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In the Physics and Materials Science section this year, we 
report articles covering diverse fascinating topics in basic 

and applied sciences. A study of the electronic structure 
of a high-Tc cuprate discusses evidence for a quantum-
critical scaling and its relation with charge ordering. Studies 
on monolayer systems continue to provide unexpected 
results: a strongly correlated charge-density-wave (CDW-
Mott) phase was found to show a relatively high CDW 
ordering temperature with an electronic structure that is 
robust against doping as well as laser irradiation; a novel 
phenomenon of a topological proximity effect, occurring 
between a 2D material and a 3D topological insulator, was 
identified, thereby opening a route to create quantum 
spin-Hall systems in monolayer-substrate heterostructures. 
A multi-orbital system in which not only on-site Coulomb 
energy U but also Hund’s coupling JH are critical parameters 
for the ground state was investigated; it revealed clear 
quasiparticle dispersions as well as doping-dependent 
low-energy kink structures that provide direct evidence for 
the role of JH in its electronic structure. A highly innovative 
study using a miniature floating-gate transistor geometry 
showed that a partially oxidized InSe surface layer can act 
as an effective gate that generates a stable electron-storage 
effect in the underlying InSe channel, with prospective 
applications for non-volatile memory devices. An in-situ/
operando X-ray absorption spectroscopy study of a double 
perovskite, Sr2CoIrO6−δ, revealed the role of an uncommon 
hexavalent Ir6+ configuration in accelerating electrocatalytic 
water oxidation; the obtained results make Sr2CoIrO6−δ 
the most efficient perovskite-based solid-state catalyst for 
oxygen-evolution reaction. (by Cheng-Maw Cheng and 
Ashish Atma Chainani)
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W hen doped with holes or electrons, cuprates at low 
temperatures can be tuned from a Mott insulating 

phase to a superconducting phase and then to a Fermi-
liquid phase. In addition, an enigmatic pseudogap phase 
exists in the underdoped regime of hole-doped cuprates 
above superconductivity transition temperature TC with 
crossing temperature T*, which decreases monotonically 
when the doping is increased. Several symmetry-breaking 
orders such as charge-density waves (CDW) have also 
been discovered in cuprates with comparable onset 
temperatures. Charge fluctuations are among the most 
fundamental collective excitations in matter. CDW 
in cuprate superconductors have attracted renewed 
interest, but their mechanism and competition with 
superconductivity remain subjects of vigorous discussion. 
Upon tuning a non-thermal parameter through a critical 
value, quantum phase transitions occur at the absolute 
zero of temperature T. The putative quantum-critical point 
(QCP) in a cuprate holds the key to understanding many 
profound phenomena related to its superconductivity. In 
approaching a QCP, two quantum states of the system can 
exchange their energy ordering. As a result, a CDW state 
can be intertwined with the superconducting state. Also, 
because the energy difference is small, switching back 
and forth between CDW and superconducting ground 
states is energetically likely, resulting in quantum charge 
fluctuations. 

Previous studies proposed that the charge-density 
fluctuations permeate through a broad region of the 
cuprate phase diagram, but a crucial task in the scenario of 
the presence of QCP is to identify the ordered phases that 
terminate at the QCP. Herein, Atsushi Fujimori (Waseda 
University, Japan), Chien-Te Chen (NSRRC), and Di-Jing 
Huang (NSRRC) and their teams presumed the ordered 
phases to be the CDW order and sought evidence for the 
QCP associated with the CDW in the superconducting 
phase. Inelastic X-ray scattering probes charge fluctuations 
on measuring dynamical structure factor S(q, ω), which 
is the space and time Fourier transformation of the 
density-density correlation function. Because O K-edge 
resonant inelastic X-ray scattering (RIXS) probes particular 
characteristics of the dynamical charge fluctuations of 
CDW, although additionally modulated by the effects 
of RIXS matrix elements, light polarization and orbital 
characters, they performed high-resolution O K-edge 

RIXS measurements and theoretical calculations through 
a diagrammatic framework to investigate the quantum 
fluctuations of charge order in superconducting cuprate 
La2−xSrxCuO4 (LSCO) near the optimal doping. 

The O K-edge RIXS measurements were conducted with 
the AGM-AGS spectrometer at TPS 41A of the Taiwan 
Photon Source. The especially constructed AGM-AGS 
beamline is based on the energy compensation principle 
of grating dispersion. The ultra-high energy resolution 
allows collection of high-resolution RIXS data with energy 
resolution 16 meV at incident photon energy 530 eV. 

To unveil the charge instability and the coupling between 
CDW fluctuations and phonons in LSCO, Fig. 1(a) presents 
a series of maps of temperature-dependent RIXS intensity 
distribution in the plane of energy loss vs in-plane 
momentum transfer q|| along (π, 0); Fig. 1(b) shows those 
maps after the subtraction of elastic scattering. There 
exists a pronounced excitation feature of energy about 
14 meV in the neighborhood of qCDW. This low-energy 
RIXS excitation appears to shift away from qCDW when the 
thermal energy approaches the excitation energy. This 
condition reflects that, at low temperatures, the low-energy 
RIXS excitation is dominated by charge-density fluctuations 
and its contribution from the coupling of CDW to acoustic 
phonons increases with increasing temperature. RIXS 
measures other phonon excitations in addition to that 
pronounced low-energy feature. The electron-phonon 
coupling involved with states near the Fermi level is weak 
for the apical mode; the contribution of apical phonons 
to RIXS can be neglected. The RIXS spectra were fitted 
with three components for high-energy phonons, i.e., 
bond-stretching, A1g buckling, and B1g buckling phonons, 
which plot fitted spectra of q|| = 0.23 and 0.16 at 24 K, 
respectively. The observed phonon softening also agreed 
with the calculation. Their curve-fitting results show that 
these phonons all exhibit the strongest softening at q|| 
= (0.25, 0) rather than qCDW, supporting the scenario of 
discommensurate CDW in LSCO at doping level x = 0.15. 

Although the RIXS measurement was performed only on a 
sample near optimal doping, quantum-critical scalings of 
charge fluctuations in the temperature domain were clearly 
demonstrated. These results are consistent with speculation 

Evidence for a Quantum-Critical Scaling 
Associated with Charge Order
Elucidating the role of charge order in cuprates provides evidence for quantum-critical scaling and discommensurations 
associated with charge order.
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about the existence of a QCP. In contrast, on suppressing 
superconductivity in high magnetic fields, linear scalings in 
resistivity were observed in a more extended regime about 
the putative QCP near doping level 0.2. While the extended 
linear-resistivity region showed quantum scaling in 
temperature, it did not exhibit the quantum-critical scaling 
in the non-thermal parameter, doping. The correspondence 
between quantum criticality and T-linear resistivity might 
thus not be of necessity. The apparent extended critical 
region that is overlapped with the putative QCP might 
just be a non-Fermi-liquid phase. In this scenario, the CDW 
phase becomes a non-Fermi-liquid phase as the doping 
level is tuned across the putative QCP.

In conclusion, they observed short-range CDW in LSCO near 
the optimal doping over a wide temperature range; these 
orders compete locally with the superconducting order. 
Through combining high-resolution RIXS measurements, 
theoretical modeling and diagrammatic calculations, 

their results provide evidence for phonon softening in 
superconducting cuprates induced by charge order. The 
observation of phonon softening indeed results from 
quantum fluctuations of the charge order. (Reported by 
Cheng-Maw Cheng)

This report features the work of Atsushi Fujimori, Chien-Te 
Chen, Di-Jing Huang and their teams and their collaborators 
published in Phys. Rev. X 11, 041038 (2021).

TPS 41A  Soft X-ray Scattering
• RIXS, Coherent Scattering, CDI, Ptychography
• Materials Science, Condensed-matter Physics
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Fig. 1: Temperature-dependent O K-edge RIXS of optimally doped LSCO. (a) RIXS intensity distribution maps in the plane of energy loss vs 
in-plane momentum transfer q|| along (π, 0) at varied temperature T. (b) RIXS intensity distribution maps after subtraction of elastic 
scattering. All RIXS spectra are recorded with σ-polarized incident X-rays of energy tuned to the ZRS hole. [Reproduced from Ref. 1]
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Fig. 1: Schematics of star-of-David clusters, scanning tunneling 
microscopy and core-level photoemission spectra of monolayer 
1T-TaSe2. (a) Schematics of displacement of Ta atoms in the 
star-of-David cluster. M and X represent transition-metal 
and chalcogen atoms, respectively. (b) Schematics of crystal 
structure for monolayer 1T-TaSe2 and star-of-David clusters with 
periodicity √13 × √13. (c) STM image in surface area 8 × 8 nm2 for 
monolayer 1T-TaSe2 on bilayer graphene measured at T = 4.8 K. 
(d) Temperature dependence of EDCs around the Ta-4f core level 
measured with hν = 260 eV for monolayer 1T-TaSe2. [Reproduced 
from Ref. 4]

A Monolayer CDW-Mott Phase Robust Against 
Heat, Light and Doping
Angle-resolved photoemission spectroscopy showed that the band structure of a monolayer of the transition-metal 
dichalcogenide 1T-TaSe2 is stable against heat, laser excitation and doping.

T he combination of low-dimensionality and electron correlation are crucial for exotic quantum phenomena such as the 
Mott-insulating phase and high-temperature superconductivity. The transition-metal dichalcogenide (TMD) 1T-TaS2 has 

attracted enormous interest because of its unique non-magnetic Mott-insulator nature, which is well known to be associated 
with a charge-density-wave (CDW) transition. In its bulk form, the CDW-Mott transition temperature TCDW-Mott for 1T-TaS2 is, 
however, less than 200 K. Attempts to increase TCDW-Mott have not succeeded to date, but enhancement of TCDW-Mott is necessary 
for use in applications at room temperature and above. Researchers in an international collaboration have now shown that a 
monolayer of 1T-TaSe2 exhibits a strong-coupling two-dimensional (2-D) CDW-Mott phase with transition temperature onset 
~530 K. Furthermore, the electron-electron correlation-derived lower Hubbard band survives under external perturbations 
such as carrier doping and laser excitation, in contrast to the bulk counterpart.

The layered transition-metal dichalcogenide (TMD) 1T-TaS2 
is considered to be a special example of a bandwidth-
controlled Mott-transition material1,2 in the absence of 
magnetic order. Bulk 1T-TaS2 undergoes a Mott transition 
accompanied by a commensurate CDW characterized by 
the star-of-David cluster (Fig. 1(a)) with a periodicity √13 
× √13 (Fig. 1(b)), at TCDW-Mott ~200 K. Recent studies have 
focused on the exploration of unusual properties in the 
atomic-layer limit in TMD, with the possible emergence 
of exotic quantum phenomena in the pure 2D limit.3 The 
nature of a pure 2D CDW-Mott phase in terms of its stability 
at high temperatures and under photoexcitation, possibility 
for magnetism, etc. compared with the 3D bulk case has 
been scarcely explored. Furthermore, the most important 
issue regarding the interplay between the Mott phase and 
dimensionality has yet to be clarified. 

In this work, the authors grew high-quality single-phase 
monolayer 1T-TaSe2 with a CDW-Mott transition temperature 
onset ~530 K. The samples were first characterized with a 
scanning tunneling microscope (Fig. 1(c)) to confirm the 
monolayer nature. Core-level photoemission spectra (Fig. 
1(d)) showed a temperature-dependent splitting of the Ta 
4f core levels, which is well known as a signature of CDW 
order in TMD materials. Figure 2 (see next page) shows 
the temperature-dependent angle-resolved photoemission 
spectroscopy (ARPES) results that confirmed the CDW-Mott 
insulating phase to be stable up to high temperatures; the 
authors estimated a transition temperature TCDW-Mott ~530 K. 
The authors then carried out doping-dependent studies at 
beamline TLS 21B1 of the Taiwan Light Source. A calibrated 
dosing of the monolayer 1T-TaSe2 surface with K atoms was 
implemented; the corresponding ARPES spectra are shown in 
Fig. 3 (see next page). The results showed that the lower Hubbard band, a characteristic of a strongly correlated CDW-Mott 
phase, survived with a large doping content and only shifted to higher binding energies,4 as seen in Fig. 3. 
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Fig. 3: CDW–Mott insulator phase in monolayer 1T-TaSe2 robust against electron doping. (a–c) K-deposition 
dependence of ARPES intensity along the ΓK cut for monolayer 1T-TaSe2 [potassium coverage dK = 0 (pristine), 
3.2 × 1013 and 6.4 × 1013 atoms/cm2, respectively], measured at T = 300 K with hν = 51 eV. (d–f) Same as (a–c), 
but obtained on taking the second derivative of EDC. (g) EDC at the Γ point for each dK. (h) Plots of intensity at 
EF with respect to that at LHB, IEF/ILHB, as a function of dK, estimated from the EDC in (g). The IEF/ILHB values for 
bulk TaS2 measured at T = 30 and 300 K are also plotted. Error bars reflect uncertainties originating from the 
energy resolution and statistics of data. [Reproduced from Ref. 4]

Fig. 2: CDW–Mott phase of monolayer 1T-TaSe2 robust against temperature variation. (a−c) Near-EF 
ARPES intensity along the ΓK cut measured at T = 40, 300 and 450 K, respectively. (d) Temperature 
dependence of EDC at the Γ point. EDC for bulk 1T-TaS2 (T = 30 and 300 K); bulk 1T-TaSe2 (T = 30 
K) is also shown as a reference. (e) Squared leading-edge midpoint ΔLEM at the Γ point plotted 
against T for monolayer 1T-TaSe2 (blue circles), with results of numerical fitting with the semi- 
phenomenological (blue solid curve) BCS gap functions. ΔLEM and fitting results are also plotted 
for bulk 1T-TaS2 (red). We obtained {TCDW-Mott, A} = {530 K, 1.01} and {180 K, 1.50} for monolayer 
1T-TaSe2 and bulk 1T-TaS2, respectively. Error bars in (e) reflect uncertainties originating from energy 
resolution and standard deviation in the peak positions of EDC. [Reproduced from Ref. 4]

The authors further confirmed that the electronic band structure of the CDW-Mott phase was stable also under 
photoexcitation, using laser-based pump-probe ARPES measurements. From a careful analysis of all the data, the authors 
showed that the enhanced transition temperature, as well as the Mott-Hubbard and CDW gaps for monolayer 1T-TaSe2, 
originate from (i) a lattice distortion in combination with enhanced electron-electron correlations, and (ii) a disappearance 
of interlayer hopping in the monolayer limit compared to the bulk. The study4 thus established an effective method to 



3 D topological insulators (TI), which refer to the states 
of matter with an insulating gap in the bulk and 

gapless helical states on the surface, have attracted much 
attention due to their fascinating electronic structures. 
Proximity effects that occur in heterojunctions comprised 
of TIs and materials can provide an interesting platform to 
produce emerging quantum phenomena of Dirac fermions 
at the interfaces. For instance, it has been predicted that 
a hybrid structure made of a 3D TI and a superconductor 
can produce a superconducting proximity effect at the 
interface, which might lead to the emergence of 2D 
topological superconductivity hosting Majorana fermions. 
In graphene transferred on 3D TI, a strong proximity effect 
can induce opening of the band gap and strong spin-
orbital coupling, which leads to a strong tunability and 
suppression of the spin signal and lifetime. Moreover, the 
predictions of such an interaction with non-topological 
states at the interface between a normal insulator (NT) and 
a TI might result in vertical twinning of the Dirac cone; the 
non-topological states can acquire a spin texture without 
magnetic doping. The study of the band structure of 2D 
NI/3D TI is significant to understand topological proximity 
effect; the results bear great potential for spintronics. 

Herein, Jung-Chun Andrew Huang (National Cheng 
Kung University), Tay-Rong Chang (National Cheng Kung 

University), Cheng-Maw Cheng (NSRRC) and their teams 
studied a novel phenomenon termed a topological 
proximity effect, which occurs between a 2D material and 
a 3D TI. To understand further the change of electronic 
structure between Sb2Te3 and the antimonene/Sb2Te3 
hybrid heterostructure, they performed an experiment at 
TLS 21B1 beamline of the Taiwan Light Source recording 
angle-resolved photoemission spectra (ARPES) to probe 
the band structures. Figures 1(a) and 1(b) (see next page) 
show the band-mapping results of pristine Sb2Te3 and 
antimonene/Sb2Te3 recorded along the Г-K direction. In 
a comparison of the two band-mapping results along 
direction Г-K between Sb2Te3 and antimonene/Sb2Te3, an 
additional Sb-bilayer (BL)-derived band is observed near 
the Fermi level; the band structure of Sb2Te3 has a rigid 
band shift to larger binding energy. Figure 1(c) shows an 
enlargement of the energy scale in Fig. 1(b) to resolve the 
band dispersion around the Fermi level. The two Sb-BL-
derived bands have an intersection at the Γ point near the 
Fermi level; a new Dirac point Dsb is located almost at the 
Fermi level. The observed band dispersion indicates that a 
new topological state has been formed in the antimonene/
Sb2Te3 hybrid-heterostructure.

Figure 1(d) shows the calculated surface spectral weight 
with a color corresponding to the integrated charge 
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A Route to Create Quantum Spin Hall Systems

A novel phenomenon termed the topological proximity effect, which occurs between a 2D material and a 3D 
topological insulator, has generated a paradigm that opens a route to create quantum spin Hall systems in monolayer-
substrate heterostructures.

stabilize the CDW-Mott phase in terms of band engineering. The discovery of the robust CDW-Mott phase far above room 
temperature is considered valuable for developing practical CDW-Mott insulator-based ultrathin nanoelectronic devices. 
(Reported by Ashish Chainani)

This report features the work of Takafumi Sato, Katsuaki Sugawara and their collaborators published in Nat. Commun. 12, 5873 
(2021). 

TLS 21B1  Angle-resolved UPS
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density of the state within the 
Sb-BL, topmost quintuple layer 
(QL) (first QL), and the nearest-
neighboring QL (second QL) 
in Sb2Te3. Figures 1(e) and 
1(f) display the wide range 
and a magnification of the 
calculated band structures 
superimposed on the ARPES 
band mapping, respectively. 
The density-functional theory 
(DFT) calculations identify that 
the linear Dirac state near EF 
is derived from the Sb-BL. The 
free-standing Sb-BL is notably 
predicted to be a NI with band 
gap 2.28 eV. The topological 
Dirac state can thus be expected 
to appear at the interface 
between NI Sb-BL and TI Sb2Te3 
in the Sb-BL/Sb2Te3 hybrid 
structure based on a concept of a 
bulk-boundary correspondence. 
Surprisingly, their calculations 
manifest that the topological 
Dirac state is contributed mainly 
from the Sb-BL, whereas the 
band dispersion of the first QL 
and second QL in Sb2Te3 presents 
an energy gap. Following the 
idea of topological band theory, 
the covered Sb-BL can be effectively regarded as a new 
surface of the Sb-BL/Sb2Te3 hybrid structure. Sb-BL is hence 
topologicalized because of the proximity effect between 
Sb-BL and Sb2Te3. The interaction between the adjacent 
NI and TI is complicated. One possibility comes from the 
energy band hybridization between NI and TI because the 
type-II band alignment at the interface between NI and 
TI, that is, the valence-band maximum of a NI, is in the 
band gap of the TI, which might lead to an anti-crossing 
between the valence state of NI and the Dirac surface state 
of the TI, resulting in a new surface state that exists in the 
adjacent NI. The position of the Dirac point and the shape 
of the Dirac surface state can consequently be tuned on 
varying the energy position of the valence band of the NI, 
for example on altering the doping level. This advantage 
might be used to manipulate the topological properties of 
2D materials. More importantly, the spin spectral weights in 
the Sb-BL near the Fermi level exhibit clear spin-polarized 
states. In addition to the topological surface state, a quasi-
linear spin-polarized band was found above EF in the first 
QL. Interestingly, the chirality of its spin texture is opposite 
that of the Dirac state of Sb-BL. Contrary to the spin-
momentum locked spin texture in plane, an additional Sz 
spin band out of plane appears below EF in  
Sb-BL and the first QL, which is likely due to the strong 

warping effect in the hexagonal lattice. As a result, the 
direction of the spin texture of Sb-BL/Sb2Te3 becomes 
greatly modified via varying the Fermi level. Through the 
proximity effect induced at the interface, the antimonene/
Sb2Te3 2D NI/3D TI system provides a promising way to 
form a new TI state and to tune the position of the Dirac 
point. 

In summary, the authors provide strong evidence derived 
from hydrogen etching on Sb2Te3 that large-area and well 
ordered antimonene presents a 2D topological state. A 
new topological state formed in the antimonene/Sb2Te3 
heterostructure was confirmed with ARPES and calculations 
with DFT; in particular, the Dirac point was located almost 
at the Fermi level. The results reveal that Dirac fermions are 
indeed realized at the interface of a 2D NI and a 3D TI as 
a result of strong hybridization between antimonene and 
Sb2Te3. Due to the proximity effect induced at the interface, 
their work demonstrates that the antimonene/Sb2Te3 2D 
NI/3D TI system could provide a promising way to form a 
new TI state and to modify the direction of the spin texture 
of Sb-BL/Sb2Te3 via varying the Fermi level. (Reported by 
Cheng-Maw Cheng)

This report features the work of Jung-Chun Andrew Huang 
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Fig. 1: (a) Band-mapping result of Sb2Te3 taken at photon energy 24 eV. (b) Band-mapping result of 
antimonene/Sb2Te3 taken at photon energy 24 eV. (c) Enlarged energy scale of the band-mapping 
result in (b). (d) Calculated band structure of Sb-BL/Sb2Te3. (e) Overlapping band dispersion 
extracted from (d) on the band-mapping result of antimonene/Sb2Te3. (f) Enlargement of energy 
and momentum scales in (b). [Reproduced from Ref. 1]



and Cheng-Maw Cheng and their collaborators published in 
ACS Nano 15, 15085 (2021).
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A Hallmark of Hund’s Physics in the Multi-Orbital 
System
An abrupt deviation from Fermi liquid behavior has been directly observed in electron self-energy results as the kink 
feature at a low-energy scale. The results of the evolution of the characteristic temperature scale via a kink features, 
which is a hallmark of Hund’s physics in a multi-orbital system.

