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From the historical roots of metalworking to the forefront of modern nano-

technology, functional materials have played a pivotal role in transforming

societies, and their influence is poised to persist into the future. Encompassing a

wide array of solid-state materials, spanning semiconductors to polymers,

molecular crystals to nanoparticles, functional materials find application in

critical sectors such as electronics, computers, information, communication, bio-

technology, aerospace, defense, environment, energy, medicine and consumer

products. This feature article delves into diverse instances of functional mate-

rials, exploring their structures, their properties and the underlying mechanisms

that contribute to their outstanding performance across fields like batteries,

photovoltaics, magnetics and heterogeneous catalysts. The field of structural

sciences serves as the cornerstone for unraveling the intricate relationship

between structure, dynamics and function. Acting as a bridge, it connects the

fundamental understanding of materials to their practical applications.

1. Centuries of history

Functional materials (FM) have been instrumental in shaping

human civilization throughout history. Renowned for their

distinctive properties and capabilities, these materials have

served as the cornerstones for numerous technological

breakthroughs, propelling societies to thrive and evolve. The

roots of FM trace back to ancient civilizations, where humans

first harnessed the potential of naturally occurring materials

(Hummel, 2004; Aizenberg & Levkin, 2020; Faustini et al.,

2018. A landmark example from prehistoric times is the

discovery of fire and the utilization of quartz as a tool, marking

the inception of FM (Norton, 2021). The advent of metals such

as copper and bronze represented a significant leap forward in

the realm of FM (Pandey et al., 2023). The Bronze Age’s

development of metallurgy facilitated the creation of tools and

weapons, further augmenting human capabilities (Grigoriev,

2021). The early experimentation with these materials laid the

groundwork for subsequent innovations. Moving forward, the

Middle Ages witnessed the rise of alchemy, a precursor to

modern chemistry, driven by the pursuit of transforming base

metals into noble ones and discovering the elixir of life. While

rooted in mysticism and folklore, the endeavors of alchemists

laid the foundation for comprehending the properties and

transformation of materials (Szydło, 2022). The Renaissance

marked a resurgence of scientific inquiry, leading to innova-

tions in glassmaking and optics that birthed the microscope

and telescope, expanding our understanding of the world and

fostering scientific discovery. These advancements played a

pivotal role in future investigations into the structure and
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properties of materials (Richet, 2021; Špelda, 2019). Closer in

time, the 18th and 19th centuries ushered in the Industrial

Revolution, characterized by significant advancements in the

manufacturing and utilization of FM. The discovery of elec-

tricity and subsequent developments in electrical conductors

and insulators revolutionized technology (Heilbron, 2022). In

the textile industry, innovations such as synthetic dyes and

fibers had a profound impact on clothing and fashion (Zhang,

Xia et al., 2023). The late 19th century saw the emergence of

materials science as a field, driven by the need for superior

materials in various industries. The discovery of new func-

tional materials, such as steel alloys and semiconductors, led to

the development of telegraph and telephone networks,

marking the birth of the electronics industry (Prescott, 2022).

The 20th century witnessed an unprecedented surge in

materials science and engineering. Discoveries like super-

conductors, along with advancements in polymers and

composites, revolutionized industries from transportation to

healthcare (Lim et al., 2020). The atomic age brought forth

both destructive and constructive consequences, leading to the

development of nuclear materials and nuclear power for

energy production (Zheng et al., 2020; Wang, Li et al., 2020;

Xiang et al., 2019). The mid-20th century marked the onset of

the space age, where materials like titanium and advanced

ceramics played crucial roles in spacecraft construction and

space exploration (Dada et al., 2023). Throughout these

transformative periods, functional materials remained at the

forefront of technological innovations, defining and shaping

the trajectory of each era (Fig. 1).

2. The modern era. Structural characterization techni-

ques

Today, functional materials continue to drive scientific and

technological advancements (Preuss et al., 2020; Xiao & Gu,

2020). Our ability to engineer and understand materials at the

atomic and molecular levels has never been greater (Han et al.,

2022), and the historical journey of FM has paved the way for

a promising future filled with innovations yet to be discovered

(Azamal Husen, 2023; Shahed et al., 2023). The structural

sciences have a fundamental role in the development of

materials, serving as the foundation for understanding and

optimizing their properties and behaviors (Catlow, 2018;

Taylor & Wood, 2019). By employing a wide range of analy-

tical techniques and methodologies, these sciences provide

insights into the atomic and molecular arrangements, crystal

structures, and chemical compositions of materials (Freund et

al., 2023). On the one hand, the chemical composition of

materials is a critical aspect that the structural sciences address

(Fig. 2). Spectroscopic methods, like X-ray photoelectron

spectroscopy (XPS) (Krishna & Philip, 2022), X-ray fluores-

cence (XRF) (Tsuji et al., 2015) and multi-nuclear magnetic

resonance (NMR) (Wei et al., 2022), or scanning electron

microscopy (SEM) with energy-dispersive X-ray spectroscopy

(EDS) detectors (Abd Mutalib et al., 2017), provide infor-

mation about the elemental composition and chemical

bonding in materials. X-ray absorption fine structure (XAFS)

refers to how X-rays are absorbed by an atom at energies near

and above the nuclear-level binding energies of the atom

(Bunker, 2010). XAFS spectra are sensitive to factors such as

formal oxidation state, coordination chemistry, and the

arrangement of neighboring atoms in terms of distances,

coordination numbers and species. Raman spectroscopy

(Wang, Huang et al., 2020) relies on the inelastic scattering of

monochromatic light to analyze molecular vibrations and

rotational modes. Also, terahertz spectroscopy explores the

electromagnetic spectrum between microwave and infrared

frequencies (Spies et al., 2020; Neu, 2023).

On the other hand, the fundamental contribution of struc-

tural sciences is the elucidation of the atomic and molecular

arrangements within materials (Fig. 2). Techniques like X-ray

diffraction (XRD), neutron scattering and electron micro-

scopy enable researchers to determine the precise arrange-

ment of atoms and molecules in crystalline and amorphous

materials (Liebschner et al., 2019). This information is crucial

for understanding how different materials interact with light,

electricity and heat, laying the groundwork for developing

materials with specific optical (Das et al., 2020; Sanderson &

Castelvecchi, 2023), electrical (Li, Cai et al., 2023) and thermal

properties (Atinafu et al., 2023). Moreover, the field of

structural sciences contributes significantly to the character-

ization of nanomaterials. With the growing interest in nano-

technology, the ability to determine the size, shape and

distribution of nanoparticles within a material is paramount.

Techniques such as transmission electron microscopy (TEM)

(Li, Zhang & Han, 2023), scanning tunneling microscopy

(STM) (Ko et al., 2019) and atomic force microscopy (AFM)

(Firestein et al., 2020) offer unprecedented views of nanoscale

structures. Modern TEM instruments are equipped with

advanced detectors, such as aberration-corrected imaging and

electron energy-loss spectroscopy, enabling the examination

of defects, interfaces and nanostructures (Gao et al., 2022).
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Figure 1
Centuries of history. Functional materials have consistently occupied a
leading role in driving technological innovations of every era.



