and zinc
for FLP formation, then the NO adsorbed (which was calculated
to be favored over H* was hydrogenated.

4.3. Photocatalysis

In photocatalysis, a suitable energy band gap for electron exci-
tation and efficient charge transfer to prevent electron-hole re-
combination are the two main determinants for photocatalytic
efficiency. Materials are often designed with element doping, the
creation of oxygen vacancies, the formation of heterojunctions,
and other modification methods to optimize the two properties.
Some of the methods share similarities with FLP construction,
which is discussed in Section 2. Thence, we anticipate that the
existing FLP in the structure will help the conversion in photo-
catalysis too. Compared to electrocatalysis, more literature has
investigated the application of solid FLP in photocatalytic CO,
reduction and nonoxidative coupling of methane.

CO is the main reported product from FLP-derived CO,
reduction.[®*¢12072%) The study on In,0, (OH), pioneered the
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Figure 21. Electrocatalytic application and mechanistic elucidation of (a) Pt NPs doped phospher-CeO, for direct methanol fuel cell. Adapted with
permission.|206] Copyright 2023, Elsevier. b) defective boron carbon nitride for the reduction of nitrogen. Adapted with permission.[®8] Copyright 2022,
Wiley-VCH. And (c) p-block element doped ZnO(100) for NO conversion. Adapted with permission.[33] Copyright 2024, Elsevier.
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investigation of LA-LB, highlighting the roles of surface hy-
droxyl groups and oxygen vacancies that assist the RWGS reac-
tion (Figure 22a).[061:27] [n the dark, stretching frequencies of
bicarbonate were identified by in situ DRIFT spectra with flow-
ing CO,, while it was assigned to the trapping state of CO, in oxy-
gen vacancy next to In—H and In—OH, rather than being weakly
adsorbed on M—OH (Section 4.1). The reaction mechanism was
mentioned to be the same in the dark and in the light mode — H,
gas is heterolytically cleaved (more direct proof is needed), fol-
lowed by a H attack from In—H to the adsorbed CO,. DFT calcula-
tion suggested that the interaction between light and defects will
resultin slight spatial changes (e.g., changes in OH bond length),
which change the energy level of materials from the ground state
(GS) to the excited state (ES).[®*] As a consequence, the reaction
became faster under the light due to the lower energy barrier. The
impact of the dopant was emphasized in the study of Sn-ultrathin
BiOCl material by Shi et al.l2%] (Figure 22b). Doping Sn reduced
the charge-transfer resistance as shown in EIS spectra and was
calculated to have the lowest work function (WF) by DFT. This is
due to the fact that the Sn dopant increases the dipole moment
in the system, which enhances the internal electric field (IEF)
and consequently promotes the functionality of Bi-O FLP (more
evidence is needed). A better photogenerated charge carrier sep-
aration and transfer were achieved for RWGS. One more point to
mention is that TiO, might also be a good candidate to investigate
for this reaction.21%]

As emphasized by Chen et al.,l”!] to stimulate C—H bond acti-
vation, a strong polarization environment is required, which is
often generated in solid FLP. In their work on NaBH,-treated
Nb,O; with sufficient oxygen vacancies, a superior methane con-
version rate of 1456 umol g~ h~! was reported for photocatalytic
NOMC (Figure 22c)."!! The reaction was conducted in a batch
quartz reactor using 5 mg of catalyst, 45 mL of methane, and was
irradiated under a 300 W Xe lamp for 4h. LA and LB sites were
measured using py-IR and the distances between sites were ob-
tained from FT-EXAFS. In-depth DFT calculation confirmed the
synergistic effect of LA and LB for the reaction, and showed that
light illumination further induced the charge transfer from LA to
LB, which therefore promoted the reaction. The follow-up long-
term conversion test in their study validated the stability and cy-
clability of NaBH,-treated Nb,Os. The improvement in conver-
sion results by enhanced LA and LB activities was reported earlier
in p-block element-doped TiO, (Figure 22d).[] In situ EPR was
adopted to trace the changes in Ov and free electrons, suggesting
that CH,, was initially adsorbed near Ov and with electron trans-
fer from the LA Ga site to the LB O site, C—C coupling occurred
and released the product. The catalyst retained 60% of its original
activity after 6 cycles, together with other catalysts, supporting the
better stability of heterogeneous FLPs.

Sometimes the structure benefits from the charge transfer
upon light irradiation. H, dissociation ability was discovered in
Ru-UiO-67/bpydc with Ru atom anchored to two nitrogen lig-
ands. Upon irradiation, metal-to-ligand charge transfer (MTLC)
was promoted in the Ru-N bond to form Ru®*—N?-.[11] Although
the two sites are connected, the electron-accepting and donat-
ing abilities still enable them to perform FLP-type activation. The
charge transfer is reversible, and the material was switched from
inactive to H, in the dark. A more detailed explanation and mech-
anistic study can be found in Section 2. Inspired by this, we are
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hoping to receive more updates on the application of MOF-based
materials with FLP chemistry in photocatalysis.