Since Mott’s initial proposal that an insulating ground state can appear due to the electron–electron correlation, the 
metal-insulator transition (MIT) has been at the core of condensed-matter physics. The Coulomb interaction U is the 

most important parameter; thus finding how the spectral function and energy scale evolve as a function of U has been a 
fundamental issue in MIT studies. The Brinkman-Rice picture and dynamical mean-field theory (DMFT) for the half-filled 
one-band Hubbard model show that the overall quasi-particle (QP) peak and Kondo temperature TK gradually become 
renormalized as U increases. At the MIT, the QP mass diverges with vanishing TK. Most realistic materials are, however, 
multi-orbital systems in which not only U but also Hund’s coupling JH is a critical parameter for the ground state. During the 
past decade, there has been a remarkable progress in the theoretical description of Hund’s physics in correlated electron 
systems. It was found that JH can enhance the effective correlation strength of multi-orbital systems by weakening the Kondo 
screening channel. The most drastic effect occurs in non-singly-occupied and non-half-filled cases such as iron pnictides, 
chalcogenides and ruthenates. Although these materials are metallic and are located far from the Mott insulating state, 
their small coherence energy scale due to JH induces incoherent transport properties. These new phases are classified as 
Hund’s metal; their correlated electronic structures have been intensively studied through both experimental and theoretical 
approaches. 

An important remaining question is how JH affects the evolution of the spectral function and the energy scale of multiband 
systems. Considering these aspects, NiS2−xSex, a half-filled system with degenerate Ni eg orbitals, is probably the most suitable 
multi-orbital system for an investigation of the evolution in the presence of JH. On varying the Se content, the correlation 
strength can be easily tuned in the existence of JH. To address the role of JH during the MIT, Changyoung Kim (Seoul National 
University, Korea), Cheng-Maw Cheng (NSRRC) and their teams reexamined the band structure of NiS2−xSex not only with 
angle-resolved photoemission spectra (ARPES) with finer doping steps and higher resolution but also via density-functional 
theory (DFT) plus DMFT with and without JH. They utilized ARPES to achieve the high resolution needed to observe clearly 
the QP of NiS2−xSex. Their results reveal clear QP dispersions as well as doping-dependent low-energy kink structures. The 
DFT+DMFT calculations also identify the kink structures, which explain the strongly suppressed temperature scale due to JH. 
The evolution of a kink observed in their ARPES data provides direct spectroscopic evidence for the evolution of the energy 
scale in the presence of JH. 

The α hole pocket is the most representative QP band for the Mott transition in NiS2−xSex. As the Fermi-surface volume of 
the α band is much larger than the others, the transport properties of NiS2−xSex should be dominated by the hole pocket. 
To study how the α band dispersion varies across the MIT, they performed ARPES experiments at TLS 21B1 beamline of the 
NSRRC. ARPES spectra along the Γ-X line were recorded at 16 K for diverse Se doping shown in Fig. 1. A QP band, distinct 
from the incoherent band (Fig. 1(g)), is clearly observed in all metallic samples, whereas the QP was not clearly discernible 
as it was buried under an incoherent spectral weight in previous reports (grey filled curve in Fig. 1(g)). The appearance 
or disappearance of the QP follows the MIT behavior along the Se doping; the QP is seen for the metallic phase (x ≥ 0.43) 
whereas it is absent in the insulating phase (x = 0.3) (see Fig. 1(a) for the phase diagram). 
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An important aspect of the data in Fig. 1 is that a kink feature is observed in the dispersion for all metallic systems. Such 
a kink feature is normally interpreted to arise from electron-phonon coupling, but the energy scale of the kink, especially 
for NiSe2, is too large to have a phonon origin. In addition, the kink moves toward the lower-energy side as the molar mass 
decreases (that is, as S content increases), which is opposite what is expected from the electron-phonon interaction. Magnons 
and plasmons can also be excluded as the origin of the kink. If the kink originates from electron-magnon interaction, the 
energy scale of the kink is expected to increase as the system approaches the Mott insulating phase (that is, as S content 
increases). In contrast, plasmons have a much larger energy scale (few eV or greater) than the kink energy in the data. 
Another notable aspect of the kink feature is that the kink becomes stronger as the system approaches the Mott insulating 
phase, alluding to its possible connection to the MIT. Previous theoretical studies predicted that a strongly renormalized 
coherent part is confined to a low-energy scale set by JH. This effect explains why the kinks are generally found at the low-
energy scale in a Hund’s metal. This hallmark of JH survives even in the vicinity of MIT at which U is dominant. Their ARPES 
data in Fig. 2(h) provide direct spectroscopic information on how the kink induced by JH evolves as ratio U/W increases. The 
kink moves toward the lower-energy scale as the system approaches the Mott insulating phase. 

In summary, the research team directly observed an evolution of the coherence energy scale via a kink feature. The ARPES 
data presented here show how the kink from JH evolves as the correlation strength increases. From DFT+DMFT calculations, 
they have confirmed that this kink originates from JH and is related to the crossing temperature scale. The suppression of 
Kondo screening by JH implements the kink feature at the low-energy scale; the kink moves toward the lower-energy side as 
the correlation strength further increases with S doping. Their results clearly demonstrate that the evolution of a kink can be 
understood by the evolution of the characteristic energy scale. (Reported by Cheng-Maw Cheng)

This report features the work of Changyoung Kim, Cheng-Maw Cheng and their collaborators published in Nat. Commun. 12, 
1208 (2021).

TLS 21B1  Angle-resolved UPS
• High-resolution ARPES
• Materials Science, Condensed-matter Physics

Fig. 1: Se content-dependent QP dispersion. (a) Phase diagram of NiS2−xSex. (b–f) ARPES data along direction Γ-X. (g) Energy distribution curves (EDC) at 
the Fermi momentum (kF) as represented by dashed-dotted lines in panels (b–f). (h) QP dispersions obtained on fitting momentum distribution 
curves. (i–k) Doping-dependent  band dispersion, Fermi velocity vF and effective mass m*, respectively. The linear coefficient of the specific heat 
γ is also plotted for comparison. [Reproduced from Ref. 1]
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Miniaturize Floating-Gate Transistors to Approach 
a Physical Limit
On modulating the amount of electric-field-induced trapped electrons with an electrostatic gate potential, the 
demonstrated characteristics indicate that the engineering of an InSe interface has potential applications for 
nonvolatile memory.

Van-der-Waals-bonded layered materials enable 
the isolation and subsequent construction of 

heterostructures with designer interfaces and without 
constraint of lattice matching. Such interface engineering 
provides a knob that controls the electron behaviors of the 
artificial structures by controlling the interactions between 
layers through variations in the symmetry, stacking angles 
and chemical composition. These layered structures have 
been incorporated into a nonvolatile memory cell to mimic 
the conventional setup in which a floating gate generates 
a long-lasting internal electric field. In the applications of 
transistor-type nonvolatile memory cells, stacks of graphene 
and insulating oxide have been incorporated to scale the 
floating gate (polysilicon/SiO2), in which a long-lasting 
internal electric field continuously modulates the carrier 
concentration in the channel. In these heterostructures, 
charges are confined in the floating gate because of a 
difference in the barrier height of interface energy between 
the layered materials and the insulating oxides. Upon 
continuous device scaling, however, progress is hampered 
by diffraction-limited photolithography and nonscalable 
tunneling oxide thicknesses that contribute to, for example, 
back tunneling. Innovations in cell architecture, decreased 
fabrication complexity and new device materials are thus in 
high demand.

Yi-Ying Lu (National Sun Yat-sen University), Chia-Hao Chen 
(NSRRC) and their teams proposed a new device concept 
that uses the van der Waals gating effect resulting from 
long-lived localized charges on the surface layer of InSe, 
which acts as an effective gate and which is separated by 
the van der Waals gap and generates a stable electron-
storage effect in the underlying InSe channel. In contrast 
to a conventional flash memory cell in which charges are 
confined within potential wells formed by gate dielectric 
and semiconductor stacks, the charges in their structure 
are localized by trap sites generated by an indirect oxygen 
plasma treatment. Moreover, the channel current levels in 

InSe devices can be modulated on tuning the amounts of 
localized charge through the application of various back-
gate voltages (VG), enabling multilevel data storage.

To construct a back-gated field effect transistor (FET), two 
electrodes were deposited on both ends of InSe. The small 
bias current and bias voltage (IDS−VDS) measured at various 
VG values ranging from 0 to 70 V demonstrate a linear 
behavior that indicates an ohmic contact. To generate 
charge-trapping states (in-gap traps) on the surface layer 
without fully oxidizing it, the InSe FET device was then 
subjected to an indirect oxygen-plasma treatment. To 
verify the underlying physical mechanism of their proposed 
device, an operando investigation of the trapping and 
detrapping process on the top layer was performed 
using a scanning photoelectron microscope (SPEM) that 
combines the chemical and electronic sensitivities of X-ray 
photoelectron spectra (XPS) with a spatial resolution ~150 
nm. Moreover, SPEM has the ability to reflect the local 
electrical potential surrounding the probed atom. This 
approach allowed to explore the role of surface oxides in 
device behavior through observation of the changes in 
binding energy for the device under working conditions. 
The operando SPEM measurement setup of their devices 
at TLS 09A1 beamline is illustrated in Fig. 1(a) (see next 
page). The device was scanned using a focused X-ray beam 
with spot size ~100 nm in ultrahigh vacuum conditions. 
To enable operando SPEM measurements during device 
operation, both source and drain electrodes were grounded; 
the gate electrode was subjected to a power bias. 

To verify the van der Waals gating effect, they performed 
operando SPEM measurements at the oxygen plasma-
treated channel. Upon application of a VG 50 V, all signals 
moved to lower energies. To verify the trapped charge-
induced core-level shifts, the In 4d and Se 3d binding 
energies are expressed relative to the In 4d5/2 and Se 3d5/2 
signals, respectively. The relative energy difference between 
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In−O and In−Se signals varied from 
1.91 eV (VG = 0 V) to 1.45 eV (VG = 50 
V). This decrease in the relative energy 
difference under the application of 
a 50-V VG indicates that compared 
with VG 0 V, photoemitted electrons 
from oxidation sites are accelerated 
by the external electric field, resulting 
in a red shift of the binding energy. 
Note that, during the measurements, 
the InSe channel was grounded 
to an energy analyzer, and if there 
were no charge accumulation on 
the sample surface, there would be 
no potential difference between the 
energy analyzer and InSe due to the 
alignment of the Fermi level. Based 
on this assumption, they inferred that 
the external electric field was ascribed 
to the accumulation of induced electrons at the surface 
oxidation sites, producing an electrostatic potential on the 
InSe surface layer. 

In summary, the demonstrated characteristics indicate 
that the engineering of an InSe interface has potential 
applications for nonvolatile memory. (Reported by Cheng-
Maw Cheng)

This report features the work of Yi-Ying Lu, Chia-Hao Chen 
and their collaborators published in ACS Appl. Mater. 
Interfaces 13, 4618 (2021). 
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Fig. 1: Operando scanning photoelectron microscopic characterization of van der Waals gate 
devices. (a) Schematic of the operando SPEM measurement setup. (b,c) Optical images of 
pristine (top) and oxygen-plasma-treated devices (bottom). (d,e) Photoelectron intensity 
mapping of the Se 3d core-level spectra of pristine (top) and oxygen plasma-treated devices 
(bottom). [Reproduced from Ref. 1]

A Double Perovskite Oxide Shows the Way for 
High Performance of Electrocatalytic Water 
Oxidation
In-situ/operando X-ray absorption spectra of double perovskite Sr2CoIrO6−δ identify the role of an uncommon  
hexavalent Ir6+ configuration in accelerating electrocatalytic water oxidation.

A main goal of the recently held UN Climate Change 
Conference was to secure global net-zero emissions 

of carbon dioxide by 2050. To achieve this goal, countries 
must phase out the use of coal, decrease deforestation, 
speed up switching to electric vehicles and increase 
renewable energy sources. The challenge of improved 
renewable energy technologies is thus an important part of 
saving our planet from severe climate change. Identifying 
materials that are efficient electrochemical catalysts is a 
major requirement of renewable energy technologies. 

Further, to develop such materials, it is necessary to 
understand the mechanism of the oxygen-evolution 
reaction (OER) that exhibits sluggish reaction kinetics, and 
find ways to improve its efficiency. Oxygen evolution is 
the process of generating molecular oxygen (O2) by 
a chemical reaction, generally from water, and occurs in 
photosynthesis, electrolysis of water and decomposition of 
oxides.

In a recent report in Advanced Functional Materials,1 
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researchers showed that a double perovskite oxide 
compound Sr2CoIrO6−δ exhibits an unprecedentedly small 
overpotential of 210 mV to achieve a current density 
of 10 mA cm–2. This result makes Sr2CoIrO6−δ the most 
efficient perovskite-based solid-state catalyst for OER. The 
authors carried out an extensive set of measurements on 
polycrystalline Sr2CoIrO6−δ to identify the real active sites 
and to understand the mechanism of OER. Polycrystalline 
samples of Sr2CoIrO6−δ were synthesized with a solid-state 
reaction method. The crystal structure and morphology 

were investigated with X-ray diffraction and a transmission 
electron microscope to prove that approximately 90% 
of the Co/Ir ions were ordered on alternate sites in three 
dimensions of the double perovskite structure. Linear 
sweep voltammetry was implemented to quantify the 
OER activity of the electrocatalysts; the results showed an 
activity order of Sr2CoIrO6−δ > IrO2 > SrIrO3−δ> SrCoO3−δ. It 
was further shown that Sr2CoIrO6−δ exhibited an iridium 
mass activity 0.84 A mg-1

Ir, which was approximately 7.0 
and 5.6 times that of SrCoO3−δ (0.12 A mg-1

Ir) and IrO2 

Fig. 1: Rapid operando spectral characterizations. (a,b) Co-K edge and Ir-L3 edge XANES spectra of Sr2CoIrO6−δ electrocatalyst at varied applied voltage. 
(c,d) 3D operando Fourier transforms of EXAFS spectra at (c) Co-K edge and (d) Ir-L3 edge as a function of applied potential, with corresponding 
enlarged-scale 2D contour plots of the Co-O and Ir-O ranges. The EXAFS data are not corrected for phase shift. (e,f) Co-O and Ir-O bond lengths 
in Sr2CoIrO6−δ electrocatalyst under applied potential extracted from EXAFS fitting. The applied voltage is referred to the reversible hydrogen 
electrode. [Reproduced from Ref. 1]
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(0.15 A mg-1
Ir), respectively. Sr2CoIrO6−δ possessed the 

smallest Tafel slope (54 mV dec-1), indicating that it had 
the best reaction kinetics of all other Co- and Ir-containing 
control electrocatalysts. 

More importantly, using rapid operando X-ray absorption 
near-edge spectroscopy (XANES) measured at TPS 44A,1 
the true active sites and the evolution of their valence 
states in Sr2CoIrO6−δ were examined at the Co-K and Ir-L3 
edges during the OER. It is well known that XANES spectra 
at the 3d element K edge are highly sensitive to the valence 
state: an increased valence state of the metal ion by one 
unit typically causes an energy shift of the absorption edge 
by more than 1 eV (e.g. 2.3 eV from Co2+ to Co3+ and 1.5 
eV from Co3+ to Co4+). Figure 1(a) shows the operando 
Co-K XANES spectra of the Sr2CoIrO6−δ catalyst under OER. 
The pristine Sr2CoIrO6−δ shows Co ions in Co3+ state in the 
Co K-edge XANES spectrum, which was also confirmed 
by Co L-edge soft X-ray absorption spectra measured at 
TLS 11A1. Upon increasing the applied voltage, the Co-K 
XANES spectra of Sr2CoIrO6−δ gradually shifted to increased 
energies up to 0.5 eV at 1.8 V. This effect indicates a 
transition from Co3+ state to Co4+ state in Sr2CoIrO6−δ. 
Compared with the Co3+ and Co4+ reference materials 
EuCo3+O3 and BaCo4+O3, the average Co valence state of 
Sr2CoIrO6−δ was estimated to be +3.3 at 1.8 V, and nearly 
+3.4 in SrCoO2.7. Similarly, the XANES Ir-L3 edge spectra of 
Sr2CoIrO6−δ were recorded as a function of applied voltage 
as shown in Fig. 1(b), and compared with spectra of Ir 
reference materials SrIrO3 for Ir4+, stoichiometric Sr2CoIrO6−δ 
for Ir5+, and Sr2CoIrO6 for Ir6+. The authors then established 
that the Ir-L3 edge significantly shifted to higher energy 
with increasing applied potential up to 1.8 eV, indicating 
a valency increase from Ir4+ to Ir5+, and further increased to 
the highest valence state of Ir6+ under OER conditions. The 
estimated average valence state of Ir was +5.4 at 1.8 V. The 
authors thus proved that operando Co-K and Ir-L3 XANES 
spectra showed that both Co and Ir ions are OER-active 
sites in Sr2CoIrO6−δ. This is the first observation of such a 
high valence state of Ir6+ under OER condition. 

Further, the authors studied the local coordination of the 
OER-active Co and Ir ions using operando extended X-ray 
absorption fine structure (EXAFS) spectra. 3D Fourier-
transform patterns of the Co-K and Ir-L3 edge spectra as a 
function of applied potential appear in Figs. 1(c) and 1(d); 
the evolution of Co-O and Ir-O bond lengths was obtained 
from fitting the EXAFS, as shown in Figs. 1(e) and 1(f). The 
Co-O bond length was found to decrease only slightly with 

increasing applied voltage (Fig. 1(e)), but the Ir-O bond 
length showed a gradual decrease from 2.048(7) Å at 1.0 
V to 1.984(8) Å at 1.55 V and became nearly constant for 
1.6–1.8 V (Fig. 1(f)). Using a known relation2 between Ir-O 
bond distance and the corresponding Ir oxidation state 
that showed the Ir-O bond length decreases by 0.039 Å 
per oxidation state, the Ir oxidation state under operando 
condition was independently estimated from ≈5 at 1.4 
V to ≈5.4 for 1.6–1.8 V. This result is consistent with the 
oxidation state obtained from the white line shift of the 
XANES analysis and supports the presence of a high valence 
state of Ir6+ under OER conditions. 

To understand the origin of the ultrahigh OER in the 
Sr2CoIrO6−δ system, the authors made calculations with 
density-functional theory (DFT). They employed supercell 
calculations of SrCoO3−δ embedded with Ir to show that the 
electron density surrounding the Ir-O-Co path increases 
with respect to the Co-O-Co path. This effect indicates 
stronger bonding between Ir/Co 5d/3d and O 2p states, 
thereby supporting the important role of 5d/3d electrons in 
bonding synergistically to enhance OER activity. 

The authors concluded that the special double perovskite 
structure with multiple metal-active sites, three-
dimensional ordering and a corner (or edge)- sharing 
network via O atoms is well suited to maximize synergistic 
effects and is expected to break through the limit of the 
OER bottleneck for water splitting. (Reported by Ashish 
Chainani)

This report features the work of Zhiwei Hu, Jian-Qiang 
Wang, Linjuan Zhang and their collaborators published in 
Adv. Functional Mater. 31, 2104746 (2021). 
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Chemical 
Science T he Activity Report 2021 editorial committee has 

carefully selected four outstanding research results 
from the Chemical Science Archives for all users of the 
NSRRC. Using X-ray-absorption fine-structure (XAFS) 
spectroscopy at TPS 44A, Yujie Xiong's team found that 
the introduced Pd sites are atomically dispersed in the 
surface lattice of Au nanorods supported on ZnO; this result 
shows that an atomic-scale dehydrogenation design can 
realize the direct conversion of methane to high value-
added ethene under mild conditions. Yi-Chun Lu's group 
reported a study of Li-CO2 cells using ambient-pressure 
X-ray photoelectron spectroscopy, which is currently set 
up for user operation at TLS 24A1. Dun-Yen Kang's group 
used equipment at TPS 09A to perform time-resolved 
powder X-ray diffraction measurements under various 
gases to study the possible structural changes of CAU-10-H, 
and proposed that a rigid pore structure of metal-organic 
frameworks under varied gas atmospheres can achieve a 
high gas-separation performance. Tan Yongwen's group 
used TLS 01C1 and TLS 16A1 to obtain Mo K-, Ru K-, P 
K- and S K-edge XAFS spectra of electrocatalysts for the 
hydrogen-evolution reaction, inferring the coordination 
environment of the active site; the applied strain was then 
determined using operational X-ray absorption near-
edge structure (XANES) spectroscopy to enhance the 
accumulation of OH− and HO in sulfur vacancies. (by Chih-
Wen Pao)
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Methane (CH4), the predominant component of natural 
gas, shale gas and combustible ice, is not only a 

widely used energy resource but also an important building 
block to produce value-added chemical substances. 
Substantial energy input (i.e., high operating temperature 
and pressure) is currently required for the conversion of 
CH4 because of its strong C–H bonds, small polarizability 
and negligible electron affinity. Photocatalysis, which 
requires only solar energy as energy input, is regarded 
as an appealing approach to achieve conversion of 
CH4 under mild conditions (ambient temperature and 
pressure). Despite the potential, this approach has faced 
a great challenge in terms of product selectivity. The 
preferable products of CH4 conversion are multicarbon (C2+) 
compounds, with light olefins, mainly ethylene (C2H4), as 
key chemical feedstocks, having greater added value than 
alkane (C2H6). With methyl radicals as the sole reaction 
intermediate, the current C2+ products are, however, 
dominated by C2H6, with a negligible selectivity towards 
C2H4. A rationally designed photocatalyst to regulate 
the reaction intermediates potentially involved in CH4 
conversion is hence urgently needed to realize a direct 
conversion of CH4 to C2H4.