Therefore, structural sciences are instrumental in under-

standing defects and imperfections in materials (Bourgeois et

al., 2020; Jia et al., 2020). These imperfections can have a

profound impact on the mechanical (Liu et al., 2022), electrical

(Bhaskar et al., 2021; Neverov et al., 2022) and optical (Akl &

Hassanien, 2021) properties of materials.

Synchrotron radiation (SR) is essential for investigating

functional materials. SR sources provide intense beams of

X-rays and other electromagnetic radiation. Modern

synchrotrons offer advanced FM beamlines equipped with

monochromators and detectors that allow a wide range of

experiments (Smieska et al., 2023; Willmott, 2011). In the same

vein, high-brightness MetalJet X-ray sources (powered by

liquid-metal micro-jets) offer in-house laboratories a higher

level of X-ray intensity and focus than traditional X-ray

sources (Murrie et al., 2020).

Finally, it is important to mention the contribution of

neutron techniques (NTs). One of their primary benefits is

their ability to provide precise information about the

arrangement of atoms within a material (Boothroyd, 2020;

Ridley & Kamenev, 2014). Unlike X-rays, neutrons have

elastic interactions with condensed matter that occur at atomic

nuclei. The scattering power is heavily dependent on indivi-

dual nuclear properties, such as scattering length and cross

section, which are randomly distributed throughout the peri-

odic table, even among isotopes of the same element (Joseph,

2020). Neutrons are particularly useful in analyzing materials

that contain both light and heavy elements. Additionally,

neutron techniques are highly effective in studying the

dynamic behavior of materials over a range of timescales, from

hours to milliseconds. NTs can capture the movements and

vibrations of atoms and molecules in real time (Hansen &

Kohlmann, 2014; Goonetilleke & Sharma, 2021; Isnard, 2007).

These techniques provide insight into reaction pathways,

allowing for strategic synthesis planning, revealing inter-

mediate steps and quantifying reaction kinetics. Moreover, the

high penetration depth of thermal neutrons enables the

analysis of complex sample environments. This is especially

useful for studying phase transitions, magnetic properties and

particle diffusion in materials, as explained below.

Computational methods have also emerged as powerful

tools for characterizing functional materials, offering a cost-

effective and efficient means to explore their properties and

behavior (Wan et al., 2023; Kalhor et al., 2024). One of the

most significant contributions of modeling and simulation

techniques is their ability to predict novel materials with
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Figure 2
Conventional structural characterization techniques of functional materials.



desirable properties for specific applications (Todorović et al.,

2019; Merchant et al., 2023). Crystal structure prediction

(CSP) is the process of identifying the most thermo-

dynamically stable crystal structure(s) that will form from a

given molecule on the basis of its molecular structure

(Woodley et al., 2020; Cruz-Cabeza, 2016). Computational

methods are used to search ab initio for the most stable crystal

structure of a given molecule by evaluating the crystal energy

landscape. The Cambridge Crystallographic Data Centre

periodically assesses CSP methods through Blind Tests

(https://www.ccdc.cam.ac.uk/discover/news/conclusions-of-the-

7th-crystal-structure-prediction-blind-test/). Machine learning

and artificial intelligence algorithms have also become essen-

tial tools in materials discovery. These techniques can process

vast datasets and identify hidden patterns, enabling us to

predict the properties of materials according to their chemical

compositions and structures (Wang & Sun, 2019; Cheng et al.,

2022). This predictive capability accelerates the development

of new materials with tailored properties, saving time and

resources (Hsu et al., 2022). Moreover, computational

methods provide insights into atomic and molecular structures

(Liu et al., 2023; Hehn et al., 2022). Another key contribution

of computational methods is their ability to simulate material

properties under different conditions. They can model the

behavior of FM in response to various factors such as

temperature, pressure and external stimuli (Asrafusjaman et

al., 2023; Kalhor et al., 2024). These simulations provide

valuable insights into how materials perform in real-world

applications (Islam & Hossain, 2020). Finally, computational

methods can simulate the properties of materials with

different compositions and structures to identify the most

suitable configurations for specific applications (Borgmans et

al., 2021; Baird et al., 2022).

3. . . . and beyond. In situ monitoring of structural

evolutions during reactions

In the past decade, experimental techniques have transformed

our ability to understand and characterize dynamic processes

in functional materials that play a crucial role in their

performance. These techniques, which include imaging, spec-

troscopy and microscopy, enable researchers to investigate

materials in situ at the atomic and molecular levels, uncovering

their electronic (Zhao et al., 2022), optical (Zhang et al., 2022)

or mechanical properties (Akkuratov et al., 2022). Further-

more, in situ techniques allow scientists to monitor these

transitions, providing insights into the underlying mechanisms.

One of the revolutionary tools that has significantly

contributed to this understanding is the X-ray free-electron

laser [XFEL; Fig. 3(A)]. Traditional X-ray sources, such as

synchrotrons, had limitations in terms of brightness and pulse

duration. XFELs overcome these limitations by producing

extremely intense and ultra-short X-ray pulses. XFELs have

brought about a paradigm shift in our ability to investigate the

atomic and molecular structures of functional materials

(Asakura et al., 2020; Huang et al., 2021; Jaeschke et al., 2020).

This level of detail is invaluable in understanding the funda-

mental structural aspects that govern the properties of mate-

rials and behavior. Finally, XFELs have proven instrumental

in studying dynamic processes in real time (Holstad et al.,

2023; Choi et al., 2022).

Three-dimensional electron diffraction (3DED) is another

powerful technique that has significantly advanced our ability

to develop new FM [Fig. 3(B)] (Yonekura et al., 2023; Saha et

al., 2022; Gruene et al., 2021; Klar et al., 2023). Gemmi et al.

(2019) suggested the name ‘3DED’ as an umbrella term for

several techniques that collect reflection intensities in three-

dimensional reciprocal space through an electron diffraction

experiment. Traditional electron diffraction techniques, while

providing valuable structural information, are typically limited

to two-dimensional projections. In contrast, 3DED allows

researchers to capture a complete three-dimensional crystal

structure, providing a holistic view of the arrangement of

atoms (Kolb et al., 2007). This information is critical for

understanding how the atomic structure influences the prop-

erties and functionality of materials (Frolov et al., 2020).

Moreover, in situ 3DED combines electron microscopy with

feature articles

J. Appl. Cryst. (2024). 57, 606–622 Sebastian A. Suarez � Structural science in functional materials advancements 609

Figure 3
(A) The ‘mix-and-inject’ time-resolved serial crystallography strategy
takes advantage of the small crystals that can be analyzed with an XFEL.
(B) Schematic drawing of representative crystal structures and their
corresponding modulated diffraction spots in reciprocal space for a three-
dimensional electron diffraction experiment. Panel (B) adapted from Ai
et al. (2022) under a Creative Commons Attribution 4.0 International
License, https://creativecommons.org/licenses/by/4.0/.

https://creativecommons.org/licenses/by/4.0/


crystallography and offers unique insights into the dynamic

behavior and structural transformations of materials at the

atomic and nanoscale levels. One of the primary ways in which

in situ 3DED contributes to the development of new func-

tional materials is by offering a dynamic view of phase tran-

sitions and crystal growth (Batuk et al., 2023; Broadhurst et al.,

2020; Karakulina et al., 2018; Wu et al., 2022). In the same vein,

precession electron diffraction tomography (PEDT) combines

the principles of electron diffraction and tomography (Day et

al., 2022; Boullay et al., 2013). One of the primary advantages

of PEDT is its ability to resolve complex crystal structures,

even in materials with multiple phases or high levels of defects

(Palatinus et al., 2019). This capability is crucial to precisely

determine the orientations and locations of individual grains,

crystal defects and interfaces within a material (Rauch et al.,

2008).