4.4. Reflections on Heterogeneous FLP in Catalysis

So far, research has focused on three dominant application di-
rections at the laboratory scale. Compared to homogeneous FLP,
heterogeneous FLP systems exhibit enhanced water tolerance,
greater stability, and improved sustainability. The prevention of
water poisoning at active organic FLP molecules can be achieved
with porous materials with flexible selection and alternation of
supports. For example, the acidic boron sites could be protected
by the bulky side groups of organic linkers in SION-105,/2!1] the
PDMS hydrophobic coating layer around MIL-101[212] or the hy-
drophobic polymer networks POSS.[213] Some are reported to be
stable in air.

For catalysts which have intrinsic FLP or have been modified
with additional elements for constructing active FLP systems,
most of them are less water- and air-sensitive. In general, expo-
sure of any catalyst to ambient conditions will result in adsorp-
tion of foreign species, while in solid FLP these species can be
removed by pre-treatment which imposes smaller variations on
surface structure. In certain cases, the presence of water mois-
ture even assists the formation of FLP or the proceeding of re-
actions. For instance, an optimal amount of adsorbed water on
y-alumina serves as the hydroxylation source that stabilizes the
metastable termination and enhances the reactivity of synergis-
tic sites.3*l Besides, the ability of catalysts to incorporate wa-
ter into their structure matrix, demonstrated in systems such
as defective CeO,!*'* Single-atom Co-dispersed nitrogen-doped
carbon,?] Pd-supported partially oxidized MAX,[*3] can promote
the reaction pathway and/or feature the catalyst’s bifunctionality
for better catalytic performance.

The ease of handling these catalysts under ambient conditions,
along with the intriguing role of water in reaction activation, sup-
ports their potential for commercial applications. The commer-
cialization of the solid catalysts with FLP chemistry can be ap-
proached from two directions. (1) Development and evaluation
of novel systems: Building upon preliminary insights into cata-
lyst structure and properties, further investigation under condi-
tions that simulate industrial processes, such as fixed-bed flow
reactors, is encouraged. These tests, conducted in some reported
heterogeneous FLP systems, would provide valuable information
on mass transfer behavior, scalability, and catalytic efficiency. It
is essential to note that the structural determination for fresh
and spent catalysts would also benefit the mechanistic elucida-
tion and FLP catalyst assessments, and relevant research is rarely
reported in this field. (2) Reassessment on the existing catalysts
for mechanistic insights and structure modification. A thorough
dissection of FLP chemistry reveals that its fundamental nature is
the involvement of LA and LB sites. This implies, any solid cata-
lysts may feature FLP sites, and careful characterizations on these
catalysts with FLP-mediated pathway would benefit both the ra-
tional design and commercialization possibilities. Some typical
examples would be CeO, and zeolites, which have been discussed
in the main context.

Simultaneously, the synergistic FLP sites on catalysts often
suggest more effective adsorption of small molecules and lower
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Photocatalysis in heterogeneous FLLP
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Figure 22. Photocatalytic application and mechanistic elucidation of (a) In,05,, (OH)y for RWGS. Adapted with permission.[®'l Copyright 2015, Royal
Society of Chemistry. b) Sn-ultrathin BiOCI for RWGS. Adapted with permission.[20°] Copyright 2024, Elsevier. c) Nb,Os for NOMC. Reproduced under
the terms of the CC-BY Creative Commons Attribution 4.0 International license (https://creativecommons.org/licenses/by/4.0).I71] Copyright 2023, The
Authors, published by Springer Nature. d) p-block element-doped TiO, for NOMC. Adapted with permission.[®8] Copyright 2022, Elsevier.
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energy for bonding activation of molecules such as H,, CO,, N,
and CH, compared to traditional catalysts,[*! which could be the
key focus for industrialization. As certain aspects of these phe-
nomena are discussed above, they will not be detailed further
here. In summary, the ease of handling of catalysts in air, cou-
pled with the notable role of water in reaction activation using
solid FLPs, underscores their potential suitability for commer-
cial applications. However, further catalyst optimization and ad-
vancements in engineering development are necessary to achieve
industrial utilization.

5. Conclusion and Outlook

The field of heterogeneous FLP has witnessed significant ad-
vancements, supported by innovative approaches in catalyst de-
sign, characterization, and application. Notably, FLP has been
recognized as one of [IUPAC’s 2024 Top Ten Emerging Technolo-
gies in Chemistry.!?"] Building upon the research and innova-
tions achieved to date, we will outline several potential directions
here and anticipate significant future breakthroughs in this field.

The exploration of new materials, such as MOF, COF, zeolites,
metal catalysts, and non-metal materials, as supports for FLP will
continue to be a vibrant area of research. Particularly, materials
offering tunable porosity and functionality could provide an ideal
platform for the incorporation of FLP active sites and the regula-
tion of spatial distances by design. The rigid lattices, on the other
hand, achieve better structure stability and are often adjustable in
terms of surface properties for improving the concentration and
activity of active sites, as well as potentially providing multiple
active sites with diverse mechanisms.