Yujie Xiong (University of Science and Technology of China, 
China) and his co-workers recently reported a Pd-modified 
ZnO-Au hybrid that implements a path mediated by alkoxy 
intermediates for the photocatalytic conversion of CH4 to 
C2H4. Employing X-ray-absorption fine-structure (XAFS) 
spectra at TPS 44A,1 the team found that the introduced 
Pd sites are atomically dispersed in the surface lattice 
of the Au nanorods supported on ZnO (Fig. 1). Various 
characterizations in situ revealed that the Pd-induced 
dehydrogenation capability of the catalyst enabled the 
formation and transformation of methoxy and ethoxy 
intermediates. During the reaction, CH4 molecules are 
first dissociated into methoxy on the ZnO surface with the 
assistance of Pd. These methoxy intermediates are then 
further dehydrogenated and coupled with a methyl radical 
into ethoxy, which can be subsequently converted into 
C2H4 through dehydrogenation (Fig. 2). As a result, the 
optimized ZnO-AuPd hybrid with atomically dispersed Pd 
sites in the Au lattice achieved a methane conversion 536.0 
μmol g−1 with C2+ compound selectivity 96.0% (39.7% C2H4 
and 54.9% C2H6 in total produced C2+ compounds) after 
irradiation with light for 8 hours.

Methane Valorization by Design of an Atomically 
Precise Photocatalyst
A design for dehydrogenation at an atomic level achieves direct conversion of methane to ethylene of high added value 
under mild conditions.

Fig. 1: (a,b) Images from a transmission electron microscope (TEM) of ZnO-AuPd hybrids. (c) Scanning TEM image of ZnO-AuPd and corresponding EDS 
elemental mapping of Zn (blue), Au (yellow) and Pd (cyan). (d) Normalized Pd K-edge X-ray-absorption near-edge structure (XANES) spectra of 
ZnO-AuPd. (e,f) Fourier-transformed (FT) magnitudes of k2-weighted Pd K-edge extended X-ray absorption fine structure spectra of ZnO-AuPd 
and corresponding fitting analysis. [Reproduced from Ref. 1]



Chemical Science 023

In summary, the design of the atomically precise 
photocatalyst represents a prospective strategy to regulate 
the capability of catalyst dehydrogenation and to control 
the path of CH4 conversion. The ability to resolve fine 

structures of atomically dispersed metal sites makes 
synchrotron-based XAFS spectroscopy an important 
technique to unravel the relations between catalyst 
structure and performance. (Reported by Chih-Wen Pao)

This report features the work of Yujie Xiong and his 
collaborators published in J. Am. Chem. Soc. 143, 269 
(2021).
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Unraveling the Cathode Chemistry of the 
Li-Battery Using Ambient-Pressure X-ray 
Photoelectron Spectra
Ambient-pressure X-ray photoelectron spectra showed that H2O in a reaction mixture activated Li-CO2 in the battery 
discharge, producing unrecyclable carbonate. Conversely, O2 jumpstarted battery discharging while building recyclable 
amorphous carbon along with Li2O2 and Li2O.

R echargeable Li-CO2 batteries have attracted intense research attention for their potential as energy storage and CO2 
fixation. Since the first demonstration of the prototypical design in 2013, cycle performance has been improved 

substantially, but further progress became sluggish due to a shortage of fundamental understanding. Several studies 
showed that Li-CO2 obtains a moderate capacity during discharging in pure CO2. Based thereon, it was suggested that the 
cathode undergoes a CO2-to-C transformation, denoted as a CO2 reduction reaction (CRR). Other studies showed, however, 
that the discharge capacity is negligible in pure CO2 and requires O2 at a particular proportion to accelerate the reaction. This 
discrepancy in the CRR kinetic and reaction mechanism remains elusive.

Yi-Chun Lu (Chinese University of Hong Kong, China) collaborated with Chia-Hsin Wang and Yaw-Wen Yang (NSRRC), to 
study Li-CO2 batteries using ambient-pressure X-ray photoelectron spectra (APXPS), a technique that has become a standard 
means for studies in situ over the past two decades. The APXPS system in the NSRRC is currently setup at the beamline TLS 
24A1 for user operation. Thanks to the turbo pumping to the experimental vacuum vessel, this technique operates at a 
baseline pressure less than 10-7 mbar. This condition allows a well controlled operating environment to be created for the 
battery system. Taking advantage thereof, the authors studied the composition of the cathode surface during charging 
and discharging of an ionic-liquid-based Li-CO2 battery; its structure is illustrated in Fig. 1. Under 5 mbar of pure CO2, the 
authors found that the discharge current consisted solely of a non-faradaic double-layer charging, a conclusion based on the 
evolution of the ionic liquid electrolyte XPS. In parallel, no sign of carbonate or other new species was observed in the C 1s 
spectra of all discharging potential, indicating that Li-CRR is electrochemically inactive in pure CO2.

Fig. 2: Schematic illustration of photocatalytic conversion of CH4 to C2H4 
through surface alkoxy intermediates over a ZnO-AuPd hybrid. 
[Reproduced from Ref. 1]
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Fig. 1: Illustrated Li-CO2 battery for the APXPS study in situ at TLS 24A1. The ionic liquid is composed of [Pyr14]+ and [TFSI]-. 
[Reproduced from Ref. 1]

Water vapor accounts for the third most abundant substance in the atmosphere; its concentration fluctuates temporally and 
geographically. The authors hypothesized that varied water content might be the primary cause of the capacity discrepancy 
reported in the literature. To examine, they studied the XPS behavior of a Li-CO2 battery under 5 mbar of 2:1 CO2 and H2O. 
They found that, when discharging at 1.7−1.2 VLi, a substantial accumulation of amorphous carbon species was accompanied 
by the growth of LiOH. This result indicated that H2O helps to reduce CO2 to amorphous carbon in the presence of Li+. Further 
discharge to 1.0 VLi generated carbonate species from CO2 and LiOH. This observation agrees with the authors' hypothesis 
that water vapor plays a critical role in promoting CRR in non-aqueous electrolytes. On the charging side of the cycle, the 
authors found a significantly decreased amorphous carbon and a mild loss of carbonate, of which the withdrawal exposed 
the subsurface LiOH. When charged to 4.9 VLi, a substantial amount of Li2CO3 and LiOH remained on the electrode. This 
condition, unfortunately, indicated a poor rechargeability of the battery.

The story became quite different with the presence of O2. In a 5-mbar 2:1 CO2-O2 mixture, strongly solvated Li+ in an ionic 
liquid bonded more weakly with O2

–, the activated oxygen intermediate species that consequently initiated CRR. As a result, 
the dominating discharging carbon product became amorphous carbon instead of carbonate. To bridge the pressure gap 
between this APXPS model study and a battery working condition at 1 bar, the authors scaled up the CO2-O2 mixture to 1 bar 
for an X-ray diffraction (XRD) experiment in situ. Although XRD is blind to amorphous carbon, it revealed that Li2O2 and Li2O, 
also seen in the APXPS experiment, appeared in a potential range of no carbonate. The battery for the APXPS experiment 
resumed 90% of its capacity after a charge. This reversibility is attributed to the simultaneous decomposition of Li2O2, Li2O 
and amorphous carbon, in addition to the absence of side reactions. (reported by Bo-Hong Liu)

This report features the work of Yi-Chun Lu and her co-workers published in Nano Energy  83, 105830 (2021). 
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Metal-Organic Framework Membranes for Gas 
Separation
An aluminium-carboxylate-based metal-organic framework (MOF), CAU-10-H, was utilized to fabricate a dense MOF 
membrane for CO2 capture. The pore aperture size of this MOF is identified as 3.2 Å, which is ideal to separate CO2 
from N2 and CH4.

M etal-organic frameworks (MOF) possess adjustable 
pore topologies and interior functionality, and 

MOF membranes are known to have a great potential in 
gas separations. A molecular-sieving effect is the principal 
mechanism for gas separations with membranes. MOF 
with a controllable pore-limiting diameter (PLD) can 
be engineered to achieve high performance for such 
membrane gas separation. This work led by Dun-Yen 
Kang (National Taiwan University) aimed to fabricate MOF 
membranes with excellent gas-permeative selectivity. 
They focused on an aluminium hydroxide isophthalate 
MOF, CAU-10-H, with a rigid pore structure (PLD = 3.2 Å) 
for the adsorption of various gas molecules. This MOF was 
comprised of aluminium as metal cluster and isophthalic 
acid as organic linker (Fig. 1). The chemical formula of this 
compound is Al(OH)(C8H4O4).

Kang’s group conducted time-resolved powder X-ray 
diffraction (XRD) measurements for various gases to 
investigate a possible structural change of CAU-10-H using 
the facilities at TPS 09A. These XRD patterns were obtained 
in situ with an X-ray source of synchrotron radiation, which 
allows for a direct comparison of the signal intensities 
and positions between the patterns. The results from the 
measurements under CO2, N2 and CH4 are summarized 
in Fig. 2. They noticed a significantly decreased signal 
intensity in time-resolved patterns of CAU-10-H with partial 
pressure of CO2 increasing from 0.005 to 3 bar (Fig. 2(a), 
see next page); this substantial drop in intensity indicated 
the adsorption of CO2 in CAU-10-H. The adsorption of gas 
molecules in the cage of MOF decreased the contrast of 

electron density inside the microporous materials, resulting 
in a diminished intensity of the powder XRD patterns. They 
further identified the structure of CAU-10-H after exposure 
to CO2 for 30 minutes using Rietveld refinement. The result 
showed that the crystal structure of CAU-10-H remained 
nearly unchanged after exposure to CO2 even though 
the signal intensity decreased (Fig. 2(b)). The rigid pore 
structure of CAU-10-H makes it an ideal material for CO2 

separation because of a molecular-sieving effect. In contrast 
to CO2 measurements, there was no considerable difference 
in signal intensity for XRD patterns under N2 and CH4 (Figs. 
2(c) and 2(d)). This condition indicates that the uptakes of 
N2 and CH4 in CAU-10-H were smaller than the uptake of 
CO2.

The permeation measurements on a CAU-10-H membrane 
of single gases for H2, CO2, N2 and CH4 and mixed gas for 
CO2 and CH4 are summarized in Fig. 3 (see next page). 
These gas-permeance results indicated that there was a 
permeation cutoff between CO2 and N2 (Fig. 3(a)). The 
ideal selectivity, defined as the permeance ratio between 
two gases, of CAU-10-H for every gas pair (H2/CH4, CO2/
N2, CO2/CH4 and N2/CH4) considerably deviated from 
the Knudsen selectivity (Fig. 3(b)), indicating that the 
formation of pinholes in a CAU-10-H membrane was 
successfully suppressed; the transport of gases inside CAU-
10-H was properly controlled by the intrinsic property of 
the rigid pore structure of CAU-10-H.

In summary, Kang’s group proposed that utilizing the rigid 
pore structure of MOF under a varied gas atmosphere 

Fig. 1: Aluminium hydroxide isophthalate MOF for membrane separation. [Reproduced from Ref. 1] 
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can achieve a high gas separation 
performance. These observations were 
also identified with the molecular 
simulation results in this work. The 
strategy of using rigid MOF with an 
ideal size of pore aperture could open 
possibilities to advance new MOF 
materials for membrane separations. 
(Reported by Da-Shiuan Chiou, 
National Taiwan University)

This report features the work of Dun-Yen 
Kang and his collaborators published in 
Adv. Funct. Mater. 31, 2006924 (2021).
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Fig. 2: (a) Time-resolved powder XRD patterns of CAU-10-H exposed to CO2 under 3 bar. (b) 
Experimental and simulated XRD patterns of CAU-10-H before and after exposure to 
CO2 under 3 bar for 30 minutes. (c,d) Time-resolved powder XRD patterns of CAU-10-H 
exposed to N2 and CH4 under 3 bar. [Reproduced from Ref. 1]

Fig. 3: Single-gas and mixed-gas permeation test on CAU-10-H. (a) Gas permeance of H2, CO2, N2 
and CH4 and (b) selectivity of gas pairs. [Reproduced from Ref. 1]
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Fig. 1: (a) FT-EXAFS spectra of np-MoS2 compared with Lnp-MoS2 and P-MoS2. Corresponding FT-EXAFS fitted curves also shown in (a). (b,c) Schematic of 
the atomic structure of Ru/Lnp-MoS2 and Ru/np-MoS2 derived from (a). [Reproduced from Ref. 1]

Rational Strain Engineering of Single-Atom 
Ruthenium on Nanoporous MoS2 for Highly 
Efficient Hydrogen Evolution
Rational strain can enhance the accumulation of OH- and H2O in the sulfur vacancies resulting in an increased  
efficient of hydrogen evolution reaction.

S ingle-atom catalysts (SAC) were considered as ideal 
hydrogen evolution reaction (HER) electrocatalysts to 

achieve high catalytic activity and decreasing the metal 
loading because of their maximized efficiency of atom 
use, well defined single-atom dispersion and unique 
coordination environments. Nevertheless, the catalytic 
activity of SAC at the state of the art still has much scope for 
improvement with an aim to maximize the catalytic activity, 
especially for multistep reactions. This limitation arises from 
the simplicity of the single-atom sites that are generally 
capable of efficiently catalyzing one step of a reaction 
rather than the entire reaction sequence.

The sulfur vacancie (SV) around a Ru single atom in MoS2-
supported Ru catalysts are generally considered to be the 
active site for HER, but a deep exploration of a synergetic 
effect between SV and Ru atoms has not been achieved, 
especially under realistic reaction conditions. Yongwen 
Tan (Hunan University, China) and his team thus hope 
to utilize strain engineering to amplify the synergistic 
interaction between SV and Ru atoms and to understand 
mechanistically the synergistic effect, thus maximizing the 
catalytic activity of SAC. Collaborating with Ting-Shan Chan 
(NSRRC), Tan’s team recorded Ru and Mo K-edge X-ray 
absorption near edge structure (XANES) spectra and Fourier 
transforms of extended X-ray absorption fine structure (FT-
EXAFS) spectra at TLS 01C1, which is helpful to deduce the 
coordination environment of active sites. Collectively, S K- 
and Mo L3-edge XANES spectra were recorded at TLS 16A1.

To validate the role of bending strain in boosting the 
intrinsic activity, control samples of plane MoS2 (P-MoS2), 
nanoporous MoS2 (np-MoS2) and nanoporous MoS2 with 
a larger ligament (Lnp-MoS2) were prepared. Ideally, the 
strain in P-MoS2 is negligible, whereas Lnp-MoS2 possesses 
less strain than np-MoS2. As shown in Fig. 1(a), np-MoS2 
exhibits the largest high-R shift of Mo-Mo signals among 
these catalysts. The strain in these catalysts originated 
from the nanotube-shaped ligament, thus formatting 
the atomically curved MoS2 (Figs. 1(b) and 1(c)). On 
an atomic scale the resultant bending strain can be 
approximately replaced by a tensile strain. A ligament with 
a smaller diameter (D2 < D1) hence possesses the most 
strained surface-atom arrangement. This change can be 
detected with the Mo-Mo radial distance as an indicator, as 
confirmed by the aforementioned FT-EXAFS results.

The absorption edge of the Ru K-edge XANES spectrum 
for Ru/np-MoS2 under an open-circuit condition shows a 
positive shift, indicating an increased Ru oxidation state 
(Fig. 2(a), see next page), which likely results from binding 
of H2O and OH-, leading to the delocalization of an electron. 
When cathodic potentials were applied, a negative shift 
of the absorption edge occurred, indicating the recovery 
of Ru in a low oxidation state after water dissociation 
occurred. Corresponding FT-EXAFS spectra for Ru/np-MoS2 
at varied applied potentials appear in Fig. 2(b). The main 
feature obtained under an open-circuit condition displays 
a low-R shift, which is ascribed to the contribution of a 
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Fig. 2: (a) Operando Ru K-edge XANES spectra of Ru/np-MoS2 recorded at varied applied voltages; the 
inset shows the fitted oxidation states from (a). (b) Corresponding FT-EXAFS spectra from (a). (c) 
Operando Mo K-edge XANES spectra of np-MoS2 recorded at varied applied voltages; the inset 
shows the corresponding first derivatives of the XANES spectra. (d) Corresponding FT-EXAFS 
spectra from (c). (e) Operando Mo K-edge XANES spectra of Ru/np-MoS2 recorded at varied 
applied voltages; the inset shows the corresponding first derivatives of the XANES spectra. (f) 
Corresponding FT-EXAFS spectra from (e). [Reproduced from Ref. 1]

Ru-O bond that overlaps a Ru-S 
bond. During electrochemical 
H2O reduction, this signal shows 
a high-R shift by 0.07 Å. This 
effect indicates the distortion of 
the coordination environment 
for Ru atoms, resulting from a 
redistribution of electrons in Ru 
atoms between S ligands and 
the Ru-O bond under alkaline 
HER.

The operando X-ray absorption 
spectra (XAS) measurements 
of np-MoS2 and Ru/npMoS2 
at Mo K-edge were conducted 
to reveal the nature of MoS2 
basal planes before and after 
the introduction of Ru atoms. 
Figure 2(c) shows operando 
XANES spectra of np-MoS2 
at the Mo K-edge. There is a 
negative-shift of a rising edge 
under an open-circuit condition 
compared with that under a 
condition ex situ, indicating a 
decreased Mo oxidation state. 
The location of Mo sites (central 
sublayer) notably hinders the 
H2O adsorption and dissociation 
because of a steric effect. An 
altered Mo oxidation state 
might thus result from an 
interaction between S atoms 
(outermost sublayer) and the 
electrolyte. When cathodic 
potentials were applied, the 
rising edge of np-MoS2 was 
still located at the small-energy 
side relative to the condition ex 
situ. Correspondingly, FT-EXAFS 
spectra of np-MoS2 remain 
substantially unchanged (Fig. 
2(d)), indicating that Mo atoms 
in basal planes of np-MoS2 are inert. 

Operando XANES spectra of Ru/np-MoS2 at the Mo K-edge 
are presented in Fig. 2(e). The rising edge of Ru/np-MoS2 
displays a positive shift under an open-circuit condition 
relative to that under a condition ex situ, meaning an 
increased Mo oxidation state. This effect is more obviously 
indicated by the first derivatives of the XANES spectra (inset 
of Fig. 2(e)). Different from np-MoS2, the Mo sites in Ru/
np-MoS2 are exposed because of the formation of SV. This 
change thus results likely from the binding of H2O and OH-. 
When cathodic potentials were applied, the rising edge of 

Ru/np-MoS2 further shifted to higher energy, which implies 
a further increase of the Mo oxidation state in Ru/np-MoS2 

 during the HER. Combining the prediction of density 
function theory, H2O and OH- are abundantly adsorbed on 
Mo sites without subsequent dissociation, which balances 
the reduction trend of the cathodic voltage resulting in a 
further increase of the oxidation state. The corresponding 
FT-EXAFS spectra of Ru/np-MoS2 are presented in Fig. 2(f). 
Under an open-circuit condition, the rise of a signal for H2O 
and OH- adsorption was detected, further supporting the 
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above conclusions. When a cathodic voltage was applied 
and subsequently increased, the maximum intensity for 
H2O and OH- adsorption further increased, meaning an 
enhancing adsorption of H2O and OH-. 

In summary, Tan used XAS measurements to identify 
the synergistic effect between Ru sites and SV, which 
manifested as the mass transfer of water from SV to Ru sites 
and subsequent water dissociation on Ru sites. The bending 
strain accelerates the mass transfer of water and its 
dissociation at the same time, thus achieving an amplified 
synergistic effect. On the basis of these design principles, 
this strategy can be explored on altering the assisting sites 
or the modulating method, thus achieving the maximum 
activity of SAC. (Reported by Ting-Shan Chan)

This report features the work of Yongwen Tan and his 
collaborators published in Nat. Commun. 12, 1687 (2021).
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Soft 
Matter S oft matter, comprising complicated systems, generally 

assembles into mesostructures between microscopic 
and macroscopic scales. Probing a relation between the 
characteristics and the interactions of the mesostructures 
could efficiently determine their functions. Small-angle 
and wide-angle X-ray scattering (TLS 23A1 and TPS 13A) 
and microbeam coherent X-ray scattering (TPS 25A) can 
capture information about self-assembled hierarchical 
structures from angstrom to submicrometer scales. This 
section highlights four articles, in terms of water-induced 
self-assembly, periodic assembly of polymeric ring-banded 
spherulites, lipid micelles, and bioinspired mesoporous 
materials, extracted from publications of NSRRC users in 
2021. These fascinating topics using synchrotron radiation 
technology will bring potential applications in not only 
medical and pharmaceutical research but also chemical 
engineering, etc. (by Wei-Tsung Chuang)
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W ater is known as the solvent of life in nature, 
because it can operate the self-assembly structures 

and functions of biomolecules. One example that shows 
the active role of water is found in the hydrophobic gate of 
trans-membrane proteins. Structural characterizations and 
theoretical calculations showed that water can open and 
close the hydrophobic gate by changing the self-assembly 
structure of the gate. In so doing, water alters also the 
kinetic barriers required for water and ions to pass through 
the gate and regulates the water and ion permeabilities 
of the trans-membrane protein. In contrast, the role of 
water in synthetic matters is passive. Although synthetic 
molecules such as dendritic dipeptide, carbon nanotube, 
pillar arenes, etc. have been synthesized to mimic the tube-
like structure of trans-membrane proteins, the synthetic 
molecules are too rigid to interact dynamically with water. 
In this case, water is simply a liquid that passes through the 
tube-like supramolecular structures of synthetic molecules, 
but lacks the ability to operate the self-assembly structures 
and functions of synthetic molecules.