4. Looking to the future. Unlocking the potential of

structured functional materials, a path to enhanced

properties

This article provides an overview of the Microsymposium

A040: Crystal Structure of Functional Materials, held during

the 26th Congress and General Assembly of the International

Union of Crystallography (IUCr) in Melbourne in 2023. This

work intends to encapsulate the insights shared by the invited

speakers, the valuable contributions from oral presentations

and the diverse array of poster presentations within the

microsymposium. It also includes several other relevant and

recent papers. While the applications of FM are very diverse,

this section explores their structures, properties and under-

lying dynamic mechanisms driving exceptional performance in

the fields of batteries, optoelectronics, magnetics and hetero-

geneous catalysts.

4.1. Battery materials

Metal-ion batteries play a pivotal role in the contemporary

shift from fossil fuels to renewable energy, contributing to a

more sustainable planet through the innovation of ingeniously

designed materials. These batteries, featuring metals such as

lithium, zinc, magnesium, calcium, potassium and sodium,

serve as promising candidates for energy storage devices,

offering enhanced performance compared with current

battery technologies (Abakumov et al., 2020). Furthermore,

the solid-state battery, featuring the substitution of conven-

tional liquid electrolytes with solid-state electrolytes, stands

out as one of the most promising energy storage systems,

capable of demonstrating both high safety and high energy

density concurrently (Chen, Shen et al., 2022). In addition, the

development of all-solid-state batteries (ASSBs) critically

depends on the fundamental understanding of the electro-

chemical reaction mechanisms and the synchronously occur-

ring degradation causes. In this context, synchrotron X-ray

computed tomography (SX-CT) can visualize the internal

structure of a sample, making it well suited for the examina-

tion of concealed interfaces. For instance, Sun et al. (2022)

revealed the emergence of a complex and varied reaction

interphase region, illustrated as the green region in Fig. 4,

following the cycling of Li10SnP2S12-based ASSBs. The 3D

volume rendering of the Li10SnP2S12 solid electrolyte (LSPS

SE) in Fig. 4(A) vividly portrays its transformation into a

bowl-like structure with evident surface cracks (depicted by

white isolines). To highlight alterations within the LSPS, a

sectional plane [demarcated by the green rectangle in
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Figure 4
Results from SX-CT characterization are presented as follows: (A) A 3D volume rendering of the LSPS SE. (B) The cross section chosen from (A) is
highlighted by a green rectangle. An inset white dotted rectangle indicates the region featured in (C). (C) A magnified view of the selected cross section
of the LSPS SE. The yellow dotted and solid lines represent the original and current Li | LiAl interfaces, respectively. The LiAl | LSPS interface is
delineated by blue dashed lines. Regions marked (1), (2), and (3) in green signify the electrochemically generated interphase. Red diamonds mark crack
tips, while the red rectangle indicates a crack size of approximately 5 mm. Irregular dark-gray regions denote the as-formed cracks. Orange arrow lines
depict the direction of Li creep. Both solid and dotted black and white arrow lines suggest potential pathways for Li ions and electrons during
electrochemical cycling. Adapted, with permission, from Fig. 2 of Sun et al. (2022), copyright 2022 Wiley-VCH GmbH.



Fig. 4(A)] is chosen, as demonstrated in Fig. 4(B). A closer

examination is provided in Fig. 4(C), revealing several notable

features (Sun et al., 2022):

(i) The LSPS layer appears to sag towards the bottom

electrode layer, forming the bowl-like shape observed in

Fig. 4(A) (marked by the blue dashed lines).

(ii) Multiple low X-ray absorption interphase regions

manifest at the LiAl |SE interface [designated as regions (1),

(2), and (3)], contributing to the surface cracks depicted in

Fig. 4(A).

(iii) The boundary lines between the Li metal and LiAl

alloy seem to deform towards the LSPS layer (contrasting

yellow solid lines with yellow dotted lines).

(iv) Crack and fissure structures develop within the

contorted region of the LSPS solid electrolyte (depicted as

dark-gray regions).

In addition, heterogeneous damage in metal-ion batteries

has been analyzed (Xu et al., 2019; Santos et al., 2023; Lin et al.,

2021; Li, Sharma et al., 2022). Utilizing a combination of

advanced synchrotron X-ray tomography analysis and

microstructure-resolved computational modeling, Xu et al.

(2019) studied the heterogeneous electrochemistry and

mechanics within a composite cathode in commercial

batteries. The focus was on examining the spatially and

temporally evolving heterogeneous damage, spanning from

the macroscopic level of composites down to individual

particles. Within an extensive dataset comprising over a

thousand LiNiMnCoO2 (NMC) particles, particle fracture and

interfacial debonding phenomena are identified (Fig. 5). The

degree of particle fracture is notably higher in the region near

the separator compared with that toward the current collector.

A similar distribution is observed for interfacial debonding,

indicating that particles near the separator tend to be more

detached from the conductive network [Fig. 5(B)]. This

interfacial damage hinders electron conduction, resulting in

substantial capacity loss and polarization in batteries.

Moreover, the formation of extensive cracks in Ni-rich

cathode secondary particles plays a pivotal role in long-term

performance degradation. Employing in situ scanning electron

microscopy, Cheng et al. (2021) recently elucidated the

dynamic morphological changes within an individual LiNi0.8-

Mn0.1Co0.1O2 (NMC-811) secondary particle embedded in a

cathode blend during electrochemical cycling. Under normal

cycling conditions with a cutoff voltage of 4.1 V, only a

minimal number of cracks appear in the particle. However,

when the sample is subjected to extreme working conditions

with an increased cutoff voltage of 4.7 V, several cracks are

unmistakably generated in the core region. In Fig. 6(A),

pristine NMC-811 secondary particles exhibit a densely

packed arrangement, showcasing a well defined layered

structure conducive to fast Li-ion diffusion channels. The

structure model corroborates the retention of the layered

phase [Fig. 6(B) and 6(C)], with brighter dots corresponding to

metal atoms evident in the accompanying high-angle annular

dark-field scanning transmission electron microscopy

(HAADF-STEM) (Zhang et al., 2020) image. However, after

ten charge–discharge cycles, noticeable dendrite-shaped

cracks emerge from the particle’s center, flowing along grain

boundaries [Fig. 6(D)], consistent with in situ SEM results

(Cheng et al., 2021). To glean structural insights around these

cracks, atomic-resolution HAADF-STEM analysis was

performed [Fig. 6(E)]. A distinct atomic arrangement at the
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Figure 5
(A) Tomographic data from the composite film down to a single active particle in an NMC cathode of Li-ion batteries. (B) The 3D profile of particle
fracture in a selected regime of 150� 150� 40 mm, showing the spatially heterogeneous damage, including particle fracture and interfacial debonding, in
the NMC cathode after 10 cycles with the cyclic rate of 5 C. NMC particles are color-coded according to the degree of damage – red represents the
severely fractured particles and blue represents the least damaged particles. (C) Sketch of the working principle of a half-cell composed of an NMC
cathode and a Li metal anode. Adapted from Xu et al. (2019) with permission from Elsevier.



side surface of the cracks is observed compared with the inner

region.