In the coming years, the focus will also shift toward the design
of FLP systems that are sustainable, stable, recyclable, efficient,
and dynamic during reactions, aligning with the growing empha-
sis on green chemistry principles. Deactivation of catalysts due to
aggregation, structure distortion, and deterioration will impact
FLP activity significantly due to the rigorous standard on spatial
separation of synergistic sites in most of the FLP systems. There-
fore, the design of target anchor sites, long-term cycling tests, and
(operando) characterization are needed. Also, achieving dynamic
production is a critical issue awaiting solution and is eventually
related to the optimization of catalytic systems. To achieve bet-
ter mass transfer, scalability, and efficiency, we encourage more
investigations on reactions in fixed-bed flow reactors based on
the preliminary research. Furthermore, the development of FLP-
based catalytic systems for practical industrial applications, such
as carbon capture and utilization, could be an important direc-
tion for future research. There is also a need for further investi-
gation into the reaction mechanisms involved in FLP-catalysed
transformations of small molecules and the development of
new theoretical models to better understand and predict FLP
reactivity.

The future of heterogeneous FLP research is poised for excit-
ing developments, and we have pointed out the three fundamen-
tal focuses, which will be driven by the convergence of compu-
tational and experimental methodologies. The integration of ma-
chine learning and AI with advanced characterization techniques
will create a powerful toolkit for the discovery and optimization of
FLP catalysts, with a better understanding of the relationships be-
tween structures and activities, as well as reaction mechanisms.
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Machine learning in FLP catalyst design and synthesis: The in-
tegration of machine learning (ML) into the design and synthesis
of FLP catalysts represents a transformative approach in mate-
rials science. ML algorithms can analyze vast datasets to iden-
tify patterns and correlations that are not immediately apparent
through traditional methods. By leveraging these capabilities, re-
searchers can predict the properties and performance of novel
FLP catalysts before they are synthesized. This predictive power
accelerates the discovery process, allowing for the rapid identifi-
cation of promising candidates with optimal LA and LB site con-
figurations. Furthermore, ML can assist in optimizing synthesis
parameters, ensuring the reproducibility and scalability of FLP
catalysts. As the field progresses, the development of more so-
phisticated ML models tailored to the unique challenges of FLP
systems will be crucial.

Al in Screening, Characterization, and Application of FLP Cat-
alysts: Artificial intelligence (AI) offers unparalleled opportuni-
ties for the screening, designing, characterization, and applica-
tion of FLP catalysts. Al-driven platforms can automate the high-
throughput screening of FLP libraries, efficiently designing cata-
lysts with desired properties. Recently, a breakthrough in the gen-
erative model, MatterGen, has been published by Xie et al.,[21¢]
providing a new paradigm for materials design. In characteriza-
tion, Al algorithms can process complex datasets from spectro-
scopic and imaging techniques, extracting meaningful insights
into the structure and dynamics of FLP systems. This capability
is particularly valuable for understanding the subtle interactions
between LA-LB sites that define FLP behavior. Moreover, Al can
facilitate the application of FLP catalysts by predicting their per-
formance in various reaction environments, thus guiding exper-
imental efforts toward the most promising conditions. The inte-
gration of Al into FLP research not only enhances efficiency but
also opens new avenues for innovation by uncovering previously
unexplored catalyst functionalities.

In situ methods and multimodal techniques for investigating
solid FLP systems: The characterization of solid FLP systems
has been revolutionized by the development of in situ meth-
ods and multimodal techniques. These approaches provide real-
time insights into the structural and functional dynamics of FLP
under operational conditions. In situ spectroscopy, such as in-
frared and Raman, allows for the monitoring of reaction inter-
mediates and the identification of active sites, while in situ X-ray
diffraction and scattering techniques reveal changes in the crys-
talline structure of FLP-containing materials. Additionally, multi-
modal techniques that combine spectroscopic, microscopic, and
diffraction methods offer a comprehensive understanding of
FLP systems, capturing both macroscopic and molecular-level
phenomena. The continued advancement of these techniques
will be essential for unravelling the complexities of FLP cataly-
sis, enabling the rational design of more efficient and selective
catalysts.

In conclusion, the field of heterogeneous FLP is at the fore-
front of catalysis research, offering innovative solutions to com-
plex chemical challenges. By embracing the potential of ma-
chine learning, Al, and advanced characterization techniques, re-
searchers can unlock new possibilities for FLP catalysts and illus-
trate reaction pathways, driving progress toward more sustain-
able and efficient chemical processes. The continued collabora-
tion between computational scientists, chemists, and engineers
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will be essential for realizing the full potential of FLP, paving the
way for breakthroughs that will shape the future of catalysis.
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