To make water an active component for synthetic molecules, 
 Chien-Lung Wang (National Yang Ming Chiao Tung 
University) and Wei-Tsung Chuang (NSRRC) developed 

a flexible amphiphilic discotic molecule (ADM) and 
characterized the active role of water in the supramolecular 
chemistry of this molecule (illustrated in Fig. 1(a)).1 Under 
polarized light in an optical microscope, they found that 
water induces the self-assembly of the amorphous ADM 
as shown in Figs. 1(b) and 1(c), and use of small-angle 
X-ray scattering at TLS 23A1 confirmed that this water-
induced self-assembly (WISA) resulted in the formation of 
a hexagonal columnar (Colh) phase of ADM, which contains 
bulk artificial water channels (AWC). Moreover, on letting 
water act as the orientation-directing agent, the directional 
WISA that they developed can further turn these randomly 
oriented bulk AWC into a well oriented AWC array. 
The excellent orientation control of the bulk AWC was 
confirmed with grazing Incidence X-ray diffraction (GI XRD) 
at TLS 01C2, TLS 17A1 and TLS 23A1 as shown in Fig. 1(d). 
 Comparing to the nearly 0 water permeability of the 
dehydrated ADM, the well oriented AWC array prepared 
by the directional WISA is salt-rejected and delivered an 
effective water permeability, 4.34 X 107 H2O⸳ nm⸳ channel-1 

⸳s-1, indicating that water not only induces an ordering, 
but also turns on the function of the ADM. AWC in the 
literature are tube-like molecules, which provide water 
transport at the length of several nanometers (~ the 

The Active Role of Water in Artificial Water 
Channel Arrays
In water-induced self-assembly, water becomes an active component that regulates the supramolecular structures and 
functions of synthetic functional materials. 

Fig. 1: (a) Illustration of the WISA process. POM images of (b) dehydrated amorphous ADM and (c) hydrated ordered phase of ADM. (d) GI XRD 
patterns of an oriented AWC array of ADM produced from the directional WISA. (e) POM image of the well-aligned AWC array. [Reproduced 
from Ref. 1]
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molecular length). The bulk AWC array developed in this 
work provides comparable water permeability at transport 
length of hundreds of µm (Fig. 1(e)), showing that, with 
a great control in the mesoscale structures, the synthetic 
molecule is able to transfer their molecular functions 
hierarchically into useful material properties. 

Water plays important roles in physiological functions 
of living matter. Through dynamically interacting with 
biomolecules, water assists them to switch quickly between 
different physical states under ambient conditions. 
Combining suitable molecular designs and profound 
structural characterizations at the NSRRC, the study turns 
the role of water in the supramolecular chemistry of the 
synthetic molecule from passive to active. The WISA process 
allows water to govern the self-assembly and function 
of the synthetic molecule as it does to biomolecules. 
The quick physical transformation resulting from the 
dynamic interaction with water is highly desirable for 
the development of condensed-phase soft materials and 

might inspire more innovation in the development of self-
assembled functional materials. (Reported by Chien-Lung 
Wang, National Yang Ming Chiao Tung University)

This report features the work of Chien-Lung Wang, Wei-
Tusng Chuang and their collaborators published in ACS 
Nano 15, 14885 (2021).
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Application of Synchrotron Microbeam X-rays to 
Mechanisms of Periodic Assembly of Polymeric 
Ring-Banded Spherulites
Periodic patterns are commonly seen in nature, and spontaneously form on nanometer molecular to macro-cosmic 
scales, as illustrated in Fig. 1.

Fig. 1: (a) Broccoli flower with fractal pattern in a Fibonacci sequence, (b) Liesegan ring pattern on dropping a crystal of silver nitrate onto a thin gel 
layer containing potassium dichromate, and (c) DNA double-helices in genes. [Images all adapted from free sources, Wikipedia].

O ne of the most fascinating phenomena in crystallization is self-assembly in the periodic repetition of the same circular-
ringed patterns. All crystalline spherulites, including ring-banded spherulites (RBS), of polymers or small-molecule 

compounds are packed in an anisotropic fashion. Polymeric spherulites are highly isotropic with lamellar crystals highly 
aggregates of all kinds, and a standard table-top X-ray instrument has wide X-ray beams and inherent limitations and 
can perform analysis results only as a cumulative average of multiple lamellae of varied morphology or orientation, etc. A 
specific location of crystal size and orientation can be precisely measured only via microbeam X-ray analysis. A limitation of 
the surface morphology is that it is unable to predict how to explore the mechanism of 3D lamellar assembly in polymeric 
RBS. Polymeric RBS are constructed with periodic rings with alternate valleys and ridges in 3D space, not just 2D films. Self-
assembled lamellar architectures of RBS can be examined in two ways, via destructive and non-destructive methods. In 
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the non-destructive method, 
microbeam X-ray analysis 
is the most powerful tool 
to determine the micro-
architectures of a lamellar 
distribution in a specific 
location of micrometres. So 
we specifically chose a poly(β-
hydroxy butyrate) (PHB) 
spherulite with band spacing 
> 20 μm (in PHB/poly(ethylene 
oxide) (PEO)) crystallized at Tc 
= 50 oC, band spacing ~25 µm). 
A mechanism of 3D-grating structure assembly of RBS is 
positively proven with synchrotron microbeam small-angle 
X-ray scattering (SAXS) and various microscopic techniques. 
This grating structure in the banded PHB resembles many 
of nature’s iridescent crystals and is further proved by 
photonic reflection results as a critical novel finding. The 
powerful synchrotron microbeam of small-angle X-ray 
scattering is ~15 μm available at TPS 25A of the NSRRC, 
where the microbeam facility was recently made possible 
by a group of experts led by Wei-Tsung Chuang, and his 
collaborator Yi-Wei Tsai (NSRRC)..

The morphological microstructures of a PHB ring-band 
spherulite were examined with microscopic techniques and 
powerful synchrotron microbeam SAXS by a research team 
led by Eamor M. Woo (National Cheng Kung University), 
assisted and supported by Chuang and Tsai of the NSRRC. 
The microbeam analysis was recorded through two sets 
of alternate valleys and ridges. In the periodic ring, the 
statistical-average lamellae orientation across the film 
thickness ata specific location of alternate valley/ridge 
periodicity was investigated withsynchrotron microbeam 
SAXS. Figure 2 shows (a) a banded pattern of PHB across 
which a microbeam moved, and (b) expected SAXS 2D 
patterns as the beam moved in a radial direction on five 
separate spots (A−E). The POM-banded pattern of a typical 
PHB-banded spherulite is exemplified; a yellow arrow is 
marked from its nucleus center to a periphery to guide 
the movement of the microbeam. The interior lamellar 
construction of periodic rings with respect to alternate 
ridge and valley is given in Fig. 2(b). When the microbeam 
was passed through a ridge, the feasible 2D-SAXS signals 
are showcased in Fig. 2(b) for conceptual understanding. 
As the lamellar plates are vertically aligned in a ridge, the 
contrast of electron density between the amorphous and 
crystalline phases of a lamellae plate can be deduced in 
the X-ray pattern. In the valley, lamellar plates are arranged 
in a horizontal direction, so the microbeam X-rays cannot 
reduce the phase contrast of electron density, resulting in 
no signal in a 2D-SAXS pattern. Note that one should not 
be misled by the top surface morphology, as the X-ray beam 
would actually penetrate the interior lamellae in much 
greater path length (ca. ~20 μm) than the thin top surface 

(< 1 μm). This effect is to hint that the resulting X-ray signal 
is built not by the thin top surface layer, but mostly by the 
interior bulk lamellae and their assembly patterns (crystal 
orientation relative to the X-ray beams etc.). The scheme in 
Fig. 2(b) shows that, as the X-ray microbeam is stepwisely 
moved along the radial direction of a PHB banded 
spherulite from its central nucleus to the outer periphery, 
the interior crystal orientation traverses from tangential to 
radial orientations in a repetitive periodic cycle.

The general universality of such periodicity with cross-
hatch grating architectures can be demonstrated, which 
tends to be ubiquitous in periodically banded crystals or 
crystal aggregates. In earlier work on another polymer 
system, Nagarajan and Woo2 analysed 2D- Wide Angle 
X-ray Diffraction (WAXD)/SAXS microbeam data of 
poly(ethylene adipate) (PEA)-banded spherulites to provide 
evidence for a corrugate-grating lamellae assembly, using 
similar synchrotron microbeam SAXS and WAXD analyses, 
with a 1-µm microbeam at the SPring-8 facility, Japan, in 
collaboration with Kohji Tashiro. The analysis of the PEA 
banded spherulite has proved that SAXS/WAXD signals 
indicate that alternate strut-to-rib crystal plates in PEA 
are interfaced with a discontinuity; abruptly changed 
orientations from the ridge to valley bands account for the 
periodic optical birefringence (band spacing = 6.5 µm). 

Using NSRRC microbeam SAXS, an analysis of the interior 
assembly of the PHB-banded spherulite was performed. 
Although the available beam size in this work is a bit large, 
the band spacing in PHB is much larger (15−30 µm) than 
that in PEA. Considering the constraint of the large beam 
size, we specifically chose a PHB spherulite with band 
spacing > 20 µm (in PHB/PEO crystallized at Tc = 50 oC) as 
a model for such analysis. The X-ray beam was directed 
to travel stepwise along the radial direction originating 
from the nucleus of the banded PHB spherulites; signals 
were collected in each intermittent step-move. The 
results are shown in Fig. 3(a) (see next page). The beam 
size covers a fixed area ca. ~177 μm2; the signal is thus 
a statistical average of crystals distributed in this region 
and crystal plates across the entire film thickness. Figure 
3(b) shows 2D signals for each spot marked on Fig. 2(a), 

Fig. 2: (a) POM graph showing alternate colored rings, and (b) expected 2D-SAXS pattern variation with 
respect to a microbeam moving position along the radial direction at five spots: tangential (edge-
on) lamellae 1, radial (flat-on) lamellae 2, back to tangential (edge-on) lamellae in next cycle 3, 
radial (flat-on) lamellae 4, back to tangential (edge-on) lamellae in next cycle 5. [Reproduced from 
Ref. 1]
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Fig. 3: Microbeam SAXS analysis along several radial-direction spots of a PHB spherulite crystallized from 
PHB/PEO (75/25) at Tc = 50 °C (band spacing ≈ 27 µm): (a) POM image, (b) 2D-SAXS patterns, and (c) 
intensity profiles at various positions (1, 2, 3, 4) in PHB/PEO spherulite. [Reproduced from Ref. 1]

Fig. 4: Summary of POM, SEM, microbeam X-ray SAXS results, and a schematic for grating structure for 
periodic banded PHB. [Reproduced from Ref. 1]

Spots 1–4. The SAXS pattern 
indicates that, in Spots 2 and 
4, there are signs with respect 
to electron densitycontrast 
between crystalline and 
amorphousphasesin the vertical 
lamellae in a ridge as shown 
earlier in Fig. 2(c). As signals 
of Spots 1 and 3 are weak, 
these signals can be regarded 
as no signal, indicating that 
the lamellae on Spots 1 and 
3, respectively, are mostly 
normal to the X-ray beam (thus 
horizontal to the substrate).
The periodic morphology and 
optical changes in the ring 
bands are caused not by the 
thickness of individual lamellae 
in ridge versus valley bands but 
result from crystal assembly 
and orientation. The valley 
region is dominated with flat-
on crystals; the ridge region is 
packed mainly with edge-on 
crystals. Similarly, in SAXS, a 
X-ray beam perpendicular to 
the lamellae results in a poor 
contrast of electron density 
between amorphous and crystalline regions; so there is no, 
or only weak, signal observed in Spots 1 and 3. Thicker films 
produce more intense birefringence patterns due to more 
pronounced anisotropic crystals in varied orientations. 
In this work, the film thickness of PHB was kept at ≈20 ± 
2µm, so alternate blue and orange birefringence rings are 
respectively associated with the ridge and valley bands 
seen in POM. In the ridges, the lamellae are oriented 
perpendicularly to the micro-beam X-rays as well as to the 
optical axis in POM. This perpendicular arrangement of the 
lamellae induces signals on Spots 2 and 4. Furthermore, 
SAXS maximum azimuthal angles 145°and 290° confirm 
that the edge-on lamellae in ridges are mostly mono-axially 
oriented in Fig. 2(c).

In summary, Fig. 4 shows that a detailed 3D assembly in the 
periodic ring PHB crystal aggregates is proved by delicate 
microscopic techniques, assisted with synchrotron X-ray 
analysis and supported by direct evidence of morphology 
dissection; the grating architecture of the periodic PHB 
aggregates possesses a novel property of photonic-crystal 
iridescence, which was never reported or discovered before 
for such polymeric crystals.

NSRRC synchrotron microbeam SAXS sources and various 
microscopic techniques were used to analyze the PHB 
crystal aggregates on specific spots of the banded 

spherulites. Through X-ray microbeam 2D-SAXS, this critical 
proof reinforces that the lamellar assembly in the PHB-
banded periodic architectures are such that the optical-blue 
bands are packed mainly by grating normally oriented 
strut-crystals periodically interfaced with horizontally 
oriented rib-crystals. The grating structure with alternate 
strut-rib assembly in the banded PHB resembles many 
natural iridescent crystals, and is further proved with 
striking photonic reflections as a critical novel finding. 
(Reported by Eamor Woo, National Cheng Kung University)

This report features the work of Eamor Woo and his 
collaborators published in Macromol. Rapid Commun. 42, 
2100281 (2021).
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Binding Site Matters

The binding site of inorganic salts on lecithin affects the micellar structure, which in turn alters the rheological 
properties of the micellar solutions.

L ecithin, a mixture of glycerophospholipids, is well 
known to form reverse spherical or ellipsoidal micelles 

in a range of slightly polar organic solvents. Previous studies 
have shown that the lecithin reverse spherical micelles 
become transformed into reverse wormlike micelles on 
incorporating additive molecules, such as water, bile salts, 
inorganic salts and others with highly polar groups, into 
a lecithin solution. Such a transformation is attributed to 
either the expansion of the lecithin head-group area on 
insertion of the additives or on straightening the lecithin 
tails that decrease the tail area through the strong additive-
lecithin attraction force, both of which alter the effective 
molecular geometry to a critical packing parameter (CPP) 
that favors the formation of cylindrical micelles. The long, 
flexible cylindrical (wormlike) micelles thus increase the 
solution viscosity and even impart viscoelastic properties 
or further cause gelation. For small additives, such as 
water and inorganic salts, it is interesting that, instead 
of monotonic increase, the viscosity attains a maximum 
and then decreases until a phase separation occurs, as 
the additive concentration increases (Fig. 1). Although a 
mechanism of growth has been rationally proposed, the 
decreased viscosity is intriguing; the reason has been little 
investigated.

The team led by Shih-Huang 
Tung (National Taiwan University) 
studied the systems of lecithin 
mixed with inorganic salts, 
such as LiCl, CaCl2, and LaCl3, 
in cyclohexane and explored 
the mechanisms for the 
viscosity change with the salt 
concentration. Employing small-
angle neutron-scattering (SANS) 
facility on beamline Bilby at the 
Australian Nuclear Science and 
Technology Organisation (ANSTO), 
they demonstrated that the 
incorporation of various inorganic 
salts into lecithin sols can induce 
both axial and radial growth of 
micelles that causes the viscosity to 
increase.1 The team further used 
the small-angle X-ray scattering 
(SAXS) facility of TLS 23A1 at 
the NSRRC to probe the micellar 

Fig. 1: Molecular structure of lecithin and viscosity of a CaCl2/lecithin 
mixture in cyclohexane as a function of molar ratio. The images 
show the flow behaviours of the samples in various regimes. 
[Reproduced from Ref. 2]

Fig. 2: (a) SAXS data of LaCl3/lecithin in cyclohexane at lecithin concentration 20 mM with varied S0, 
(b) pair distance distribution functions p(r) versus r obtained on inverse Fourier transforms 
(IFT) analysis of SAXS data, and (c) viscosity and FT-IR line shifts Δv of choline, phosphate and 
carbonyl group on lecithin in cyclohexane as functions of S0. [Reproduced from Ref. 2]

structures, aiming to answer why the viscosity decreases 
as the salt exceeds a critical concentration. The SAXS data 
are consistent with the change of viscosity (Figs. 2(a) and 
2(b)).2 At a small molar ratio of salt to lecithin (S0), the 
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shape of micelles is either elliptic or short-cylindrical, which 
can move freely; thus the viscosity is small. As S0 increases, 
the reverse micelles grow into long, flexible cylinders that 
entangle one another to enhance greatly the viscosity and 
even lead to gelation. Above a critical S0, the length of 
micelles decreases and the viscosity decreases accordingly.

Fourier-transform infrared spectroscopy (FT-IR) techniques 
were utilized to investigate the interactions between 
inorganic salts and the functional groups on lecithin 
(Fig. 2(c)). The data show that the inorganic salts initially 
bind to the lecithin headgroup and hold lecithin more 
tightly through strong electrostatic interactions. The 
lecithin molecules are thus more straightened and more 
densely packed, causing a CPP change that transforms the 
nearly spherical micelles into cylindrical ones. Once the 
headgroups are saturatedly bonded with the salts, the 
excess salts move to the ester linkages on lecithin where 
they work as a spacer that separates the tails, which in turn 
disrupts the regular packing of the tails so that the tail area 
expands accordingly. The long cylindrical micelles thus 
break into short ones and the viscosity sharply decreases 
(Fig. 3). The results highlight the importance of the location 
of the inorganic salts on lecithin in the self-assembly of 
lecithin reverse micelles.

In summary, through a systematic study of the 
lecithin reverse worms induced by inorganic salts, the 
rheological properties, the self-assembled structures 
and the interactions between lecithin and salts were 
well correlated. This work manifests the crucial role of 
the binding site of the salts in the micellar structure 
and rheological behaviours of lecithin reverse micelles. 
Although this study focused on the reverse system, the 
findings in this work might be significant also for aqueous 
systems in which the interaction between inorganic salts 
and lipid bilayers is critical in physiological functions. 
(Reported by Shih-Huang Tung, National Taiwan University)

This report features the work of Shih-Huang Tung and his 
collaborators published in J. Mol. Liq. 329, 115543 (2021). 

TLS 23A1  Small/Wide Angle X-ray Scattering
ANSTO BILBY – Small-angle Neutron Scattering
•  SAXS, WAXS
•  Soft Matter, Nanomaterials, Alloy
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Fig. 3: Schematic of reverse micellar structures formed by lecithin with inorganic salts. The binding sites of salts on lecithin affect the effective molecular 
geometry and thus cause altered micellar structures. [Reproduced from Ref. 2]
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Fig. 1: (a) Diatom―Thalassiosira pseudonana. (b) Possible scheme of bio-silica synthesis in a diatom cell. (i) A cell surrounding silicic acid media. (ii) STV 
enter the cell by endocytosis. (iii) STV is uptaken into SDV and aquaporines pump water from SDV. (iv,v) Desiccation concentration induces the 
silica polymerization, followed by bio-silica formation after removal of organic composites. [Reproduced from Ref. 1]

U nderstanding molecular engineering holds the key 
to future nanomaterial technologies. Nature has all 

answers: build biominerals from a bottom-up approach 
(piecing atoms or molecules together to produce a more 
complicated construction). Biomineralization involves 
forming a hierarchical and well organized structure 
from the self-assembly of organic template-inorganic 
minerals, followed by mineralizing for organic removal. 
These minerals could be silica in diatoms and phosphate 
in vertebrates. Silica and silicates are generally used in 
medicine (safe as ingredients for oral delivery), transport 
(e.g., sensors and catalysts), telecommunication (e.g., 
optical sensors), manufacturing (e.g., micro-robots), etc. 
Tailoring the morphology and pore structure of silica has 
been well investigated for more than 30 years, but nobody 
has been able to use chemical synthesis to build the 
complicated patterned diatom cell wall (frustule).

Diatoms are unicellular photosynthetic algae with hard 
and porous frustules and some with extended setae for 
buoyancy in sizes 2−200 μm, in Fig. 1(a). The open nano-
scale pore and channel structure of micrometre-sized 
frustule is made almost purely of amorphous silica from 
silicic acid. In the general paradigm as shown in Fig 1(b), 
bio-silica is synthesized within silica deposition vesicles 
(SDV) inside the cell membrane during frustule formation. 
This bio-silicification occurs also outside the cell membrane, 
such as in setae (silica extension of a valve) formation. The 
bio-silicification process inside or outside a cell involves the 
Si-transport system (like STV) and silicification mediated by 
confined compartments (like SDV).

Yi-Qi Yeh (NSRRC), U-Ser Jeng (NSRRC) and Chung-Yuan 
Mou (National Taiwan University) recently proposed the 
concept of a mechanism of formation of bio-silica like 
diatoms, so as to understand the mechanism of formation 
of bio-silica in the confined space of a soft template 
in the concept of biomineralization. Using small-angle 
X-ray/neutron scattering (SAXS/SANS) at TLS 23A1 in 
the NSRRC and freeze-fracture-replication transmission 
electron microscopy (FFR-TEM) methods, it is found the 
answer to the formation of a thin silica sheet templated 
by a ternary surfactant system (SDS-CTAB-P123), nearly 
that of biomineralization in diatoms. The FFR-TEM (Fig. 
2(a)) reveals the critical importance of the coexistence of 
surfactant-P123 self-assembly charged micelles of two 
kinds named as silica transport micelles (STM) and the 
silica deposition nanoplates (SDNP). The SANS data (Fig. 
2(b)) were fitted on the basis of a core-shell ellipsoidal 
model. The trend indicates that significant adsorption 
of catanionic surfactant to P123 micelles could lead to a 
transition of micellar shape from spherical to prolate. The 
SAXS data (Fig. 2(c)) elucidate an intriguing role of the 
catanionic surfactants in modulating the self-assembly 
of the surfactant-P123 micelles. With appropriately 
high adsorption affinity to P123 micelles, SDS can 
facilitate the adsorption of CTAB to the P123 micelles 
via co-condensation of the charged ion pairs, loading to 
optimized prolate micelles for a preferred monolayer self-
assembly.