The structure model is presented in Fig. 6(F), revealing a

structural reconstruction layer approximately 10 nm thick—a

consistent finding with previous reports for polycrystalline Ni-

rich layered oxides. From this perspective, phase transforma-

tion emerges as a plausible explanation for crack propagation.

These cracks then propagate radially along the grain bound-

aries, eventually reaching the particle’s surface. Notably, the

process of crack propagation follows a recurring ‘grow–

stagnate–grow’ pattern during charge–discharge cycling. This

direct in situ investigation provides a comprehensive map of

crack evolution in the cathode, offering insights into the early

stages of electrochemical cycling.

As mentioned earlier, sodium-ion batteries (SIBs), lever-

aging readily available sodium reserves and employing reac-

tion mechanisms akin to lithium-ion batteries, are considered

a promising large-scale energy storage technology for the next

generation. Recently, the creation of superstructured meso-

crystals utilizing numerous inherent molecular interactions to

enhance the reversibility of sodium-ion batteries was reported

(Qiu et al., 2021). Soft structures found in nature, such as

supercoiled DNA and proteins, can arrange themselves into

intricate hierarchical configurations through various nonco-

valent molecular interactions. The quest for discovering novel

categories of natural building blocks that can facilitate the

formation of extensive hierarchical structures has proven

challenging. Qiu et al. (2021) presented the systematic

construction, from the ground up, of a hierarchical metal–

phenolic mesocrystal with an ordered quaternary structure

based on a self-assembled small planar natural phenolic

molecule (ellagic acid, EA) with bismuth ions (Bi3+) (Fig. 7).

This self-assembly process occurs at different length scales in a

carefully controlled spatiotemporal manner. Coordination

complexes based on phenolic compounds form supramol-

ecular threads, which then organize into tertiary nanoscale

filaments. Finally, these filaments pack together to form

quaternary mesocrystals (Fig. 7). Remarkably, the hier-

archically ordered structures persist even after undergoing

thermal conversion into a metal–carbon hybrid framework.

The potential applications of this hierarchical structuring of

natural polyphenols are expected to be widespread.

Furthermore, Chen, Xiao et al. (2022) conducted nano-

engineering to introduce in situ anchored bismuth dots into

modified porous carbon, resulting in enhanced sodium-ion

storage capabilities. A designed composite featuring uni-

formly anchored bismuth dots on a three-dimensional porous

carbon matrix (Bi@MC) has been successfully synthesized

through a straightforward KOH-assisted annealing approach

and applied in SIBs. This innovative design effectively

addresses the inherent low initial Coulombic efficiency chal-

lenge associated with bismuth-based anodes, while density

functional theory (DFT) calculations confirm that KOH plays

a crucial role in preventing bismuth dot aggregation and

ensuring an even distribution. The KOH-modified carbon

demonstrates enhanced adsorption/desorption capabilities for

sodium ions compared with unmodified carbon, facilitating

greater interaction with the carbon surface of the Bi@MC

electrode and promoting beneficial subsequent alloying reac-

tions between bismuth and sodium ions. This modification

reduces irreversible sodium trapping, leading to exceptional

cycle stability. Then, the XRD pattern depicts the gradual
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Figure 6
Characterization through ex situ HAADF-STEM was conducted on (A)
and (B) unaltered samples and (D) and (E) samples subjected to 10
charging cycles with a cutoff voltage of 4.7 V. The insets of panels (B) and
(E) display the respective fast Fourier transformation patterns, while the
structural models for the pristine and charged states are illustrated in
panels (C) and (F), respectively. Adapted from Cheng et al. (2021).
Copyright 2021 American Chemical Society.

Figure 7
Supramolecular hierarchical assembly of Bi–EA mesocrystals, orche-
strated in a spatiotemporally controlled fashion through multiple
inherent molecular interactions. (A) Representation of the hierarchical
assembly process, showcasing the structured Bi–EA mesocrystals formed
through various molecular interactions operating on different length
scales. (B) Analyzed small-angle X-ray scattering data of the Bi–EA
mesocrystals, accompanied by a schematic depiction outlining the
multiscale structure from filaments to the mesocrystal. (C) Selected-area
electron diffraction pattern of a Bi–EA mesocrystal. Adapted from Qiu et
al. (2021) under a Creative Commons Attribution 4.0 International
License, https://creativecommons.org/licenses/by/4.0/.

https://creativecommons.org/licenses/by/4.0/


transformation of Na3Bi to NaBi and Bi in a stepwise manner

[see Fig. 8(A)]. Notably, the strength of the (012) plane in Bi

(27�) steadily decreases within the voltage range of 1.6–0.65 V,

while NaBi (100) (27�) and (101) (25.7 and 31.9�) emerge at

0.65 V. In the initial plateau spanning 0.65–0.47 V, the alloying

reaction of Bi and Na (Bi + Na! NaBi) is confirmed through

observable changes in the Bi and NaBi peaks. Subsequently,

within the measured potential window of 0.5–0.1 V, a further

sodiation process converts NaBi into the Na3Bi phase (peaks

at 20.6, 32.8 and 33.6�). Throughout the charging process,

Na3Bi undergoes gradual and reversible decomposition into

NaBi and Bi within voltage regions of 0.61–0.77 V and 0.77–

1.5 V, respectively. A schematic diagram illustrating the elec-

trochemical mechanism of the Bi@MC electrode during the

sodiation/desodiation process is presented in Fig. 8(B).

Finally, three recent studies discussed innovative advance-

ments in the synthesis and application of FM for the

enhancement of charge carrier transport in electrochemical

devices. Numerical simulations were employed to quantita-

tively analyze the impact of various electrode parameters on

electrochemical properties in high-energy LiNi0.8Mn0.1Co0.1

(NMC811)//graphite systems. The insights gained from simu-

lations inform discussions on recent experimental endeavors

aimed at designing electroactive materials and electrode

architectures across multiple length scales. Nanostructuring is

identified as a strategy to enhance local mass transport and

stabilize interfaces at the particle level, while microstructuring

establishes efficient pathways for charge carriers at the elec-

trode level (Ju et al., 2023). A tight iterative approach

combining structural engineering, characterization and simu-

lation is deemed essential for accelerating the comprehension

of deficiencies in current electrode designs and identifying

potential routes for optimizing electrodes in the pursuit of

next-generation fast-charging batteries. Moreover, Hyun et al.

(2022) reported the implementation of a porosity-graded 3D

nanostructure, underscoring the critical importance of struc-

turally designing electrodes for cutting-edge energy storage

devices. The integration of a density-graded 3D composite

electrode with a porosity-graded current collector offers a

compelling avenue for effectively enhancing rate capability.

Four distinct types of current collectors with varying porosity

gradients were established through meticulous pore analysis

using 3D imaging techniques, demonstrating a proof-of-

concept approach. Electropolishing, conducted under non-

equilibrium conditions, emerged as a promising avenue for

facile modification of pore networks within intricate nanos-

tructures. This outcome validates the success in mitigating

polarization, enhancing Li-ion diffusivity and reducing charge

carrier transport resistance through precise adjustments of

porosity and density gradient levels. Considering these density

gradients, the development of electrodes with optimal

geometries characterized by low tortuosity and optimized

porosity holds the potential to realize swift and stable energy

storage devices in the future. The concept of density gradient

control in a composite electrode with an integrated 3D

porosity-graded current collector is proposed as an electrode

platform technology for diverse energy applications that

necessitate the optimization of intricate transport challenges.

Lastly, the engineering of functional bismuth-based chalco-

genides emerges as a novel, effective and general approach to

overcoming aggregation issues in metal anodes with low

melting points, offering significant potential for advanced

battery applications (Li, Yang et al., 2023). However, synthe-

sizing nanosized Bi structures poses a significant challenge as

the low melting point of Bi makes it prone to aggregation into

large ingots. Recently, a thin Bi4Se3 coating layer, combined

with N-doped carbon, was introduced onto Bi nanospheres

through an in situ selenization process to chemically confine

their overgrowth. The favorable electrochemical performance

was attributed to the thin and uniform Bi4Se3 and N-doped

carbon coating layer, which not only alleviates volume

expansion during electrode cycling but also accelerates K-ion

diffusion kinetics. Moreover, the Bi4Se3 coating layer exhib-

ited a reversible conversion/alloying mechanism, leading to

unique final discharged products of K3BiSe3 and K3Bi (Fig. 9)

which contribute to improved discharge capacity and superior

cycle properties. The developed approach effectively

addresses overgrowth issues in bismuth anodes and holds

promise for mitigating challenges in other metal anodes with

low melting points in advanced battery applications.

feature articles

J. Appl. Cryst. (2024). 57, 606–622 Sebastian A. Suarez � Structural science in functional materials advancements 613

Figure 8
(A) In situ XRD patterns and the accompanying contour image of the Bi@MC electrode throughout the initial cycle. (B) Diagram depicting the
electrochemical mechanism of the Bi@MC electrode during the sodiation/desodiation process. Adapted from Chen, Xiao et al. (2022) with permission
from the Royal Society of Chemistry.



No doubt these recent advances will help to optimize the

design of energy storage materials, leading to improvements in

battery performance, capacity and lifespan.

4.2. Magnetic materials

The advent of 2D magnets, a previously absent category in

the realm of functional materials, holds great promise for

advancing next-generation information technology (Jiang et

al., 2021; Li, Li et al., 2021). Various types of 2D intrinsic

magnetic materials were recently reported, encompassing

binary transition metal halides, chalcogenides, carbides,

nitrides, oxides, borides, silicides, MXenes, ternary transition

metal compounds, f-state magnets, p-state magnets and

organic magnets. The atomic thinness of 2D layers facilitates

strong tunability through strain, intercalation, external fields

(electronic, optical and magnetic), interfacial interaction,

defects and functional groups (Jiang et al., 2021).

In this context, the research team headed by Professor

Zhang has extensively investigated strong magnets with

ordered structures (Zhang, Zhang & Zhang, 2023; Zhang &

Zhang, 2022). In 2021, by crafting Nd2Fe14B/�-Fe gradient

nanostructures, a unique phenomenon of directional magne-

tization reversal was unveiled, initiating from larger grains and

progressing toward smaller ones (Lou et al., 2021). This

distinctive directional magnetization reversal yields an uncom-

mon combination of elevated magnetization and substantial

coercivity. Consequently, it results in an unprecedentedly high

energy density of 26 MGOe for isotropic permanent magnetic

materials, surpassing that of its gradient-free counterpart by

approximately 50%. Moreover, Li, Lou et al. (2022) intro-

duced an experimental strategy involving temperature-

gradient-assisted self-assembly, enabling the creation of 3D

macroscopic ordered nanocomposites with varying gradients

in grain size, constituent content and crystal orientation [Fig.

10(A)]. The resulting �-Fe/Pr2Fe14B ordered nanostructure,

featuring reverse gradients in both grain size and �-Fe content

[Fig. 10(B)–10(E)], demonstrates a remarkable energy density

of approximately 25 MGOe for isotropic �-Fe/Pr2Fe14B sys-

tems. This value is approximately 130% higher than that of its

disordered counterpart [Fig. 10(F)]. The atypical magnetiza-

tion reversal is attributed to the ordered arrangement of grain

sizes within the gradient material, where larger grains exhibit a

lower reversal field compared with their smaller counterparts.

There is no doubt that the formation of ordered nano-

structures presents an alternative approach to developing

high-performance permanent magnet materials.

In addition, the role of external stimuli in engineering

magnetic phases and real-time spin dynamics was recently

studied. Specifically, the spin-resolved density functional

theory calculations on 2D magnetic hexagonal transition-

metal oxide alloys were performed (Bandyopadhyay et al.,

2022). Various alloy patterns were explored, revealing distinct

magnetic phases in each pattern which lead to a stable

ferromagnetic ground state contingent upon the pattern

selected. Janus functionalization was employed to modulate

the magnetic nature of the system, transitioning it from a

ferromagnetic to an antiferromagnetic state. To exert further

control over spin dynamics, an ultrafast laser pulse was applied

to the Janus systems, allowing for an exploration of the tran-

sition process from antiferromagnetic to ferromagnetic states.

Additionally, the introduction of strain and electric fields to

the Janus alloys enabled the fine-tuning of the structure–

property relationship within the 2D layers, facilitating the

achievement of desired spin arrangements.

The identification of van der Waals (vdW) magnets marked

a transformative development in condensed matter physics

and spintronic technologies. Using the computational methods

described in Section 2, tuning of magnetic anisotropy in two-

dimensional metal–semiconductor Janus van der Waals

heterostructures was studied (Bandyopadhyay et al., 2021).

This investigation demonstrates that the diverse array of

interface formations in Janus or pure metal–semiconductor-

based van der Waals heterostructures provides an avenue for

exploring and modifying spin–orbit and ligand–metal inter-

actions. This enables the precise adjustment of magnetic

anisotropy and diverse spin symmetries in these systems.

Nevertheless, the functionality of active spintronic devices

utilizing vdW ferromagnets is currently constrained to cryo-

genic temperatures, posing a barrier to their more widespread

practical applications. In 2023, at least three studies made

progress in developing Fe–Ge–Te systems that operate at

room temperature (r.t.). In January, Zhao et al. (2023) showed

the reliable operation of lateral spin-valve devices at r.t.,

employing the vdW itinerant ferromagnet Fe5GeTe2 in

heterostructures with graphene. The spintronic properties of

Fe5GeTe2 at r.t. were characterized at the interface with

graphene, revealing a negative spin polarization. Through

lateral spin-valve and spin-precession measurements, the

authors gained unique insights into the spin dynamics at the

interface, uncovering multidirectional spin polarization

(Fig. 11). DFT calculations, coupled with Monte Carlo simu-

lations, elucidate significantly canted Fe magnetic moments

in Fe5GeTe2 and confirm the presence of negative spin

polarization at the interface (Zhao et al., 2023). A few months

later, Lv et al., (2023) established the successful large-area
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Figure 9
Diagram of alloying reaction and conversion reaction of thin Bi4Se3

combined with a N-doped carbon coating layer constructed on a Bi
nanospheres electrode. Reproduced from Li, Yang et al. (2023) with
permission from Elsevier.



growth of Fe5� xGeTe2/graphene heterostructures through the

vdW epitaxy of Fe5� xGeTe2 on epitaxial graphene. Structural

analysis verifies the formation of a continuous vdW hetero-

structure film, characterized by a well defined interface.