Chemical Magicians─Mimic Biosilica from Nature

Understanding the mechanism of formation of bio-silica in the confined space of a soft template is the concept of 
biomineralization. 
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Fig. 2: (a) FFR-TEM image of complicated micelles as STM and silica deposition nanoplates of a ternary surfactant organic template of SDS-CTAB-P123 at 
R = [SDS]/[CTAB]=1.5. (b) SANS profiles of the D2O solutions of deuterated-SDS, deuterated-CTAB, and P123, with varied x = [SDS]/[P123], at fixed 
R = 1.5 and [P123] = 0.8 mM. (c) SAXS profiles were measured for sample solutions of P123 and SDS/CTAB of varied surfactant mixing ratios R, 
with fixed CTAB (13.9 mM) and P123 (0.8 mM). [Reproduced from Ref. 2]

Fig. 3: Time-resolved FFR-TEM images presenting the structural evolution of silicate micelles of P123 and catanionic surfactants (with R = 1.5 and x = 26) 
at reaction times (a) t = 0, (b) 5 min, (c), 30 min, and (d) 120 min. The TEM images in the insets of (b) and (d) respectively show in-plane, locally 
ordered lamellar domains. (e) Time-resolved SAXS profiles measured for an optimized sample solution of P123 and catanionic surfactants (with 
R = 1.5 and x = 26), before (t = 0) and after addition of silicate source. The larger-q data at t = 0 are fitted (─) with prolate core-shell micelles. 
The small-q signal at 0.014 Å-1 corresponds to a vertical stacking order (d-spacing 45 nm) of the micellar plates as illustrated in the cartoon. (f) 
A proposed process to form vertically oriented and organized silica nanochannels. The bottom cartoon shows the transition of lamellar to 2D 
hexagonally packed nanochannels after silicate deposition. [Reproduced from Ref. 2]
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The time-resolved FFR-TEM images (Figs. 3(a−d)) revealed 
the coalescence of small prolate silicate micelles into 
the nanoplates. The silica plates developed into large 
sheets, followed by 2D hexagonally packed domains. 
The team traced the self-assembly of the catanionic 
surfactant- coated P123 micelles upon silicate deposition 
by SAXS in situ (Fig 3(e)). After the silicate deposition, the 
emergence of three broad signals indicates a formation of 
lamellar domains derived from a lateral packing along the 
equatorial plane of the prolate micelles. As the silicification 
evolves, the lateral structure deteriorates gradually and 
becomes largely disrupted at 60 min. At 60−190 min, 
the structure transformed into 2D hexagonally packed 
nanochannels and then grew into submicrometre-sized 
domains. 

The mechanism of formation of mesoporous silica-sheet 
material SBA (⊥) is proposed in Fig 3(f). Beginning 
from spherical P123 micelles, the addition of SDS/CTAB 
catanionic surfactants (with SDS in significant excess) leads 
to negatively charged surfactant-P123 core-shell prolate 
micelles and their self-assembled prototype nanoplates. 
This effect is followed by silicate condensation for micellar 
self-assembling into large silicate thin sheets, within 
which the silicate micelles form locally in-plane layered 
packing then transit into elongated micelles of in-plane 
2D hexagonal packing (bottom cartoons). Calcination of 
the silica sheets leads to single-layer, vertically oriented 
and ordered silica nanochannels with through pores. In 
the three-component surfactant system undergoing silica 
condensation, the team demonstrated self-assembly of 
P123/silicate confined in a SDV-like bilayer (SDS/CTAB)-

shelled nanoplates. The end products of the synthesis are 
mesoporous silica nanochannel plates with a perpendicular 
channel orientation analogous to that of diatom frustules.

In summary, a mechanism of formation of silica sheet is 
proposed on the basis of large silica deposition nanoplates 
of SDV-like confinement effects and small silica transport 
micelles that are like silica transport vesicles, revealed from 
SAXS, SANS and FFR-TEM. With these analogous features, 
we have thus defined a synthetic system of porous silica 
that mimics diatom biogenesis in its primitive form. The 
reported intricate porous silica formation not only assists 
future designs of mesoporous silica thin-film materials in 
a bio-inspired approach but also paves a road towards 
understanding the formation of biosilica of diatoms under 
soft confinement. (Reported by Yi-Qi Yeh) 

This report features the work of Yi-Qi Yeh and her 
collaborators published in J. Colloid Interface Sci. 584, 647 
(2021).
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Life 
Science A dvanced methods of structural biology have 

accelerated modern research in life science and 
promoted many biomedical applications. Among these 
methods, synchrotron protein crystallography remains the 
incomparable tool to determine the structures of important 
biomolecules in apo and ligand-bound forms on an 
atomic scale to elucidate the mechanisms of complicated 
biological processes and to improve the development of 
drug design. In addition to TLS 15A1 and TPS 05A, a new 
beamline, TPS 07A, for micro-focus protein crystallography 
has been open to users since the beamtime of the 2021-2 
cycle; this beamline is particularly optimized for micro-
crystals and large inhomogeneous crystals. For other 
experimental purposes, five beamlines, including small-
angle X-ray scattering (TPS 13A), soft X-ray tomography 
(TPS 24A), transmission X-ray microscopy (TPS 31A), quick-
scanning X-ray absorption spectroscopy (TPS 44A) and 
infrared microspectroscopy (TLS 14A1), can be selected to 
analyze bio-samples to unravel the unsolved problems in 
biology.

The following outstanding studies were performed by our 
user communities of life science in 2021. Six reports include 
a plastic-eating enzyme, PETase, that can be applied to 
diminish plastic pollution by Rey-Ting Guo; a recognition 
mode deduced from the complex structure of G4C2 DNA 
with metalII-(Chro)2 for drug design to treat effectively ALS 
and FTD neurological diseases by Ming-Hon Hou; various 
bacterial cyclic dinucleotides and trinucleotide synthases 
involved in defense against viral infections by Yeh Chen; the 
biradical mechanism of PQQ-dependent hydride transfer 
for the development of a biomimetic catalyst by Chun-Jung 
Chen; the anticancer drug-resistant mechanism associated 
with APE1 for strategic drug design by Yu-Yuan Hsiao; a 
Poa1p macro domain, the first enzyme possessing a non-
canonical 3”-OAADPR deacetylase activity by Chun-Hua 
Hsu. (by Chun-Hsiang Huang)
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Polyethylene Terephthalate (PET) is an extensively 
produced plastic, with annual production approaching 

70 metric tons. A huge amount of PET wastes that enter 
and accumulate in the ecosystem has caused a serious 
threat to the global environment. PET wastes are mainly 
incinerated or landfilled, but these methods result 
in secondary pollution. Developing environmentally 
compatible measures to eliminate PET wastes is thus an 
urgent task.

PET is composed of ester bond-linked terephthalate (TPA) 
and ethandiol (EG), which are presumably susceptible 
to enzyme-mediated hydrolysis. Several 
types of esterases, including lipases, 
carboxylesterases and cutinases, have 
been reported to exhibit PET-hydrolytic 
activity,1 but all these enzymes show poor 
PET hydrolytic efficacy because PET contains 
aromatic moieties and compact polymeric 
structures in a large ratio.2 Cutinases are 
the most effective PET-hydrolytic enzymes 
known so far. Furthermore, only enzymes 
that can operate at a temperature above 
the glass-transition temperature of 
PET (60−70 oC), at which the crystalline 
structure of PET can be resolved, show 
notable hydrolytic activity. In 2016, a PET-
assimilating bacterium named Ideonella 
sakaiensis isolated from a PET recycling 
factory revealed a naturally evolved PET 
degradation machinery.3 This bacterium 
secretes a cutinase-like enzyme, denoted 
IsPETase, to hydrolyze PET into smaller 
compounds mono (2-hydroxyethyl) 
terephthalic acid (MHET) and TPA at ambient 
temperature (30−35 oC) (Fig. 1(a)). These 
small compounds are then transported into 
bacterial cells and metabolized.

To uncover the mechanism of action of 
IsPETase, a research team led by Rey-Ting 
Guo (Hubei University, China) solved the 
crystal structure of IsPETase and its complex 
with substrate/product analogues and 
identified several unique features.4 The X-ray 

diffraction data were collected at TLS 15A1 and TPS 05A 
of NSRRC. First, the enzyme has an extra disulfide bond 
in addition to the one that is strictly found in all known 
cutinases. This extra disulfide bond stabilizes a loop region, 
also unique to IsPETase, which constitutes the substrate-
binding pocket (Fig. 1(b)). Depleting this extra disulfide 
bond leads to active site collapse and severely impacts the 
enzyme activity.5 Distinct from canonical cutinases that 
are found to show PET hydrolytic activity, IsPETase exhibits 
a substrate preference towards PET over fatty acids (a 
component of cutin). This condition indicates that IsPETase 
features a substrate-binding pocket architecture that is 

Fig. 1: Overall structure of PETase and comparison with Cutinase. (a) Structures of PETase 
hydrolysis products (boxed). (b) The PETase structure is presented as a cartoon 
model. The catalytic triad (red dashed-line circle) and disulfide bridges (red labels) 
are shown as sticks. (c) The crystal structures of IsPETase in complex with substrate 
analogue 1-(2-hydroxyethyl) 4-methyl TPA (left) and a PET-hydrolyzing cutinase 
from Thermobifida fusca (TfCutinase) with the catalytic Ser-OH group converted to 
sulfonate ester-OS(O)2Bn (right) shown at the surface. Bound ligands in structures 
are shown as pink (PETase) and purple (TfCut) sticks. [Reproduced from Ref. 2 and 
Ref. 4]

Structural Studies Revealed the Evolution and 
Development of PETase
Various plastic products made from polyethylene terephthalate (PET) are widely used in various industries. PET 
products cannot be decomposed by themselves and cause plastic pollution. A combination of structural and 
biochemical analysis shows how IsPETase has greater hydrolytic activity than other PETase.
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Fig. 2: Structural and functional roles of IsPETase-unique Ser/Ile duo. (a) Crystal 
structures of IsPETase and BurPL. Critical residues and PET substrate analogue 
1-(2-hydroxyethyl) 4-methyl terephthalate (HEMT) are shown and displayed as 
sticks. The conformation of W185 and its equivalent in BurPL are noted. (b) The PET-
hydrolytic activity of wild-type and mutant enzymes. The MHET and TPA released 
in each reaction were determined and shown. IsPETase DM carries a His/Phe duo, 
whereas PbPL DM and BurPL DM carry a Ser/Ile duo. [Reproduced from Ref. 6]

suitable for PET binding (Fig. 1(c)). The research team 
identified from GenBank several previously uncharacterized 
IsPETase-homologous cutinases that share these two 
features in an attempt to seek more potent PET hydrolytic 
enzymes. The recombinant proteins of several enzymes 
were obtained, but they all display PET hydrolytic activity 
much less than that of IsPETase. 

In addition to the extra disulfide bond and the loop, the 
research team found that the substrate-binding pocket of 
IsPETase is more flexible than that of other cutinases. This 
condition is attributed to the wobbling conformations 
of a TPA moiety-binding residue W185.4 In the apo-form 
structure, three conformations of W185 were observed, 
denoted types A, B and C (Fig. 2(a), left panel). In the 
substrate analogue-bound IsPETase, W185 adopts “type-B” 
conformation (Fig. 2(a), middle panel). This effect attracted 
the research team's attention as W185 is strictly conserved 
in cutinases but they all display a “type-C” conformation 
(Fig. 2(a), right panel), which is an unfavourable PET-
binding pose. On comparing IsPETase and canonical 
cutinase structures, the research team found that a His 
residue is located beneath the W185-corresponding 

residue in canonical cutinases, of which the imidazole side 
chain packs against the indole side chain and prevents Trp 
from swinging (Fig. 2(a), right panel). Significantly, the His 
residue is strictly conserved in all cutinases. In IsPETase, this 
His residue is replaced with a smaller residue Ser (S214), 
such that W185 is not packed and is free to swing (Fig. 
2(a), left and middle panel). Mutagenesis experiments 
showed that the PET-hydrolytic activity of the IsPETase 
S214H variant is decreased by about half. The research 
team thus considered that a His-to-Ser mutation is the 
key to transform a canonical cutinase to a specified PET 
hydrolase, and introduced a His-to-Ser mutation in other 
IsPETase-homologous cutinases in an attempt to obtain 
more novel PET hydrolases. Once again, no His-to-Ser 
variant showed an elevated PET hydrolytic activity.

The research team also solved the crystal structure of 
an IsPETase-homologous enzyme from Burkholderiales 
bacterium, denoted BurPL.6 The overall structure is highly 
identical to that of IsPETase, but the β6-β7 loop that 
accommodates the W185-corresponding residue of BurPL 
is less flexible than that of IsPETase. In BurPL, the side 
chain of a Phe residue that is located beneath the W185-

corresponding residue propels the Trp Cα 
to maintain the β6-β7 loop in position. In 
IsPETase, the Phe-corresponding residue is 
replaced with Ile (I218), of which the side 
chain is smaller than the phenyl group 
of Phe such that the spatial hindrance of 
the W185-locating β6-β7 loop is relieved. 
The research team was amazed to find 
that the Ile residue is also unique to 
IsPETase; the corresponding residue in 
other homologous enzymes is Phe (Fig. 
2(a)). The research team thus introduced 
His-to-Ser and Phe-to-Ile double mutation 
(DM) in BurPL and found that the 
variant showed a three-fold increase 
in PET-hydrolytic activity. For another 
IsPETase-like cutinase from Polyangium 
brachysporum (PbPL), introducing DM 
enhanced its PET-hydrolytic activity by 
~tenfold (Fig. 2(b)). The research team 
also introduced DM in five cutinases 
that are more phylogenetically distant 
from IsPETase, of which four showed a 
significantly increased PET-hydrolytic 
activity, including two that lacked the 
IsPETase unique extra disulfide bond 
and loop. These results indicate that Ser/
Ile DM might be a minimal requirement 
to transform a canonical cutinase to a 
specified PET hydrolase; the predecessor 
of IsPETase might acquire Ser/Ile DM to 
increase the flexibility of the substrate-
binding pocket to increase the binding 
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capacity to the bulkier PET.

PET has been present in our world for less than 70 years; 
which period is believed too short for microorganisms to 
generate PET decomposing enzymes de novo. Modifying 
existing enzymes to adapt the newly emerged substances 
would be a rapid and efficient strategy. For Ser/Ile DM, 
mutating as few as three nucleotides can result in His-to-Ser 
and Phe-to-Ile substitutions. In addition to the evolutionary 
significance, DM could be an important strategy to 
obtain more PET hydrolytic enzymes. Considering that 
the development of bio-based PET degradation platforms 
might require enzymes that match various vectors or 
operate under varied conditions, establishing a panel of 
PET hydrolytic enzymes should be necessary. In addition, 
these results highlight the importance of crystallography 
in studying enzyme mechanisms, as information, such 
as amino-acid side-chain wobbling and loop vibration, 
are difficult to access unless crystal structures are solved. 
Moreover, the two residues associated with DM that do not 
directly contact the substrate can influence the architecture 
of the substrate-binding pocket. These facts encourage us 
to expand the range of investigation when looking at the 
catalytic center, as the amino acids that are not directly 
involved in forming the active site might deploy critical 
effects to govern the enzyme actions (Reported by Rey-Ting 
Guo, Hubei University, China).

This report features the works of Rey-Ting Guo and his 
collaborators published in Nat. Catal. 4, 425 (2021), FEBS 

J. 285, 3717 (2018) and Nat. Commun. 8, 2106 (2017). 
The comparisons of enzyme-mediated degradation 
towards natural and synthetic macromolecules were also 
comprehensively summarized and published in Nat. Rev. 
Chem. 4, 114 (2020).
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Targeting ALS and FTD Disease-Related DNA 
Structures for Drug Discovery
G4C2 repeat-expanded DNA motifs on the C9orf72 gene provide conducive structural features with considerable 
flexibility, serving as a "hotspot" for selective drug binding. The current study highlights the potential of metal-
anthracene complexes to treat two important neurological diseases, Amyotrophic lateral sclerosis (ALS) and 
Frontotemporal dementia (FTD).

A myotrophic lateral sclerosis 
(ALS) is a multisystem 

neurodegenerative disease 
involving loss of motor neurons 
in the brain and spinal cord, 
leading to paralysis, speech 
disorders and respiratory failure. 
Frontotemporal dementia 
(FTD) is another form of 
progressive neurological disease 
characterized by language 
and personality disorders and 
behavioral changes caused 
by the loss of neurons in the 
frontal and temporal lobes of 
the brain. These two disorders 
were previously thought to 
be independent and distinct 
neurological disorders because 
they are heterogeneous at the 
clinical and neuropathological 
levels. Because of our limited 
understanding of disease onset and progression, as well as molecular and genetic mechanisms, there is as yet no cure for ALS 
or FTD. In recent years, technological advances and a deeper understanding of the molecular basis of neurological diseases 
have led to mounting evidence that ALS and FTD share some common clinical and genetic features. The discovery in 2011 
that the C9orf72 gene is the most commonly implicated gene causing ALS and FTD has led to a paradigm shift in viewing 
these disorders as “purely” cognitive or movement disorders.1 It is now recognized that both these neurodegenerative 
disorders are caused by an abnormal expansion of a hexanucleotide DNA repeat sequence, GGGGCC (commonly referred 
to as the G4C2 repeat) (Fig. 1). In patients with ALS or FTD, the length of abnormal expanded DNA repeats can range from 
800 to > 4000, whereas in normal individuals this length remains at about 30 repeats. The abnormal DNA expansion on the 
C9orf72 gene leads to loss of C9orf72 protein function, and might also serve as a major source of toxic RNA and peptides 
that cause neuronal damage.2,3 Most current drug development strategies for these diseases therefore focus on inhibiting the 
production of the corresponding toxic RNA or proteins in cells. Detailed studies of the genetic basis at the atomic level will 
help to provide new insight and hopefully develop effective treatments against ALS and FTD.

Ming-Hon Hou (National Chung Hsing University) and his collaborators Yih-Chern Horng (National Changhua University of 
Education), Jin Peng (Emory University, USA) and Stephen Neidle (University College London, UK) have long been working 
on neurological disease research and drug development. Using X-ray crystallography, Hou's team analyzed the important 
structural features of DNA and analogous RNA-DNA hybrid duplexes containing the G4C2 hexanucleotide repeat motif 
associated with ALS and FTD and proposed that the G4C2 repeat double helix DNA structure can be used as a target for small 
molecules.4

Elucidation of the complex crystal structure required a high-resolution X-ray facility, which was performed at NSRRC 
beamlines TPS 05A and TLS 15A1. The team solved the crystal structures of the DNA duplex d(GTGGGCCGAC)/(GTCGGCCCAC)  

Fig. 1: Schematic representation of mechanisms of ALS/FTD pathogenesis induced by abnormal G4C2 
repeat expansions on the chromosome 9 open reading frame 72 (C9orf72). The signature 
-GGGCCG- sequence corresponding to the G4C2 motif is highlighted with a red color box. 
[Reproduced from Ref. 4]
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and the analogous RNA-DNA hybrid duplex r(GUGGGCCGAC)/d(GTCGGCCCAC) with the central -GGGCCG- region (G4C2 
repeat motif) containing a core G4C2 repeat sequence (Figs. 2(a) and 2(b)). Detailed analysis of these complex nucleic-acid 
structures revealed many important features such as the broadening of the grooves and the sharp bend of the DNA duplex 
(Fig. 2(c)). In addition, the interactions at the interface of the crystal packing showed that the central region of the DNA 
duplexes is more flexible for direct or water-mediated intermolecular interactions (Fig. 2(d)). These specific natures of the 
DNA duplexes containing G4C2 repeats thus have the potential to serve as "hotspots" for the incorporation of external 
ligands. These unprecedented properties of the G4C2 DNA duplexes prompted the team to investigate various GC-selective 
DNA-binding compounds. Interestingly, biophysical characterization of several small-molecule compounds with G4C2 DNA 
revealed that metal-anthracene-based chromomycin complexes, (NiII-(Chro)2) and CoII-(Chro)2), have the potential to stabilize 
firmly the DNA duplex (Fig. 3(a)). Chromomycin (Chro) is an aureolic acid-type metalloligand isolated from Streptomyces 
griseus that binds to DNA in the presence of divalent metal ions. Chro belongs to the class of groove-binding compounds 
and its affinity for GpC sites is influenced by the flanking base-pair sequence. To understand the molecular mechanism 
behind the preference of metal-Chro complexes for G4C2 repeat DNA, the team solved the complex structure of (NiII-(Chro)2) 
and a DNA duplex with G4C2 motif (Fig. 3(b)). Detailed structural analysis of the X-ray crystal structures identified that the 
metal-Chro complexes have extended specificity and bind the flanked G:C base pairs of the GGCC core. This binding of the 
ligand across the minor groove side also resulted in contraction of the groove and straightening of the DNA backbone (Fig. 
3(c)). These specific structural changes in DNA resulting from Chro binding could therefore inhibit the formation of toxic 
transcripts in the resulting abnormal G4C2 expansion sequence and thus exert a therapeutic effect. 

Fig. 2: (a-c) Overall structural features of the G4C2 motif-containing DNA and RNA-DNA hybrid duplexes compared with a typical 
A-form duplex. (d) The detailed crystal packing shows packing of type ‘base-pair into minor groove’ in G4C2DNA and RNA-DNA 
hybrid duplexes. [Reproduced from Ref. 4]
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Given the specific mode of recognition of metalII-(Chro)2 complexes at G4C2 DNA, the team confirmed in Drosophila (fruit fly) 
models of ALS/FTD that the compound complexes can alleviate the motor deficits caused by neuronal toxicity and suppress 
the locomotor deficits (Fig. 3(d)). Previous studies have shown that Drosophila is an excellent model organism for study of 
neurological diseases and discovery of antineurological drugs. The results of the current study thus open the possibility of 
using a DNA-binding compound to treat the pathogenesis of diseases associated with G4C2 repeat expansion. The extensive 
research conducted by the team of Hou and his collaborators, from X-ray crystallography and biophysical analysis in vitro 
to animal model in vivo, confirms the importance of targeting DNA duplexes in the context of disease. This study not only 
provides a new direction for drug development against ALS and FTD, but is also likely to open new possibilities for the 
treatment of other neurological diseases. (Reported by Roshan Satange, National Chung Hsing University)

This report features the work of Ming-Hon Hou and his collaborators published in Nucleic Acids Res. 49, 16 (2021).
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Fig. 3:  (a) Chemical structure of chromomycin A3 (Chro) dimer in presence of Nickel(II) (NiII(Chro)2). (b) Overall crystal structure of the NiII(Chro)2-G4C2 
DNA complex. (c) Superimposition of the structures of G4C2 DNA duplex (blue) and CPX1 of NiII(Chro)2-DNA (pink). (d) Effects of metalII(Chro)2 
on G4C2 repeat toxicity in the Drosophila showing inhibition of the neuronal toxicity in the fly eye and suppression of the locomotor deficits. 
[Reproduced from Ref. 4]
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Fig. 1: Overall structure of EcCdnD. The protein is presented as a 
ribbon diagram, in which the N and C-terminal α-helices are 
colored blue and red. The β-strands are green. On the left is the 
N-terminal NTase domain that contains three essential residues 
Asp69, Asp71 and Asp121 for catalysis; their side chains are 
shown as stick models. On the right is the C-terminal helical 
domain. The first two helices α1 and α2 correspond to the 
“spine” in other NTases. [Reproduced from Ref. 5]

Insights into the Catalytic Path and Regulation of 
a Bacterial CTN Synthase
Mammalian cyclic GMP-AMP synthase (cGAS) and its bacterial homologues produce various cyclic dinucleotides and 
trinucleotides (CDN & CTN) as second messengers that participate in the defence against viral infections. Structural 
comparison of EcCdnD, a cGAS-like enzyme from Enterobacter cloacae, with DNA/RNA polymerase indicates plausible 
catalytic paths that produce CTN. The bound ATP in a reversed orientation might play a role in activity regulation.