Magnetic and transport investigations demonstrate the

persistence of ferromagnetic order well above 300 K, accom-

panied by a perpendicular magnetic anisotropy. Furthermore,

the epitaxial graphene on silicon carbide [SiC(0001)]

continues to exhibit high electronic quality (Lv et al., 2023).

Finally, at the end of the year, Li, Zhu et al. (2023) demon-

strated the efficient switching of perpendicular magnetization

in the vdW ferromagnet Fe3GaTe2 at r.t. (Curie temperature

�340 K) within an Fe3GaTe2/Pt bilayer using spin–orbit

torques (SOTs) with a relatively low current density (1.3 �

107 A cm� 2). The high SOT efficiency surpasses those

observed in Pt-based heavy metal/conventional ferromagnet

devices. These findings, showcasing r.t. vdW ferromagnet

switching via SOTs, provide a crucial foundation for advancing

spin-based logic and neuromorphic computing applications.

However, an in-plane magnetic field is still required to break

the in-plane symmetry for deterministic switching in our SOT

devices, which is challenging for device integration.

Going one step further, understanding the behavior of

materials in ultrafast magnetic storage devices will pave the

way for improved data storage technologies. For example, the

potential of manipulating spin in antiferromagnetic materials

holds significant promise in antiferromagnetic opto-spintronics.
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Figure 10
(A) Schematic representations illustrate �-Fe/Pr2Fe14B homogeneous structure (HS), gradient structure (GS) characterized by spatial variation in grain
size, and gradient compensation structure (GCS) featuring reverse gradient variations in both grain size and �-Fe content. All designed nanostructures
maintain a consistent 20% �-Fe composition. (B) A gradient variation in the crystal orientation of Pr2Fe14B and �-Fe phases can be achieved. The crystal
orientations [110] for the �-Fe phase weaken gradually as indicated by the decline in their corresponding diffraction peak intensity, accompanied by a
decrease in grain size simultaneously. (C)–(E) Cross-sectional TEM images showing the mentioned grain size. (F) Remanence (Br) and coercivity (Hc)
values are presented for representative isotropic �-Fe/Pr2Fe14B nanocomposite magnets prepared using different methods. Adapted with permission
from (Li, Lou et al., 2022). Copyright 2022 American Chemical Society.

Figure 11
Diagram depicting a spin-valve device featuring Fe5GeTe2 on a graphene
channel alongside a reference Co/TiO2 electrode. The inset at the bottom
right provides a schematic illustration of spin injection from Fe5GeTe2

into the graphene channel through the van der Waals gap, resulting in a
non-equilibrium spin accumulation �� in graphene. Adapted from Zhao
et al. (2023) under a Creative Commons Attribution 4.0 International
License, https://creativecommons.org/licenses/by/4.0/.

https://creativecommons.org/licenses/by/4.0/


While laser pulses have been known to induce a transient

ferromagnetic state in antiferromagnetic metallic systems, this

phenomenon has not been demonstrated in 2D anti-

ferromagnetic semiconductors and related vdW hetero-

structures. In this regard, employing state-of-the-art real-time

time-dependent density functional theory, the dynamics of

optically induced interlayer spin transfer on 2D vdW hetero-

structures with ferromagnetic MnS2 and antiferromagnetic

MXenes as prototypes were investigated. The results revealed

substantial spin injection and interfacial atom-mediated spin

transfer from MnS2 to Cr2CCl2 induced by laser pulses,

providing the first demonstration of a transient ferromagnetic

state in semiconducting antiferromagnetic� ferromagnetic

heterostructures during photoexcited processes (Li, Zhou et

al., 2022). Applying a comparable method, an ultrafast laser

pulse can prompt a nonmagnetic MoSe2 monolayer interfaced

with vdW ferromagnetic MnSe2 to transition into a ferro-

magnetic state. The findings indicate that the momentary

ferromagnetism observed in MoSe2 originates from the

immediate ultrafast interlayer spin transfer from Mn to Mo

across a vdW-coupled interface [depicted in Figs. 12(A) and

12(B)], with a delay of approximately a few femtoseconds (He

et al., 2022). This delay proves to be highly contingent on laser

duration and interlayer coupling, offering a means to modu-

late the amplitude and rate of spin transfer. Additionally, the

study establishes that photoinduced ferromagnetic states can

be achieved in other transition metal dichalcogenides, such as

PtS2 and TaSe2 monolayers (Li, Zhou et al., 2022). Overall,

these findings offer a microscopic insight into optically

controlled interlayer spin dynamics in 2D magnetic hetero-

structures, paving the way for manipulating magnetic order in

2D materials for ultrafast opto-spintronics. Moreover, Mishra

et al. (2022) proposed a novel approach that not only facil-

itates light-driven bit downscaling but also reduces the

required energy for magnetic memory writing while providing

precise control over the degree of demagnetization in a

magnetophotonic surface crystal. The system features a

regular array of truncated-nanocone-shaped Au–TbCo

antennas exhibiting both localized plasmon and surface lattice

resonance modes [Fig. 12(C)]. The ultrafast magnetization

dynamics of these nanoantennas reveal a threefold resonant

enhancement in demagnetization efficiency. Additionally, the

activation of surface lattice modes allows for the tuning of the

degree of demagnetization [Fig. 12(D)]. This platform

presents a unique opportunity where ultrafast demagnetiza-

tion is localized at the nanoscale and can be controlled,

offering a multistate system.

In summary, effective strategies for enhancing the Curie

temperature of 2D magnets through chemical functionaliza-

tion, isoelectronic substitution, alloying, strain engineering,

defect engineering, electronic/magnetic field application,

interlayer coupling, carrier doping, optical control and inter-

calation were recently reported (Jiang et al., 2021). The

ongoing research on 2D magnets with novel properties is

anticipated to not only contribute to fundamental physics

exploration but also advance the development of efficient,

non-volatile memory, spin-based logic devices and spin-

dependent optoelectronics. Additionally, understanding the

interplay between magnetism and superconductivity, particu-

larly in 2D superconductors, is crucial for high-temperature

superconductivity and superconductor spintronics.