C yclic nucleotides in organisms from mammals to 
bacteria serve as second messengers that regulate 

cellular activities in response to environmental variations. 
For example, through a phosphorylation cascade triggered 
by adrenaline, 3',5'-cyclic AMP (cAMP) promotes the 
breakdown of glycogen in human beings. Mammalian 
cGAS synthesizes 2',3'-cyclic GMP-AMP (2',3'-cGAMP) upon 
activation by double-stranded DNA, of which the presence 
in cytosolic indicates a foreign invasion or mitochondria 
breakdown.1 Innate immune responses are then initiated 
by cGAMP binding to STING (for STimulator of INterferon 
Genes). Similarly, 3',3'-cGAMP produced by dinucleotide 
cyclase in Vibrio cholerae (DncV) activates a phospholipase 
that degrades the bacterial cell membrane.2 Such suicide 
mechanisms, also known as CBASS (Cyclic oligonucleotide-
Based Anti-phage Signaling Systems), can prevent further 
spreading of the virus and protect the bacterial population 
from being destroyed.3 

Recently, scores of newly discovered cGAS/DncV-like 
nucleotidyltransferases (CD-NTases) were shown to produce 
a variety of cyclic dinucleotides and trinucleotides (CDN 
& CTN).4 These enzymes share a common architecture 
that comprises an N-terminal core domain similar to the 
DNA/RNA polymerases and a C-terminal helical domain 
that shows a greater difference. Instead of base pairing, 
the substrate specificity of CD-NTase is determined by 
interactions with protein side chains; the cage-like active-
site pocket might allow retention and reorientation of 
the reaction intermediates. CD-NTase signaling paths are 
classified into Types I and II, depending on a requirement 
of an activation step.3 So far, no CTN- synthesizing Type-II 
enzyme had been known 3D-structure. In this work, the 
research team led by Yeh Chen (China Medical University) 
determined the crystal structure of EcCdnD in apo and 
substrate complex forms with multi-wavelength anomalous 
dispersion and molecular replacement using beamlines TPS 
05A and TLS 15A1 of the NSRRC.5

The apo-form EcCdnD is folded into two domains like other 
CD-NTases (Fig. 1). The two N-terminal helices of Type-I 
enzymes constitute the “spine”, which is not broken until 
binding to an activator such as cytosolic DNA. In contrast, 
Type-II enzymes such as EcCdnD are active by themselves 

as reflected in a distinct division of the two helices. 
Structure comparison with PaCdnD, a CTN-synthesizing 
Type-I enzyme of the same class, shows more than 3Å 
Cα deviation and a 50-residue insertion between strands 
βE and βF that contains helix α4. EcCdnD synthesizes 
cyclic 3’-AMP-AMP-GMP (cAAG) but does not bind to 
GTP in the absence of ATP. The enzyme has two binding 
sites for ATP, as shown by measurements of isothermal 
titration calorimetry (ITC).6 Co-crystallization and soaking 
experiments with ATP, GTP and their analogues yielded only 
complex structures with ATP or its analogues (Fig. 2, see 
next page). 

In a shared mechanism for NTases, ribose O3' (or O2') 
atom of the acceptor substrate is bound to one metal ion 
(termed metal A) and attacks the 5'-phosphate of the 
donor substrate, of which the triphosphate associates 
with another metal ion (termed metal B; Fig. 3, see next 
page). Both metal ions were observed in the crystal 
structures, associated with the side chains of Asp69, Asp71 
and Asp121, the triphosphate of the donor ATP, and 
coordinating water molecules. The nucleotide occupying 
the acceptor substrate binding site was, however, in a 
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reversed disposition, unlikely to react with the donor. 
Nevertheless, this binding mode is consistent with the ITC 
results that also showed two sites for ATP. Occupation of 
the acceptor site by a reversed ATP molecule might be a 
result of its large concentration in crystallization. Inhibition 
by ATP might serve as a regulation mechanism of EcCdnD, 
a Type-II CD-NTase. When ATP is abundant, indicating a 
thriving condition, suicide might not be necessary. ATP at a 
large concentration was also shown to inhibit mammalian 
cGAS,7 despite its being a Type-I enzyme. 

Structural comparison with DncV indicates that the “cage” 
of EcCdnD is more open at the acceptor end, at which 
a positively charged surface patch is seen in a groove 
between the βF-βG and α8-α9 loops (the “gateway”). 
It corresponds to the binding site for the triphosphate 
of the “fake acceptor”, and might allow extension of 
the real intermediate farther from the active site. Upon 
superposition with DncV and EcCdnD, the primer strand 
in RNA polymerase penetrates the “cage” of DncV but fits 
roughly into the “gateway” of EcCdnD, whereas the P-site 
and A-site nucleotides match well with the acceptor and 
donor substrates. Taken together, the CTN-producing 
path of EcCdnD might begin with two consecutive RNA 

Fig. 2: Ligand-binding modes in the EcCdnD crystals. The bound nucleotides are shown as thick sticks and the amino-acid residues as thin sticks. Mg2+ 

ions and water molecules are shown as purple and red spheres. Hydrogen bonds and coordination bonds are indicated with dashed lines. 
The models of the bound ligands are superimposed on Fo-Fc omit maps contoured at 4σ level. (a) The bound ddATP in the tetragonal crystal 
has an associated Mg2+ ion. (b) At the C-terminus of helix α7 a structural Mg2+ ion is bound. (c) The donor ATP in the monoclinic crystal shows 
interactions via the ribose 2'- and 3'-OH groups and a second Mg2+ ion. (d) In the orthorhombic crystal the acceptor nucleotide AMPcPP interacts 
with three arginines and a third Mg2+ ion. [Reproduced from Ref. 5]

Fig. 3: Shared mechanism of the NTase-catalyzed reaction. The Mg2+ 
ion bound to the acceptor ribose is designated metal A; that 
bound to the donor triphosphate is metal B. The nucleophilic 
attack of O3' (or O2') at 5'-phosphate is indicated with an arrow. 
[Reproduced from Ref. 5]

(a) (b)

(c) (d)



Life Science 049

Fig. 4: Reaction paths of CD-NTase. (a) The nucleosides are represented with large circles, the phosphate 
groups with small circles. The donor and acceptor substrate binding sites are indicated with boxes. 
The nucleophilic attack by the ribose OH group at the α-phosphate is indicated with an arrow. 
Panels (b) and (c) show the known paths for CDN biosynthesis. Panel (d) shows a possible path 
that produces CTN with EcCdnD. [Reproduced from Ref. 5]

polymerase-like reactions and 
conclude with a DncV-like 
reaction in which the third 
nucleotide is turned over in the 
donor site (Fig. 4).

In summary, EcCdnD shares a 
common architecture of CD-
NTases but with significant 
variations. Two ATP-binding sites 
were identified in the substrate 
complex crystals. The donor ATP 
showed a binding mode similar 
to that in other NTases, but the 
acceptor ATP was bound in a 
reversed direction, indicating a 
possible inhibitory effect on this 
Type-II enzyme. By comparison 
with CDN-producing CD-NTase 
and RNA polymerase structures, 
a plausible catalytic path was 
proposed for CTN synthesis by 
EcCdnD. (Reported by Tzu-Ping 
Ko, Academia Sinica)

This report features the work of Yeh Chen and his colleagues 
published in Nucleic Acids Res. 49, 4725 (2021).
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Biradical Mechanism for PQQ-Dependent Hydride 
Transfer Chemistry 
High-resolution X-ray crystal-structure analyses with spectral and biochemical studies on methanol dehydrogenase 
(MDH) from Methylococcus capsulatus (Bath) in various states reveal the biradical mechanism of pyrroloquinoline 
quinone (PQQ)-dependent hydride transfer chemistry during catalytic turnover. 

Fig. 1: Overall structure of apo-MDH complexed with PQQ (left) and a close view at the catalytic binding site (right) with the Cys131-Cys132 center-
reduced form. [Reproduced from Ref. 1]

12B2, together with the properties through electron 
paramagnetic resonance (EPR), Infrared (IR) and Raman 
spectral and biochemical studies. They investigated both 
the holo- and apo-MDH, that is, with and without PQQ, 
respectively, but with the Cys131-Cys132 center reduced. 
The high-resolution structures of MDH from M. capsulatus 
(Bath) were determined in various states of the protein in 
which the vicinal disulfide bridge near the PQQ cofactor 
was broken (Fig. 1). IR and Raman spectra performed at TLS 
14A1 indicated and confirmed that the broken disulfide 
bond exists in MDH but was unaffected by the radiation 
damage of X-rays. 

 The research team presented solid evidence that the 
disulfide bridge in MDH is redox-active and participates 
with the PQQ prosthetic group in electron transfers within 
the protein. In the case of the holo-MDH with the fully 
reduced disulfide bridge, they observed one-electron 
reduction of the PQQ by the thiols of Cys131-Cys132 
and detected an EPR dipolar spectrum associated with 
the biradical system formed by the PQQ radical and the 
disulfide radical anion centered at the disulfide structure. 
In the X-ray structure of M. capsulatus (Bath) MDH, the two 

M ethylococcus capsulatus (Bath), a methanotroph, 
exists in anoxic or anaerobic environments, and 

metabolizes methane into methanol and subsequently 
into formaldehyde and other one-carbon (C1) substances. 
Methanol dehydrogenase (MDH) from M. capsulatus 
(Bath) is a quinoprotein alcohol dehydrogenase that 
uses the pyrroloquinoline quinone (PQQ) prosthetic 
group together with a calcium (Ca2+) ion to catalyze the 
oxidation of methanol (CH3OH), and further to convert it 
to formaldehyde (HCHO). The active site of MDH contains 
a rare disulfide bridge between adjacent cysteine residues.  
This disulfide bridge is clearly seen in the X-ray crystal 
structure of MDH from M. capsulatus (Bath). As a vicinal 
disulfide, the structure is highly strained, indicating that 
it might work together with the PQQ prosthetic group 
and the Ca2+ ion in the catalytic turnover during methanol 
oxidation.

Chun-Jung Chen (NSRRC) and his collaborative research 
teams at Academia Sinica and National Pingtung University 
analyzed the crystal structures of MDH from M. capsulatus 
(Bath) under various conditions using X-ray protein 
crystallography at TPS 05A, TLS 15A1, SP 44XU and SP 
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Fig. 2: Electron density of PQQ soaked into crystals of apo-MDH crystals: top view (upper left) and 
side view (upper right). More complete electron density in the region of C4 and C5 of PQQ is 
observed in the PQQ-soaked MDH. Compared to the holo-MDH in state (bottom left and right), 
there is evidently greater electron density between the Ca2+ atom and the PQQ in the PQQ-
soaked MDH structure based on this high-resolution structure, indicating reduction of the PQQ 
at the C5 position. [Reproduced from Ref. 1]

Fig. 3: Electron density of PQQ in the MDH after soaking with CH3OH: Top view (left) and side view 
(right) at resolution 1.80 Å. The electron density of CH3OH shows that the −OH group is 
interacting with C5 of PQQ. [Reproduced from Ref. 1]

radicals are only ~5 Å apart; the 
two electron spins are therefore 
coupled with a strong magnetic 
dipolar interaction. In light of 
these findings, they revised 
the catalytic cycle of MDH to 
encompass biradical formation 
instead of a two-step reoxidation 
of the reduced PQQ ethenediol 
following the hydride transfer 
during CH3OH oxidation. These 
observations were corroborated 
with electron-density changes 
between the two cysteine sulfurs 
of the disulfide bridge as well 
as between the bound Ca2+ ion 
and the O5=C5 bond of PQQ in 
the high-resolution (up to 1.8 Å) 
X-ray structures (Figs. 2 and 3).

On the basis of these findings, 
they proposed a novel 
mechanism for the controlled 
redistribution of the two 
electrons during hydride transfer 
from the CH3OH in the alcohol 
oxidation without formation 
of reduced PQQ ethenediol, 
a biradical mechanism that 
allows for possible recovery of 
the hydride for transfer to an 
external NAD+ oxidant in the 
regeneration of the PQQ cofactor 
for multiple catalytic turnovers 
(Fig. 4, see next page). In support 
of this mechanism, a steady level 
of the disulfide radical anion 
was observed during turnover 
of the MDH in the presence of 
CH3OH and NAD+. The direct 
involvement of a protein redox-
active residue to facilitate PQQ-
dependent hydride transfer is a 
strategy that should find wide 
applicability in enzymes that use the PQQ prosthetic group 
or related quinone cofactors in their catalytic chemistry.

In summary, the high-resolution X-ray structures of 
methanol dehydrogenase from M. capsulatus (Bath) under 
various conditions have been determined, revealing that 
the vicinal disulfide bridge near the PQQ cofactor can be 
broken in particular states. In conjunction with spectral and 
biochemical studies on these structures, the mechanism 
of the PQQ-dependent hydride transfer chemistry in the 
oxidation of methanol to formaldehyde has finally been 

clarified after decades of confusion. This breakthrough 
paves the way toward the development of a biomimetic 
catalyst for the controlled conversion of methanol into 
formaldehyde under ambient conditions, an important 
next step in C1 chemistry. (Reported by Chun-Jung Chen)

This report features the work of Chun-Jung Chen and his 
collaborators published in J. Am. Chem. Soc. 143, 3359 
(2021). 
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Fig. 4: Proposed catalytic cycle for oxidation of CH3OH to HCHO mediated by MDH of M. capsulatus (Bath). [Reproduced from Ref. 1]
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Fig. 1: (a,b) APE1-recessed dsDNA product complex structures and conformational changes of the RM bridge. (c) The RM bridge occupies the space of 
the active site and separates the active site into the catalytic site and a product pocket. (d) A magnified view of the active site when APE1 works 
as an endonuclease or exonuclease. The structural comparison reveals the structural basis of the base preference of APE1. [Reproduced from Ref. 
1 and 2]

APE1 Follows the Induced Space-Filling Mechanism 
to Distinguish and Processing Various DNA 
Substrates
Combining APE1-DNA complex structures and biochemical assays, we established a space-filling model to depict how 
APE1 distinguishes various substrates and to reveal the structural basis of the drug-resistant mechanism associated 
with APE1.

A PE1 is a DNA-repair enzyme with both endonuclease and exonuclease activity. As an endonuclease, the apurinic/
apyrimidinic site (AP site)-specific cleavage of APE1 is an essential process to repair oxidized nucleotides in the base 

excision repair (BER) path. As an exonuclease, APE1 digests various deoxynucleotides at the 3’- termini of matched or 1 
nt-mismatched duplex DNA without base preference. The non-specific exonuclease activity of APE1 leads to nucleoside 
analogue-typed anti-cancer drug resistance. Excision of the 3’-end-matched base pair by APE1 in various structural duplex 
DNA, such as gapped, nicked and recessed dsDNA, is vital for a series of DNA processing paths, including nucleotide 
incision repair, Trinucleotide repeat expansion-related BER, single-strand breaks and apoptosis. Unlike the well studied 
endonuclease activity, the lack of structural information leaves the molecular details of the base and structural preference 
of APE1 exonuclease activity still missing. In this study, we determined two terminal-binding structures of the APE1-dsDNA 
complex and demonstrated an induced space-filling model to reveal the structural basis of its exonuclease activity. The X-ray 
diffraction data sets were collected at beamlines TLS 13B1, TLS 15A1, and TPS 05A of the NSRRC.1

 After DNA binding, Arg176 and Met269 of APE1 are induced to form a bridge-like structure (RM bridge) occupying the 
active site and creating a narrow channel (Figs. 1(a-c)). A RM bridge separates the active site into the catalytic site and a 
product pocket in which the unique structure conducts the different substrate specificity of APE1 endo- and exo-nuclease 
activity. In the endonuclease manner, APE1 is an AP site-specific nuclease because the steric hindrance from the downstream 
nucleotide and narrow product pocket makes a normal nucleotide that cannot be accommodated (Fig. 1(d)). In the 
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exonuclease manner, the last nucleotide base can rotate and be placed into another region of the product pocket (Fig. 1(d)). 
In addition, the product pocket is composed of hydrophobic residues that cannot specifically interact with nitrogenous bases 
with hydrogen bonds. These two structural features make APE1 exonuclease without a base preference.  

 This induced space-filling mechanism also clarifies the selection mechanism for the structural preference of APE1 exonuclease 
on dsDNA that is critical to identify the role of APE1 on various DNA repair paths. First, APE1 prefers to digest dsDNA 
with blunt-end and 1 nt-mismatch rather than the 2 nt-mismatch (Fig. 2(a)), because the narrow product pocket with 
steric hindrance cannot accommodate two nucleotides; APE1 can thus difficultly digest substrates with more than 2 nt-
mismatched bases (Fig. 2(b)). In contrast, the nicked dsDNA with flank 5’-phosphate is an unfavourable substrate for the 
APE1 exonucleolytic cleavage (Fig. 2(c)). The steric hindrance between the base region of 3’-terminal deoxyribonucleotide 
and the downstream 5’-phosphate group leads to an unfavourable cleavage of 5’-phosphate nicked dsDNA (Fig. 2(d)). This 
hypothesis is proved with nuclease activity assays in vitro. With the substrates without steric hindrance, such as nicked dsDNA 
with the flank 5’-hydroxy group and gapped dsDNA, the exonuclease activity of APE1 is no longer restricted (Figs. 2(c) and 
2(e)).  

In summary, the DNA binding-induced RM bridge fills the space of the APE1 active site to create a narrow channel-liked 
structure. The narrow hydrophobic product pocket enables the APE1 with different base selection mechanisms in endo- and 
exo-nuclease activity. When APE1 works as an endonuclease, it targets only the AP site in the middle of dsDNA. When APE1 
works as an exonuclease, it removes any nucleotide at the 3’-terminal of duplex DNA without preference. Additionally, 
the steric hindrance of the product pocket weeds out the dsDNA with longer 3’-overhang and nicked dsDNA with flank 
5’-phosphate to construct the structural preference of APE1. Our unprecedented induced space-filling model clarifies the base 
and structural selection mechanisms of APE1 in processing dsDNA and paves the way to understand the cellular functions 
and drug resistance associated with APE1.1,2 (Reported by Tung-Chang Liu and Jung-Yu Liu, , National Yang Ming Chiao Tung 
University)

Fig. 2: (a) Exonuclease activity of mAPE1 in digesting dsDNA with blunt-end, 1-nt mismatch and 2-nt mismatch. dsDNA with 2-nt mismatch is a poor 
substrate of APE1 exonuclease. (b) An induced space-filling model depicts why dsDNA with 2-nt mismatch is a poor substrate. (c) Exonuclease 
activity of mAPE1 in digesting nicked dsDNA with or without flank 5’-phosphate. (d) The induced space-filling model depicts how the APE1 
exonuclease activity is blocked by nicked dsDNA with flank 5’-phosphate, and why APE1 can digest gapped dsDNA. (e) Nuclease activity of APE1 
on gapped dsDNA. [Reproduced from Ref. 1 and 2]
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This report features the work of Yu-Yuan Hsiao and his collaborators published in Nat Commun. 12, 601 (2021).
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Poa1p Macro Domain Structure: Deciphering a 
Non-Canonical 3"-OAADPR Deacetylase
In this report, the undefined enzymatic activity and substrate specificity of the Poa1p macro domain were revealed on 
deciphering the crystal structures in a combination of biochemical approaches and guided a study of biological effects 
of the OAADPR metabolism in epigenetics.

O -acetyl-ADP-ribose (OAADPR) is a fascinating signaling 
molecule that has been implicated in the regulation 

of numerous cellular processes, including the formation of 
silent information regulator complexes and gene silencing. 
This molecule was first identified from the conserved NAD-
dependent histone/protein deacetylase reaction catalyzed 
by sirtuins. In cells, the ratio of 2”- and 3”-OAADPR exists in 
equilibrium as 48:52 at slightly alkaline pH through a non-
enzymatic intermolecular transesterification.1

There is accumulating evidence that a group of macro 
domain proteins efficiently catalyzes the deacetylation 
of 2”-OAADPR, including MacroD-like proteins (human 
MacroD1, human MacroD2, E. coli Ymdb, O. iheyensis 
MacroD), the sirtuin-linked macro domain SAV0325 from 
S. aureus, and the human TARG1-like macro domain 
C6orf130.2 The catalysis ability of macro domains stems 
from their physical or genetic link with sirtuins, thus 
revealing the functional connections with sirtuins and 
a novel aspect of OAADPR metabolism.3 To date, only 
2”-OAADPR deacetylases but no 3”-OAADPR deacetylase 
was reported.

S. cerevisiae contains sirtuins as a major NAD-consuming 
family but lacks any poly(ADP-ribose) polymerase (PARP) 
homologues, which indicates that sirtuin reaction product 
OAADPR might hold the most potential physiological roles 
in yeast. Qualitative analysis of yeast cell extracts revealed at 
least three distinct activities contributing to the metabolism 
of OAADPR in vivo, but only Nudix hydrolase Ysa1 was 
reported to hydrolyze OAADPR/ADPR to AMP and ribose 

phosphate or acetyl-ribose phosphate, thereby lowering 
the cellular OAADPR/ADPR levels.4  Protein identities 
of the unknown deacetylase and acetyl transferase 
remain obscure.2,4 Poa1p is a unique fungal-type macro 
domain protein that shares little sequence homology 
with other macro domains. To explore the function of the 
uncharacterized macro domain, a research team led by 
Chun-Hua Hsu (National Taiwan University) determined the 
structures of apo, ADPR-bound Poa1p, and its mutants. The 
diffraction data were collected at TPS 05A, TLS 15A1 and 
TLS 13B1.5

Our biochemical data reveals that, within two macro 
domains from S. cerevisiae, only Poa1p carried a robust 
catalytic activity toward deacetylation of OAADPR, 
yielding a significant reaction product, ADPR. To elucidate 
enzymatic properties of Poa1p at a molecular level, the 
crystal structure of ADPR-bound Poa1p was determined 
(Fig. 1(a)). The structure of Poa1p-ADPR complex, at 
resolution 1.78 Å, adopts a three-layered α/β/α sandwich 
fold with the ADPR molecule accommodated within the 
central crevice of Poa1p. This condition strongly indicates 
a typical macro domain fold for ADPR binding. Having 
structurally characterized the Poa1p macro domain, 
the authors then investigated the substrate specificity 
of Poa1p for OAADPR deacetylation. The RP-HPLC and 
18O-labeling results revealed that Poa1p can hydrolyze both 
3”- and 1”-OAADPR isomers, and preferentially facilitate 
3”-OAADPR cleavage at neutral pH. To decipher the 
molecular mechanism of this finding, interactions between 
Poa1p and ADPR were examined (Fig. 1(b), see next page). 
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The interaction network of the 
ADPR binding groove consists 
of four binding surfaces (S1-
S4) and thus provides effective 
hydrophobic interaction and 
hydrogen-bond networks 
with ADPR. Of note, the steric 
position of water molecule W7 
appears to be the corresponding 
occupant of a conceivable 
nucleophilic water site by the 
acetyl group of 2”-OAADPR. 
Establishment of the steric 
hindrance (Gly87, Gly88, and 
Phe152) in the vicinity of the 
ribose 3”-hydroxyl group seems 
to retain the proper orientation 
of 3”-OAADPR for catalysis. The 
side chain of Tyr50 from the 
α2-helix neighboring Asn26 
evidently points toward the 
3”-hydroxyl groups of the distal 
ribose moiety, which seems 
reasonable to concede a nearby 
nucleophilic water for catalysis 
in stereochemistry.

Since the discovery of the non-
canonical substrate specificity 
of Poa1p, crucial residues 
involved in the intriguing 
activity remain obscure. To gain 
insight into the relevance of 
the substrate specificity and activity of Poa1p, potentially 
critical residues for substrate binding and catalysis were 
designated for mutational study. Kinetic analysis of the 
designed Poa1p mutants showed a decreased turnover 
rate (Kcat) to certain degrees. In addition, the Poa1pF152A-
ADPR structure revealed that the phenyl group of Phe152 
established a steric hindrance to stabilize the orientation 
of the distal ribose of OAADPR for catalysis. Of note, the 
RP-HPLC results of these mutants confirmed their catalytic 
roles in distinct substrate specificities of OAADPR isomers. 
His23 was engaged in catalyzing 1”-OAADPR hydrolysis, 
which indicates its potential role in protein de-mono-
ADP-ribosylation, whereas Asn26 and Tyr50 were mainly 
contributed to 3”-OAADPR hydrolysis, in line with the 
authors' hypothesis from the structural information. To 
elaborate the catalytic specificity of 3”-OAADPR hydrolysis 
from RP-HPLC and kinetic assays, we present a structural 
comparison side by side of the active site of the Poa1p-
ADPR complex (Fig. 2). The α2 helix in Poa1p adopts a 
core structure more compact than other macro domains, 
thus providing the best chance for the non-conserved 
tyrosine residue (Tyr50 in Poa1p) to engage in 3”-OAADPR 
catalysis. As compared with the isostructural residues of 

other macro domains, all residues are non-catalytic and far 
from the distal ribose of the ADPR moiety. The biological 
consequence of the OAADPR hydrolysis via Poa1p was 
further explored. A disruption of Poa1p expression in 
yeast showed a striking sensitivity to transcriptional stress, 
which implies a physiological role in response to nucleotide 
depletion.

In summary, five conclusions were drawn from the 
structural and biochemical data. (1) Poa1p is the only 
catalytically active macro domain in yeast toward 
deacetylation of OAADPR. (2) The first complex structure 
of Poa1p with ADPR was determined. (3) Poa1p exhibits 
the non-canonical 3”-and 1”-OAADPR deacetylase 
activities that are distinct from canonical 2”-OAADPR 
deacetylase. (4) The specialized residue Tyr50 and compact 
folding of the α2 helix in Poa1p contribute to the distinct 
substrate specificity toward 3”-OAADPR. (5) Phenotypic 
consequences of the transcriptional effect in yeast might 
serve as a model organism to discover further physiological 
functions of OAADPR deacetylases. Altogether, our studies 
provide a new picture for the diverse catalytic properties of 
POA1-like macro domains but decipher its biological roles 

Fig. 1: (a) Overall structure and topology of Poa1p in a complex with ADP-ribose (ADPR). The disordered 
region is shown as dashed lines. (b) ADPR binding surfaces (S1-S4) and interaction network of 
ADPR with protein residues of Poa1p. Residues within S1-S4 are shown as sticks with carbon in 
blue, yellow, purple and salmon, respectively. [Reproduced from Ref. 5]
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Fig. 2: Structural comparison of ADPR-bound Poa1p with other ADPR-bound macro domains, including HsTARG1 (PDB code 2L8R), EcYmdb (PDB code 
5CB3), OiMacroD (PDB code 5L9K), Ymx7 (PDB code 1TXZ), and HsMacroD2 (PDB code 4IQY) colored green, orange, magenta, slate, salmon 
and yellow, respectively. [Reproduced from Ref. 5]

in regulating cellular OAADPR and ADPR. (Reported by 
Chun-Hua Hsu, National Taiwan University)

This report features the work of Chun-Hua Hsu and his 
colleagues published in ACS Catal. 11, 11075 (2021).
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Energy 
Science T he following research highlights are selected from the 

energy science published by the user communities 
during year 2021. These highlights outline synchrotron 
X-ray techniques that are suitable to address research 
questions and future directions in this domain. For example, 
the science highlights from NSRRC beamlines TPS 44A, TLS 
01C1, SP 12B1 and SP 12U1 show how the operando X-ray 
absorption technique can identify the atomic configuration 
and chemical state of double-atom catalysts during the 
oxygen evolution reaction. The highlight from TLS 23A1 
demonstrates how the time-resolved grazing-incidence 
wide-angle X-ray scattering technique is used to study a 
phase transition during formation of perovskite quantum 
wells for solar-cell applications. The selection from TLS 
16A1 demonstrates that the improvement mechanism 
of a LixZr2(PO4)3 buffering layer on interfacial stability and 
Li-ion transport dynamics is well studied for sulfide-based 
all-solid-state lithium batteries. The last highlight from TLS 
01C2 reveals that the unique partial substitution (~87%) 
of Sc3+ in the octahedral site was demonstrated via Rietveld 
refinement. This result led to a random distribution of Ga3+ 
and Sc3+ ions at the Ga2 site of Ga2O3, further affecting the 
photoluminescent properties for light-emitting diodes. (by 
Yan-Gu Lin)
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T he oxygen-evolution reaction (OER) is an important 
electrochemical anodic reaction that provides protons 

and electrons for fuel-generating cathodic reactions such 
as the hydrogen-evolution reaction and CO2 reduction 
reactions. Tremendous efforts have been made to develop 
efficient and scalable OER electrocatalysts. For instance, 
mixed metal oxides containing Co, 
Fe or Ni have been found to be the 
most active heterogeneous OER 
catalysts in an alkaline medium, but 
the heterogeneous nature of these 
metal oxides makes it difficult to study 
and to understand the fundamental 
properties and mechanisms of these 
catalysts. Fortunately, atomically 
dispersed catalysts including single-
atom catalysts and discrete sub-
nano clusters are an emerging class 
of heterogeneous electrocatalysts 
with high atomic efficiency. These 
catalysts possess uniform and well 
defined active sites, providing a 
unique opportunity for a mechanistic 
understanding.

Xile Hu (Ecole Polytechnique Fédérale 
de Lausanne, Switzerland) and 
Hao Ming Chen (National Taiwan 
University) recently developed a 
general synthesis of Co-, Fe- and 
Ni-containing double-atom catalysts 
from their single-atom precursors 
via electrochemical transformation 
in situ. Employing operando X-ray 
absorption spectra (XAS) at beamlines 
TPS 44A, TLS 01C1, SP 12B1 and 
SP 12U1,1 the results demonstrated 
how atomic-configuration and 
chemical state could affect their 
resulting catalytic nature. For 
example, operando extended X-ray 
absorption fine structure (EXAFS) 
spectra of the Ni K-edge and the Fe 
K-edge were recorded under varied 
conditions, as plotted in Fig. 1. The 
results indicated that the Ni ion in 
Ni–N–C is most probably coordinated 

with 3N, 1C and 1O. The N and C donors come from the 
N-doped carbon support; the O donor is assumed to be an 
adsorbed hydroxyl group or water. When a single-atom 
Ni catalyst (Ni–N–C) was immersed in 1- M KOH, two N 
donors were replaced by three new O donors (OH−/H2O), 
as shown in Fig. 1(a). After five cyclic voltammetry scans 

How Does the Synergism Work?

A stable and non-precious double-atom catalyst was demonstrated for the next generation of superior  
oxygen-evolution catalysts. 

Fig. 1: Operando XAS study of Ni–Fe–N–C. (a) Operando EXAFS spectra of Ni K-edge for Ni–N–C (as 
prepared) and Ni–Fe–N–C under various conditions. (b) Edge-jump energies of Ni K-edge 
spectra for Ni–N–C (as prepared) and Ni–Fe–N–C under various conditions. Inset: enlarged 
graph for the oxidation states. (c) Operando EXAFS spectra of Fe K-edge for Ni–Fe–N–C 
under various reaction durations. (d) Edge-jump energies of Fe K-edge spectra for Ni–
Fe–N–C under various reaction durations. Inset: enlarged graph for the oxidation state. (e) 
A scheme showing the formation of double-atom Ni–Fe–N–C from the single-atom Ni–N–C 
precatalyst. [Reproduced from Ref. 1] 

(a)

(b)

(c)

(d)

(e)
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and under extended electrolysis, the first coordination 
shell of Ni remained nearly the same, while the second 
scattering shell of Fe appeared. The coordination structure 
of the Ni–Fe double-atom catalyst (Ni–Fe–N–C) remained 
stable under OER conditions on a time scale of 5 h (Fig. 
1(a)). As displayed in Fig. 1(b), the oxidation state of Ni 
in the dry sample was between +2 and +3. The energy 
of the absorption edge of Ni increased only slightly on 
formation of Ni–Fe–N–C and remained nearly the same 
during extended electrolysis, indicating that only a few 
Ni2+ ions in Ni–N–C were oxidized to Ni3+ on activation. As 
shown in Fig. 1(d), after electrolysis for 1 hour, the average 
oxidation state of the Fe ion was greater than +3, indicating 
the formation of substantial Fe(IV) species during OER. 
The distal iron ion was initially surrounded by close to six 
oxygen ligands in the first shell and exhibited a Fe–Ni path 
in the second shell (Fig. 1(c)). With increasing duration of 
electrolysis, the gradual 
increase of the coordination 
number (CN) of Ni–Fe was 
related to the formation 
of more Ni–Fe atom pairs. 
The process of formation of 
Ni–Fe double atoms from 
Ni–N–C is summarized in 
Fig. 1(e).

Compared with 
conventional XAS, a 
coordinated environment-
sensitive approach of 
operando Kß high-energy-
resolution fluorescence 
detected (HERFD)–XAS, 
as plotted in Fig. 2, was 
performed to investigate 
the characters of frontier 
orbitals as well as the 
bonding state of reactive 
metals. After five cyclic 
voltammetry cycles, the 
symmetry of Ni transformed 
to highly symmetrical 
octahedral because of the 
desorption of nitrogen and 
attachment of oxygen, in 
which the signal area of 
the pre-edge decreased 
further. This result indicates 
the restoration of a high 
symmetry at the Ni centre, 
which is consistent with 
the formation of the 
Ni–Fe–N–C catalyst with 
octahedral symmetry 
(Fig. 1(e)). During further 

electrolysis, the dipole transition remained largely steady 
(Figs. 2(a) and 2(b)). In the higher-energy region of the 
HERFD–XAS Ni K-edge spectra, a metal-to-ligand electronic 
transition (MLET) was observed. On immersion into the 
electrolyte, the intensity of the MLET substantially declined. 
This result is consistent with the coordination of some O 
ligands and the departure of one or more N ligands, as 
metal–O interaction is weaker than metal–N interaction. 
On activation with cyclic voltammetry and continuous 
electrolysis, the intensity of the MLET further decreased 
until a steady state was reached in 4 hours, indicating that 
iron ions continued to attach to the Ni site during initial 
electrolysis until an equilibrium was reached in 4 hours. 
As plotted in Fig. 2(e), the energy split of Ni–Fe–N–C was 
about 1.3 eV, similar to that of Fe(NO3)3, which has six 
coordinated H2O ligands of symmetry Oh. This result is 
attributed to a ligand field caused by H2O ligands weaker 

Fig. 2: Operando HERFD–XAS experiments of Ni–Fe–N–C. (a) Operando Ni K-edge HERFD–XAS of Ni–Fe–N–C, 
the graph is derived from the intensity of pre-edge spectra under varied conditions. (b) Integrated area 
of pre-edge region from 8,332 eV to 8,337 eV of Ni K-edge HERFD–XAS for Ni–Fe–N–C under varied 
conditions. (c) Operando Fe K-edge HERFD–XAS of Ni–Fe–N–C at varied durations of activation. (d) 
Fe:Ni ratio in Ni–Fe–N–C determined with HERFD–XAS. (e) Energy levels Eg and T2g, and the ligand-field-
splitting energy in Ni–Fe–N–C, Fe(NO3)3, FeOOH and NiFeOOH. [Reproduced from Ref. 1] 
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than for lattice oxygen atoms in FeOOH and NiFeOOH. 
The energy split in Ni–Fe–N–C is even smaller than that of 
Fe(NO3)3, probably due to a more asymmetric structure 
of the Ni–Fe units compared to Fe(NO3)3. All these results 
further support the formation of Ni–Fe double atoms.

In summary, the molecular nature of active sites in these 
double-atom catalysts facilitates the deduction of reaction 
mechanisms using data from XAS and electrokinetic 
measurements. In the future, the new molecular platform 
proposed by this team of researchers could be used to 
study heterogenous OER electrocatalysts in depth. For 
instance, it could help material scientists to understand 
better how an atomic configuration and chemical state of a 
catalyst affect its catalytic nature. (Reported by Yan-Gu Lin) 

This report features the work of Xile Hu and Hao Ming Chen 
published in Nat. Energy 6, 1054 (2021). 
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Lighting the Path to Perovskite Photovoltaics

The time-resolved grazing-incidence wide-angle X-ray scattering technique is demonstrated to study the phase 
transition during the formation of perovskite quantum wells. 

P erovskite quantum wells (PQW) exhibit greatly enhanced stability in contrast to the traditional 3D perovskite due to 
the long-organic-chain ligands. In contrast to cations of smaller size, the ligand molecules with a longer chain can form 

an interdigitating structure at an interface stabilized by the van der Waals force, resulting in an overall stabilization of the 
stacked perovskite hierarchy. The photovoltaic performance of pure 2D perovskite solar cells is, however, not at par with that 
of its 3D counterpart because of anisotropic charge-carrier transport. To combine the excellent efficiency of light to electricity 
of the 3D perovskite with the desired stability of the PQW, the hierarchy of building a low-dimensional perovskite layer on 
top of a 3D bulk perovskite layer has been introduced. Thus far, most studies on PQW/3D perovskite have focused on the 
photovoltaic performance (including stability) after the formation of the hierarchy; whereas the critical issue of determining 
how the coated ligand molecules convert the 3D perovskite lattice into the reduced-dimensional perovskite structure is rarely 
explored. 

Gang Li (Hong Kong Polytechnic University, China) and his coworkers recently explored in detail the formation mechanism 
of PQW on top of a 3D perovskite bulk layer through the real-time tracking of crystal phase evolution. Employing grazing-
incidence wide-angle scattering measurements (GIWAXS) in situ at beamline TLS 23A1,1 the results revealed the formation in 
situ of PQW when hexyltrimethylammonium bromide (HTAB) was coated on top of the 3D perovskite layer. The time-resolved 
GIWAXS intensity map during the spin coating of HTAB on top of the pristine 3D perovskite layer is shown in Fig. 1(a) (see 
next page). Before the HTAB dripping, only the scattering rings from the 3D perovskite crystals at a large q regime appear, as 
shown in Fig. 1(b). After the HTAB was coated on the 3D perovskite layer, a new ordered intermediate phase immediately 
emerged in the low q regime (q = 0.31 Å–1), as indicated by the red arrow in Fig. 1(c). Surprisingly, a strikingly strong ionic 
reaction between the 3D perovskite and the long-chain organic cation led to the rapid formation of an ordered intermediate 
phase within only a few seconds, as shown in Fig. 1(d). The existence of this reaction sufficiently explained the decrease in 
the 3D perovskite (110) scattering signal when the 2D perovskite scattering signals in the small-q regime intensified as the 
HTAB concentration increased. The optimal PQW/3D architecture was achieved on controlling the HTAB casting, which was 
assisted by time-of-flight secondary-ion mass spectral characterization. On controlling the second ionic reaction during the 
long-chain cation coating, along with the fluorinated poly(triarylamine) as a hole-transport layer, the perovskite solar cells 
demonstrated efficiencies exceeding 22% along with greatly improved device stability.

In summary, to realize efficient and stable perovskite solar cells, the profound mechanism of PQW formation in the PQWs/3D 
heterostructure was explored. Time-resolved GIWAXS revealed a rapid ionic reaction immediately after HTAB casting, yielding 
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a highly ordered intermediate phase within only a few seconds. Details regarding the mechanism of PQW formation and 
the relative phase transformation elucidated in this study would guide the control of chemical reactions toward the desired 
PQW/3D perovskite hierarchy, facilitating further improvements in both the optoelectronic property and stability, and 
ultimately benefiting the implementation of PQW modified with the 3D perovskite hierarchy in the near future. (Reported by 
Yan-Gu Lin) 

This report features the work of Gang Li and his collaborators published in Adv. Mater. 33, 2006238 (2021). 
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Fig. 1: (a) Time-resolved GIWAXS intensity maps showing the formation of an ordered intermediate phase during HTAB solution (10 × 10−3 M) spin 
coated on top of a pristine 3D perovskite layer. (b,c) 2D GIWAXS patterns for perovskite films before (@8 s) and after (@48 s) HTAB dripping, as 
indicated by the black dashed lines in (a). (d) Extracted intensity @ q = 0.31 Å–1 (ordered intermediate phase, as indicated with a red arrow in (c)) 
as a function of time. (e) Integrated intensity versus q from 2D GIWAXS patterns at 8 s (black) and 48 s (red). (f) Magnification of the integrated 
intensity versus q in the low q regime. [Reproduced from Ref. 1] 

(a)

(d) (e) (f)

(b) (c)



Energy Science 063

A ll-solid-state lithium 
batteries (ASSLB) are 

regarded as one of the next-
generation energy storage 
technologies to compete or 
even to surpass the state-of-
the-art liquid-based lithium-ion 
batteries. By replacing organic 
liquid electrolytes with non-
flammable solid electrolytes (SE), 
ASSLB are expected to address 
safety concerns associated with 
flammable organic electrolytes, 
and to achieve applications 
over a wide temperature range. Among SE of various types, 
sulfide is viewed as one of the most promising SE candidates 
for the commercialization of high-performance ASSLB, but 
the narrow electrochemical stability window of sulfide SE 
challenges the interface stability especially at the high-voltage 
cathode side, thus producing much increased interfacial 
resistance, poor rate performance and rapid capacity fading. 
Moreover, the structural mismatch and electrochemical 
potential discrepancy between oxide cathodes and sulfide SE 
render high interfacial impedances for Li-ion transport. These 
phenomena limit the realization of sulfide SE in high-voltage 
battery systems for increased energy densities.

Guanglei Cui (Chinese Academy of Sciences, China) and his 
coworkers recently found that LixZr2(PO4)3 (LZPO) served as a 
proof of concept for a bidirectionally compatible buffering-
layer design scheme (Fig. 1) to overcome the interfacial 
challenges of sulfide-based high-voltage ASSLB (HVASSLB). 
Employing X-ray absorption spectra (XAS) at TLS 16A1,1 
the mechanism of improvement of the LZPO buffering layer 
on interfacial stability and Li-ion transport dynamics was 
studied. As shown in Fig. 2, the S K-edge and P K-edge on 
the composite cathode side were characterized using the 
fluorescence-yield mode to investigate the interface stability 
between Li6PS5Cl (LPSCl) and LiCoO2 (LCO) with and without 
the LZPO buffering layer. An effective chemical stability 
between LZPO-LCO and LPSCl was observed. In contrast, 
LPSCl is thermodynamically unstable with LCO but undergoes 
spontaneous decomposition in contact with LCO. It was 
concluded that the LZPO buffering layer can remarkably 
enhance the stability of the LCO/LPSCl interface and the 
Li-ion transport dynamics even cycled at voltage 4.5 V, which 

Fig. 1: Schematic illustration of the design of a bidirectionally compatible buffering layer. [Reproduced 
from Ref. 1]

Fig. 2: XAS at S K-edge and P K-edge for pristine LPSCl (P-LPSCl), pristine 
LCO/LPSCl composite cathode (P-LCO/LPSCl), pristine LZPO-
LCO/LPSCl composite cathode (P-LZPO-LCO/LPSCl), LCO/LPSCl 
composite cathode after 100 cycles (C-LCO/LPSCl), and LZPO-
LCO/LPSCl composite cathode after 100 cycles (C-LZPO-LCO/
LPSCl). [Reproduced from Ref. 1] 

Eliminating the Detrimental Effects in Solid-State 
Batteries
A bidirectionally compatible buffering-layer enables a highly stable and conductive interface for sulfide-based all-solid-
state lithium batteries. 
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confirms the feasibility and great prospects of NASICON-
type LZPO coatings for sulfide-based HVASSLB.