4.3. Catalysts

Catalytic reactions depend on thermodynamic energy

barriers and kinetic processes, often facing trade-offs between

reactant transport kinetics and local reaction kinetics. This

dilemma can be addressed by engineering ordered structures

that facilitate faster reactant transport and reduce the ther-

modynamic energy barrier of catalytic reactions (Mitchell et

al., 2021; Chen & Yu, 2020). As illustrated in Fig. 13(A),

nanoscale-ordered catalytic Pt nanotubes, deposited periodi-

cally on a glassy carbon electrode, serve as active catalytic sites

for methanol oxidation reactions (MOR) (Chen et al., 2019). A

comparison of methanol potential with ordered and disor-

dered Pt nanotubes on the electrode surface reveals that

ordered Pt nanotubes lead to lower methanol potential due to
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Figure 12
(A) Illustrates the atomic and electronic structure of MoSe2/MnSe2 vdW
heterostructures. Side view of MoSe2/MnSe2 bilayers under photo-
excitation, where purple, magenta and green represent Mo, Mn and Se
atoms, respectively. (B) Density of states for Mn and Mo atoms on MnSe2

and MoSe2 layers, with red and black arrows denoting the pathway of
photoexcited spin transfer from Mn to Mo atoms. (C) Regular array of
truncated-nanocone-shaped Au–TbCo antennas. (D) Peak demagneti-
zation values plotted against applied fluence. The solid data points
correspond to measurements along a direction labeled dS+L, while the
open data points represent measurements along the perpendicular
direction labeled dL. Solid lines indicate Curie-law fits for data points
along the dS+L direction, and dashed lines represent Curie-law fits for
data points along the dL direction. Red data points and lines indicate
on-resonance pumping, while blue data points and lines denote off-
resonance pumping of the localized plasmon mode. Adapted with
permission from He et al. (2022) (copyright 2022, American Chemical
Society) and Mishra et al. (2022) (under a Creative Commons Attribution
4.0 International License, https://creativecommons.org/licenses/by/4.0/).

https://creativecommons.org/licenses/by/4.0/


the existence of a microelectronic field. When Pt nanotubes

are arranged periodically, methanol molecules are concen-

trated around the Pt catalytic sites, maximizing catalytic effi-

ciency. In contrast, random and disordered Pt nanotubes result

in an oversupply of methanol molecules at a single potential

valley, reducing catalytic efficiency. Moreover, Chen et al.

(2021) proposed a comprehensive kinetic model that couples

mass transfer and surface reactions on the nanocatalyst-

modified electrode surface [Fig. 13(B)]. This model aims to

provide insights into and optimize the kinetics of electro-

catalysis. Additionally, the authors demonstrate a theory-

guided microchemical engineering (MCE) approach to

systematically redesign catalysts for improved kinetics.

Experimental investigations involving MOR reactions in a 3D-

ordered channel with adjustable channel sizes validate the

predictions made by calculations (Chen et al., 2021). When

employing the optimal channel size, both mass transfer and

surface reactions in the channeled microreactor exhibit

precise regulation. This MCE strategy represents a significant

advancement in the design of structured catalysts and the

modulation of kinetics (Chen et al., 2021).

Achieving higher catalytic efficiency in the oxygen reduc-

tion reaction (ORR), a crucial process in fuel cell and metal–

air battery electrodes, is of paramount importance while

maintaining cleanliness and stability. Research has demon-

strated that effective strategies involve heteroatom doping

and structural optimization. In a recent study, Li, Fan et al.

(2021) introduce a novel design featuring a single-atom-like B-

N3 configuration within ordered macroporous carbon (OMC)

to catalyze the ORR efficiently, inspired by extensively

studied transition metal M–Nx sites. These B–N3 structures are

embedded in OMC (synthesized using a hydrogen-bonded

organic framework as carbon and nitrogen sources), along

with SiO2 spheres as a template. The co-doping of B/N and the

ordered macroporous structure significantly enhances the

oxygen reduction catalytic performance in alkaline environ-

ments for this metal-free material (Li, Fan et al., 2021). This

research offers fresh insights into designing single-atom-like

nonmetallic ORR electrocatalysts and fabricating ordered

macroporous carbons based on hydrogen-bonded organic

frameworks.

In addition, a comprehensive investigation to understand

the impact on the band gaps of Ta–O–N functional materials

of both composition variations ("-Ta2O5, TaON and Ta3N5)

and crystal structure variations (�-Ta2O5, �-Ta2O5, "-Ta2O5

and amorphous Ta2O5) was conducted using DFT (Liu et al.,

2018). Findings indicate that the interactions between atomic

core and valence electronic states, as well as the overlap

between valence electronic states, significantly influence the

band gap (Fig. 14). Considering their potential in photo-

catalytic water splitting and solar energy utilization, Ta3N5 and

TaON are identified as promising materials for efficient

photocatalysis, while �-Ta2O5 is suited for photocatalytic

degradation of various pollutants due to its oxidation potential

and suitable band gap for visible light absorption. Although

amorphous Ta2O5, "-Ta2O5 and �-Ta2O5 are not ideal for

direct use as photocatalysts, they can serve as modifiers for

conventional Ta–O–N photocatalysts, given their similar
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Figure 13
Structural ordering in catalytic materials. (A) Schematic of the kinetic model for MOR near ordered Pt nanotubes on an electrode surface. (B) Upper: a
detailed kinetic model that encompasses the diffusion/local electric-field-induced mass transfer of MeOH and the surface reaction of MOR near the
electrode surface. Bottom: illustration of 1D assemblies on the electrode surface and the interaction potentials of MeOH under the local electric field
induced by both disordered and ordered configurations. Panel (B) reproduced with permission from Chen et al. (2021). Copyright 2021, American
Chemical Society.

Figure 14
Diagram of polyhedrons and calculated positions of the valence and
conduction band edges of different Ta–O–N materials (vacuum level, in
eV) and the potential in V (versus NHE). The two dashed horizontal red
lines represent the redox potentials of water.



composition and structure. These results offer valuable

reference data for analyzing the optical properties of more

intricate Ta–O–N functional materials and provide insights for

designing novel Ta–O–N materials tailored to specific opto-

electronic applications by adjusting composition and crystal

structure.

Catalytic processes depend on the interactions between

materials and reactants at the atomic level. Synchrotron

radiation and XFELs equipped for advanced techniques, such

as X-ray emission spectroscopy (XES) (Alonso-Mori et al.,

2020) and X-ray absorption spectroscopy (XAS) (Diesen et

al., 2021) allow one to probe the electronic structures of

materials, offering a better understanding of the mechanisms

behind catalytic reactions (Bergmann et al., 2021; Cao et al.,

2023). Moreover, Bragg geometry coherent X-ray diffraction

imaging (BCDI) permits obtaining the shape of an object as

well as the displacements and strains (Robinson & Harder,

2009). Finally, time-resolved BCDI measurements with

XFELs provide kinetic information of the internal displace-

ment distribution, with�100 times higher time resolution than

synchrotron sources due to their intense and fully transversely

coherent X-ray beam (Bergmann et al., 2021; Cao et al., 2023).

Zeolites are three-dimensional aluminosilicates with unique

properties attributed to the characteristics of their sub-

nanometre pores, the Si/Al ratio in the framework and the

charge-balancing cations. In addition, the range of atoms used

in framework building has expanded beyond the original Si

and Al to include Sn, P, Ti, Fe and Zr, among others. Currently,

natural or synthetic zeolites have over 250 distinct framework

types identified (Baerlocher et al., 2023). The non-uniform

distribution of these cations significantly impacts catalytic

performance by affecting the diffusion rates of reactants and

products within the crystal (Xu & Wu, 2022). Zeolites are

widely researched for their efficient catalytic properties due to

their well defined pores and high chemical, thermal and

mechanical stabilities (Li et al., 2017; Hullfish et al., 2023). The

catalytic applications of zeolite materials have expanded

beyond conventional single functionalities, such as solid acids

or selective oxidation catalysts, to bi/multifunctionalities

through combination with metals or metal oxides (Xu & Wu,

2022). Zeolites are an excellent example in catalytic science of

the crucial role of structure in function. The pore structure can

control selectivity, making it a key factor in determining the

effectiveness of the catalyst. To adjust the pore structure of

zeolites, it is possible to alter the composition and bulk

framework. Moreover, to enhance selective adsorption, the

external surface of zeolites can be modified with an additional

diffusion layer or functional group (Peng et al., 2020). Another

approach is to adjust the pore openings of zeolites to improve

adsorption selectivity (Zhou et al., 2022).

Nevertheless, conventional analytical tools do not capture

structural deformations associated with non-uniform active

regions during catalysis. In a recent study in situ XFEL-based

time-resolved coherent X-ray diffraction imaging was

employed to investigate the internal deformations arising

from the non-uniform distribution of Cu ions in Cu-exchanged

ZSM-5 zeolite (NanAlnSi96� nO192·16H2O, 0 < n < 27) crystals

during the deoxygenation of nitrogen oxides with propene

(see Fig. 15) (Kang et al., 2020). Findings reveal that interac-

tions between reactants and active sites result in an unusual

strain distribution. These insights shed light on the significance

of structural non-uniformity in zeolites during catalysis and

will aid in the future design of zeolites for various applications.

Finally, metal centers in metalloenzymes and molecular

catalysts play a crucial role in facilitating complex chemical

reactions by orchestrating the rearrangement of atoms and

electrons, controlling charge and spin transfer, and influencing

bond formation and cleavage. A prominent illustration of

simultaneous XES and XRD applications can be found in the

extensive studies on photosystem II (PSII) crystals (Ibrahim et

al., 2020). PSII, a metalloenzyme, drives the light-induced

four-step oxidation of water to produce molecular oxygen (as

shown in Fig. 16) and has been extensively investigated using

XFELs (Ibrahim et al., 2020). XFELs, with their ultrafast

pulses, can effectively mitigate radiation damage. Within the

PSII catalytic site lies a Mn4CaO5 cluster embedded in a large

protein complex, and each step of the reaction cycle is initi-

ated by photon absorption. The Mn4CaO5 cluster accumulates

charges, eventually catalyzing the oxidation of two water

molecules, which results in the release of molecular oxygen,
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Figure 15
Experimental principles and reactions. (A) Scheme of the in situ XFEL-based time-resolved coherent X-ray diffraction imaging experiment. The Cu–
ZSM-5 is a monoclinic structure, where �ffi 90.4� and � = � = 90�. (B) Catalytic deoxygenation reactions in the Cu–ZSM-5. Propene adsorption (in blue)
and NOx deoxygenation (in red) by inserting NO and O2 in the presence of adsorbed propene molecules. Reproduced from Kang et al. (2020) under a
Creative Commons Attribution 4.0 International License, https://creativecommons.org/licenses/by/4.0/.

https://creativecommons.org/licenses/by/4.0/


four protons and four electrons. Combined XRD and XES

analyses initially confirmed that the Mn4CaO5 cluster in PSII

microcrystals used for diffraction measurements remained in

an intact non-reduced state. Simultaneously acquired XES–

XRD data revealed that the Mn cluster undergoes a structural

rearrangement during the S2 to S3 transition (Ibrahim et al.,

2020). This rearrangement includes cluster widening and the

insertion of an additional oxygen bridge between Mn and Ca,

forming a Mn4CaO6 cluster. Subsequent time-resolved data

collection using XES and XRD unveiled that this transition

occurs with a time constant of approximately 300 ms. More-

over, the structural data indicated that certain amino acid

residues in the vicinity of the Mn4CaO5 cluster experience

structural changes before the metal cluster expands and the

new oxygen bridge is inserted. The simultaneous XES and

XRD approach facilitated the conclusion that Mn oxidation

and oxygen insertion occur simultaneously during this tran-

sition.

5. In conclusion

Structural sciences stand as indispensable contributors to the

advancement of functional materials, offering a holistic insight

into atomic and molecular arrangements, crystal structures,

chemical compositions, defect characteristics, and material

dynamics. This profound understanding empowers researchers

to craft of materials with tailored functionalities, thereby

fueling innovation across diverse sectors such as electronics,

energy storage, catalysis and beyond. The continuous

progression of these sciences is poised to play a pivotal role in

shaping the materials of the future and their transformative

impact on technology and society. The IUCr, through its

ongoing commitment to research and global scientific colla-

boration, plays a crucial role in driving the development of

new functional materials by providing an international plat-

form that facilitates the exchange of knowledge, promotes

innovative discoveries, and fosters networking among scien-

tists and crystallographers worldwide.

Over the past decade, a convergence of cutting-edge tech-

nologies, including X-ray free-electron lasers, electron

diffraction techniques and computational methods, has

sparked a revolution in the characterization of materials.

These groundbreaking tools have significantly enhanced our

comprehension of functional materials, enabling in-depth

explorations into atomic structures, dynamic processes, elec-

tronic properties, phase transitions and the behavior of

materials under extreme conditions. Particularly, XFELs have

pushed the boundaries of materials science, facilitating

exploration at the atomic and molecular levels and driving

innovations across various technological domains. In the

broader landscape of materials science, precession electron

diffraction tomography has emerged as a transformative

technique, expediting the discovery and design of novel

functional materials. The capacity of PEDT to offer a

comprehensive three-dimensional view of crystal structure,

coupled with its ability to capture dynamic processes, positions

it as an indispensable tool for researchers at the forefront of

materials innovation. Simultaneously, computational methods

have risen as a cost-effective, efficient and complementary

approach to materials research, further hastening the devel-

opment of innovative materials for a broad spectrum of

applications.

As these technologies progress, I envision the emergence

of even more revolutionary discoveries and applications in

the domain of functional materials, solidifying the pivotal

role of these scientific advancements in shaping our future.
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Figure 16
Combined XRD and XES structural studies on photosystem II. (A) The overall structure of the protein and the four-step catalytic cycle (Kok cycle),
revealed by flashes 1F–4F. For each of the stable states S0, S1, S2 and S3, the XRD structures of the catalytic Mn4Ca clusters (O in red, Mn in pruple and
Ca in green) obtained from X-ray free-electron laser measurements are also shown. (B) Results from time-resolved XES and XRD measurements,
together with kinetic simulations based on previous infrared (IR) or XAS measurements. Adapted from Ibrahim et al. (2020) under a Creative Commons
Attribution NonCommercial-NoDerivs 4.0 International License, https://creativecommons.org/licenses/by/4.0/.

https://creativecommons.org/licenses/by/4.0/


Unraveling the intricacies of complex materials’ functions

hinges on understanding their atomic-scale structures and

their dynamic process, representing a critical challenge. Thus,

the current imperative is to devise and implement a consistent

methodology capable of seamlessly integrating diverse yet

complementary measurements within the field of structural

sciences. The narrative of functional materials stands as a

testament to human ingenuity, curiosity and an enduring

commitment to progress. From the early days of fire and

metalworking to the forefront of modern nanotechnology,

these materials have consistently reshaped societies and will

undoubtedly continue to do so in the future.
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