In summary, NASICON-type LZPO with high oxidation limits 
and reasonable ionic conductivity was demonstrated as a 
proof of concept for a bidirectionally compatible buffering-
layer design scheme to overcome the interfacial challenges 
of sulfide-based HVASSLB. 4.5-V LZPO-LCO/LPSCl/In-Li 
HVASSLBs could thereby exhibit an initial discharge 
capacity up to 143.3 mA h g−1 at 0.2 C, and excellent long-
cycle performance (95.53% capacity retention after 100 
cycles). This work sheds light on the great prospects of 
sulfide-based HVASSLB with high-rate characteristics, and 
constitutes a crucial step toward the rational design of the 
interface and interphase chemistry for high-performance 
sulfide-based HVASSLB. (Reported by Yan-Gu Lin) 

This report features the work of Guanglei Cui and his 
collaborators published in Adv. Energy Mater. 11, 2100881 
(2021).
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Catching Hidden Structural Evolution in Near-
Infrared Phosphors
The random distribution of Ga3+ and Sc3+ ions at the Ga2 site of Ga2O3 greatly affects the photoluminescent  
properties.

R ecently, phosphor-converted IR light-emitting diodes 
(pc-IR LEDs) have evolved into smart devices with the 

advantages of large output power, high efficiency and 
small size. IR phosphor materials are crucial components 
of these devices, affecting the overall performance 
of the resulting spectrum. Cr3+, as a unique and ideal 
near-IR emitter that can produce either sharp-line or 
broadband spectra, has become a promising candidate 
for producing IR light. Although substantial progress has 
been achieved in this popular topic, most studies have 
focused on a single compound or on changing activators 
without systematically tuning the crystal structure and the 
luminescent wavelength. Consequently, understanding 
the control mechanism is considered an important issue 
in tuning luminescent properties. Some local structural 
distortions or phase transitions might result in unexpected 
photoluminescent properties. Moreover, a subtle change in 
the local structure might tune photoluminescence between 
sharp-line or broadband emissions. This phenomenon has 
been seldom discussed in previous studies. The overall 
tuning mechanism remains vague.

Ru-Shi Liu (National Taiwan University) and his coworkers 
recently conducted a complete study on the unexpected 
structure evolution behavior in Cr3+-doped phosphors. 
Ga1.994−xScxO3:0.006Cr3+ (Ga2−xScxO3:Cr3+) phosphors 
in a series were synthesized; their unique structural 

and photoluminescent properties were characterized, 
demonstrating their high potential in IR-LED applications. 
Employing X-ray diffraction (XRD) measurements at 
beamline TLS 01C2,1 the unique partial substitution (~87%) 
of Sc3+ in the octahedral site was demonstrated via Rietveld 
refinement. The synchrotron XRD patterns of Ga2−xScxO3:Cr3+ 
phosphors with varied Sc3+ concentration are shown in 
Fig. 1(a). The pure phase was obtained at x = 0–0.8; Sc2O3 
impurities existed at x = 1 and 1.2. The diffraction signals 
shifted toward lower angle on incorporation of Sc3+ ions 
because of the ionic size of Sc3+ (0.745 Å; CN = 6) larger 
than that of Ga3+ (0.47 Å; CN = 6) (CN denotes coordination 
number). Unexpectedly, the diffraction peaks did not shift 
linearly for x > 0.8. This finding might indicate the failure 
of the Sc3+ doping when x > 0.8. To investigate this unique 
behavior in-depth, Rietveld refinements of Ga2−xScxO3:Cr3+ 
were conducted and analyzed. The lattice parameters, 
namely, a, b, c, and V, linearly increased for x = 0–0.8, as 
shown in Fig. 1(b). The speed of ascent decreased from x 
= 0.8–1.0 and even stopped increasing from x = 1.0–1.2. 
To understand this property, the crystal structure and local 
coordinated environment of Ga2O3 were also carefully 
examined. Ga2O3 possesses a monoclinic structure with 
space group C2/m. Two distinct Ga3+ sites, namely, Ga1 and 
Ga2, were found in the Ga2O3 structure. Ga2 is coordinated 
with six O2– forming an octahedron; Ga1 is coordinated by 
four O2– forming a tetrahedron. When introducing Sc3+ into 
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the Ga1 and Ga2 sites, the actual maximum obtainable 
amounts of Sc3+ in the Ga2−xScxO3:Cr3+ of x = 1.0 and 1.2 
were 0.880, as calculated from the Rietveld refinement, 
proving that Sc3+ could no longer be incorporated into the 
host. Moreover, when Sc3+ ions were doped into the Ga2O3 
structure, a strongly preferred occupation of Sc3+ ions at 
site Ga2 was observed due to the larger polyhedral volume 
at that site, as shown in Fig. 1(c). The maximum doping 
occupation value at Ga2 was approximately 0.87, indicating 
that Sc3+ cannot completely occupy the Ga2 site. This result 
leads to a random distribution of Ga3+ and Sc3+ ions at the 
Ga2 site, further affecting the photoluminescent properties.

In summary, synchrotron XRD with Rietveld refinement 
proved that pure phases were obtained. but lattice 
parameters were not changed as expected at large Sc3+ 
concentrations. Despite the strongly preferred occupation 
of Sc3+ at the octahedrally coordinated Ga2 site, only 
partial substitution (x = 0.87) was achievable. This work 
could motivate further research on unexpected partial 
substitution during the solid solution. (Reported by Yan-Gu 
Lin) 

This report features the work of Ru-Shi Liu and his 
collaborators published in ACS Energ. Lett. 6, 109 (2021). 

TLS 01C2  X-ray Powder Diffraction
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• Materials Science, Surface, Interface and Thin Films, 
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Reference
1. M.-H. Fang, K.-C. Chen, N. Majewska, T. Leśniewski, S. 

Mahlik, G. Leniec, S. M. Kaczmarek, C.-W. Yang, K.-M. Lu, 
H.-S. Sheu, R.-S. Liu, ACS Energ. Lett. 6, 109 (2021).

Fig. 1: Structural analysis of Ga2–xScxO3:Cr3+ (x = 0, 0.2, 0.4, 0.6, 0.8, 
1.0, and 1.2). (a) Synchrotron XRD patterns, (b) refined lattice 
parameters and (c) occupancy of Sc3+ ions in Ga1, Ga2 and 
Ga1+Ga2 sites. [Reproduced from Ref. 1] 
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Environmental  
and Earth 
Sciences

O ver a century, the increased quality of life and 
economic profit of human beings were gained from 

the advanced scientific and industrial development and 
achievement. People have gained profit by the output 
of wastes to a clean environment, but we are gradually 
losing the balance of ecosystems like boiling the frog. 
Water, soil and air are crucial elements for the life of all 
creatures on this planet, but industrial wastes and plastic 
pollution are the toxic apples that we used to trade with 
the environment. Especially, the exhaust of chemical 
wastes, the permeation to the soil of the heavy-metal 
ions caused by recycling processing for electronic devices 
or elements in developing countries, and the discarded 
polymer product garbage are contaminating the clean 
water and soil, and which further endanger and poison 
the creatures on the Earth including highly intelligent 
human beings. Fortunately, we are developing higher and 
advanced technologies to try to slow this pollution and to 
prevent poisoning of the environment. NSRRC synchrotron-
based technologies provide tomographic techniques on 
a nanometer scale and laterally resolved chemical images 
with a micrometer resolution, including endstations for an 
X-ray transmission microscope (TLS 01B1), X-ray absorption 
spectra (TLS 17C1) and Fourier-transform infrared-spectral 
imaging (TLS 14A1), which would play a crucial role in 
resolving the environmental and ecological problems. (by 
Yao-Chang Lee)
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C ephalopods, accounting for approximately 4% 
of the total capture fisheries and 5% of the total 

global fishery production, contribute significantly to both 
ecology and fisheries because of their large populations. 
An analysis of the stomach content provides important 
insight into feeding patterns and quantitative assessments 
of food habits, and can reveal a basis to understand 
trophic interactions in food webs, representing an 
integration of many important ecological components 
(including behavior, energy intake and inter/intraspecies 
interactions), distinguishing between multiple functional 
food components (nutrients), and linking physiology, 
behavior and ecology, all of which can enable an improved 
understanding of the responses of marine animals to their 
environments.

Marine pollution has grown to become a major problem 
and threatens marine lives throughout the nested 
ecological hierarchy and the habitats on which they 

depend. The accumulation and ingestion of microplastics 
have been increasingly reported to cause diverse and 
detrimental effects to marine organisms such as mussels 
and copepods. Synthetic fabrics, which are human-made 
textiles used to substitute natural fibres, are ranked as the 
second largest contributor to marine pollution, and their 
manufacture involves carcinogenic chemicals that lead to 
a potential health risk in both human beings and other 
organisms. The ingestion of artifacts, including both plastics 
and synthetic fabrics, can become a risk because of not only 
impacts on individual organisms but also bioaccumulation 
in the food web, as well as causing challenges for food 
safety in human society.

Chia-Ying Ko (National Taiwan University) and Yao-Chang 
Lee (NSRRC) led their teams to explore the risks of artifact 
ingestion by the I. argentines using fishery samples 
collected from February to April in 2018 and 2019 in the 
southwest Atlantic. The qualitative analysis of artifacts 

found in each squid stomach was 
recorded using a Fourier-transform 
infrared spectrometer (Fig. 1). An 
IR microscope was integrated with 
the spectrometer for FTIR imaging 
at TLS 14A1 of the NSRRC; a single-
element mercury-cadmium-telluride 
photodiode cooled with liquid 
nitrogen was equipped. The spectral 
range of the apparatus was 4000−650 
cm-1 at resolution 4 cm-1 in 64 scans. 
The spectral results of the artifacts 
were compared with the spectra 
library of the software OPUS and 
confirmed on inspection of peak 
matching.

The teams found artifacts of various 
types in squid stomachs, occupying 
19.9% of the total number of all 
stomachs (Fig. 2). This observation 
indicated that artifacts might be a 
considerable threat to I. argentines. 
Although the material components of 
most artifacts could not be identified, 
six artifacts were identified as plastic-
like artifacts, including three made of 
nylon 66, one made of polyethylene 

Thinking of Food Security

μATR-FTIR technology shows the capability to assess the risks of artifact ingestion for Argentine shortfin squid Illex 
argentinus in the southwest Atlantic. 

Fig. 1: Micro-attenuated total-reflection Fourier-transform infrared (µATR-FTIR) spectrometer at 
TLS 14A1. [Photo courtesy of Pei-Yu Huang]

Fig. 2: Photographs showing examples of artifacts of various colors, sizes and shapes found in 
the stomachs of Argentine shortfin squid Illex argentinus from the southwest Atlantic. 
[Reproduced from Ref. 1]
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terephthalate and the remaining two composed of 
unknown plastics. Both temporal spatial distributions 
of I. argentinus with ingested artifacts were widely 
dispersed (Figs. 3(a) and 3(b)). There was a slightly higher 
opportunity for I. argentinus to ingest artifacts at sites near 
coastal areas. Moreover, the larger I. argentinus also had a 
higher risk of artifact ingestion than those of smaller size 
(Fig. 3(c)).

In summary, this study demonstrated the risk of persistent 
and indigestible artifacts in the stomachs of squids 
and helps to raise concerns locally about the major 
environmental problem of micro- and macro-plastics in 
seas. Further exploration of the interactions between the I. 
argentines dietary requirements and the dynamics of prey 
quality and availability as well as constant risks of artifact 

ingestion for the squids will make a substantial contribution 
to the local levels of management and conservation 
strategies. This study opens an effective example to link 
FTIR application to marine biology. (Reported by Chia-Ying 
Ko, National Taiwan University)

This report features the work of Chia-Ying Ko and her 
collaborators published in Front. Mar. Sci. 8, 675560 (2021).
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Reference
1. S.-W. Chang, R.-G. Chen, T.-H. Liu, Y.-C. Lee, C.-S. Chen, 

T.-S. Chiu, C.-Y. Ko, Front. Mar. Sci. 8, 675560 (2021).

Microorganisms Feeding on Iron and Sulfur 
Might Be a Key to Develop Fe Ore Tailings into 
Functional Soil
The mineral weathering in alkaline Fe ore tailings has been identified as a key prerequisite to eco-engineered tailings-
soil formation for sustainable mine-site rehabilitation. 

Fig. 3: Risks of artifact ingestion for Argentine shortfin squid Illex argentinus in the southwest Atlantic. Percentage distributions of artifact ingestion by 
(a) sampling site, (b) month and (c) mantle length. [Reproduced from Ref. 1]

B illions of tons of iron (Fe) ore tailings have been generated from processing and extracting Fe oxides in the Fe ore mining 
industry. Eco-engineering tailings into soils is an emerging technology to convert hostile tailings into a soil-like substrate 

(or technosol) for the establishment of sustainable plant and microbial communities, by applying a suite of abiotic and 
biotic inputs (organic matter, functional microorganisms and pioneer plants). Two primary barriers to the initiation of soil 
formation in the Fe ore tailings are (1) highly alkaline pH conditions that prohibit the colonization of tolerant native plants 
and soil microorganisms and (2) the fine texture, relatively benign mineral matrix and high mechanical properties. Functional 
sulfur-oxidizing bacteria (SOB), such as A. ferrooxidans, drive biological oxidation of elemental sulfur (S0) to form acids, 
which might neutralize alkaline Fe tailings and concomitantly transform Fe/Si-minerals in the tailings. To investigate the role 
of A. ferrooxidans in alkaline pH neutralization and mineral weathering under tailings’ conditions is hence warranted. Key 
questions to be answered might include (1) whether A. ferrooxidans could colonize and survive in the alkaline Fe ore tailings, 
(2) whether A. ferrooxidans could oxidize S0 for neutralization of neutralizing alkaline pH in the tailings and (3) whether A. 
ferrooxidans activities could stimulate Fe-bearing mineral weathering and secondary mineral formation in the tailings.
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Fig. 2: (a) Normalised Fe K-edge XANES spectra of Fe ore tailings from various treatments and Fe 
standard compounds (e.g., FeO, biotite and Fe2O3) show changes of Fe speciation in tailings 
with varied treatments, (b) normalised Fe K-edge XANES spectra of tailing samples and Fe 
standards, and (c,d) LCF results indicates the Fe phase composition in tailings of various 
treatments. [Reproduced from Ref. 1]

Fig. 1: A diagram showing the critical role of sulfur-oxidizing bacteriom (SOB)-A. ferrooxidans in 
driving Fe-bearing mineral weathering and secondary mineral formation in Fe-ore tailings. 
[Reproduced from Ref. 1]

Based on the above questions, 
Longbin Huang’s team (including 
Songlin Wu and Qing Yi) in 
University of Queensland, Australia, 
has investigated the colonization 
capacity of A. ferrooxidans and 
its biogeochemical functionality 
in alkaline Fe ore tailings, 
including biological oxidation of 
S0, neutralization of the alkaline 
pH conditions of tailings and the 
microbe-mediated weathering of 
Fe-bearing minerals. Collaborating 
with Ting-Shan Chan (NSRRC), 
Huang’s team was able to acquire Fe 
K-edge X-ray absorption near edge 
structure (XANES) and extended X-ray 
absorption fine structure (EXAFS) 
spectra at TLS 17C1 to verify the 
changes of Fe phase and Fe speciation 
after SOB and S0 treatments.

Figure 2 displays normalised Fe 
K-edge XANES spectra of Fe ore 
tailings from various treatments and 
Fe standard compounds, and the 
LCF analysis. The edge maxima shift 
of fresh tailings and samples from 
TB5S treatment (Fig. 2(a)) revealed 
the occurrence of both Fe(II) and 
Fe(III) in tailing minerals. Both biotite 
and the control tailings exhibited 
signals at 7126 and 7130.2 eV 
indicating the presence of biotite-like 
minerals in the tailings. In addition, 
the absence of a signal at 7126 eV 
and increased absorption at 7134 
eV in the TB5S sample indicated 
that the S0 amendment and A. 
ferrooxidans inoculation induced 
the transformation of biotite-like 
phyllosilicates and the oxidation of 
Fe(II) to Fe(III) in the tailings.

The oxidation of solid-phase Fe(II) 
into Fe(III) was supported by the 
observed absence of Fe(II) and the 
increase/appearance of secondary 
Fe(III) oxyhydroxides (e.g., ferrihydrite, 
jarosite, or Fe(III)-oxalate-like minerals) 
in tailings from treatment TB5S (qXRD 
analysis and LCF fitting in Figs. 2(d) 
and 3(c)). The structural (e.g., within 
silicate and Fe-oxide minerals) Fe(II) 
oxidation mediated by this SOB might 
involve direct bacterial enzymatic 
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oxidation or indirect oxidation after Fe(II) dissolution followed by electron transfer between Fe(II) in the mineral substrate 
and Fe(III) in the solid or in solution.

The LCF of Fe K-edge EXAFS and XANES spectra of the tailings (Figs. 2(d) and 3(c)) showed the decrease of biotite-like 
minerals (from 55 to 37%), epidote-like minerals (from ~20 to < 10%) and olivine-like minerals (from ~10% to nearly 
0%) in tailings, in response to living SOB inoculation (TB5S and TB1S). In contrast, SOB colonization led to an increase of 
ferrihydrite-like minerals (from 25% to nearly 50%) in the tailings. Fe(III)-carboxyl complexes (Fe(III)-oxalate like) appeared 
after A. ferrooxidans inoculation in the S0-amended tailings. All these LCF-XAFS results were consistent with the qXRD results, 
revealing the critical role of A. ferrooxidans in the weathering of primary minerals (i.e., biotite, epidote and olivine) and 
formation of amorphous ferrihydrite-like minerals and Fe-organic complexes.

In summary, Huang’s team used XAS measurements to reveal that Fe-bearing primary mineral weathering (e.g., biotite) 
and secondary mineral formation (e.g., ferrihydrite and jarosite) were induced by the activities of SOB, possibly through 
both a contact mechanism (e.g., direct oxidation of Fe2+ to Fe3+) and a non-contact mechanism (e.g., production of proton 
and organic compounds to stimulate elemental dissolution from minerals). It was determined that A. ferrooxidans coupled 
with the S0 amendment was able to initiate and to accelerate the mineral weathering as the first step in the pedogenesis of 
alkaline Fe ore tailings. This knowledge of the behaviour and biogeochemical functionality of A. ferrooxidans in the tailings 
provides a fundamental basis to develop microbial bioweathering technologies using Fe/S-oxidizing bacteria towards eco-
engineering soil formation in Fe ore tailings. (Reported by Ting-Shan Chan)

This report features the work of Longbin Huang and his collaborators published in Environ. Sci. Technol. 55, 8020 (2021).
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Reference 
1. Q. Yi, S. Wu, G. Southam, L. Robertson, F. You, Y. Liu, S. Wang, N. Saha, R. Webb, J. Wykes, T.-S. Chan, Y.-R. Lu, L. Huang, 

Environ. Sci. Technol. 55, 8020 (2021).

Fig. 3: K-space Fe K-edge EXAFS spectra (black lines) and linear-combination fitting (LCF; red dashed lines) of Fe ore tailings from various treatments 
reveal the Fe phases in the tailings. The left column (a) also shows Fe K-edge EXAFS spectra of some key Fe standards including biotite, iron(II) 
oxide, ferrihydrite, Fe(III) oxalate, epidote and olivine. (b) Parameters and (c) results of the LCF fitting of Fe K-edge EXAFS spectra of Fe ore tailings 
from various treatments are also presented. [Reproduced from Ref. 1]
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T he soils at sites of chemical plants typically contain 
chemical pollutants at high levels because of the 

range of industrial activities, especially for coking plants 
and manufactured gas plants. Thermolysis offers a rapid 
cleanup for heavily polluted soils, particularly with volatile 
or semivolatile polycyclic aromatic hydrocarbons (PAH), 
which can quickly restore the treated soils to the desired 
land use. Previous studies have demonstrated that the 
efficiency of remediation depends on multiple factors 
such as heating conditions and pollutant properties. At 
low temperatures of thermolysis, several pollutants in 
the soil cannot become completely removed because 
of their strong affinity to soil components, whereas soil 
quality becomes irreversibly damaged after thermolysis 
at high temperatures. With the wide application of this 
remediation technique, issues related to the nature of 
organic carbon (C) speciation changes, the destination of 
the final residual pollutants, and the achievement of safety 
for the reuse of the treated soils are now arising. Although 
thermolysis can eliminate over 90% of organic pollutants, 
the residual pollutants are still present at high levels in the 
treated soils because of their initial large concentrations. 
To date, no report has been published on the changes in 
the binding sites and the bioaccessibility of PAH in soil 
induced by thermolysis. A detailed understanding of such 
information is thus critically essential for soil reclamation 
and risk assessment. Current advances in the relations 
between organic pollutants and soil components are based 
almost exclusively on chemical fractionation and extraction. 
These traditional approaches fail to reflect the binding sites 
and distribution of bioaccessible or bioavailable PAH in soil. 

Infrared microspectroscopy based on synchrotron radiation 
(SR-IMS) is a crucial and powerful technique for lateral 
surveying in situ the organic C species and minerals as 
well as some organic compounds in geo-samples at the 
molecular level. Herein SR-IMS has been applied for direct 
visualization of the degradation of pyrene, a PAH model, 
on a magnetite surface and the stabilization of organic C 
species in soil via tracing infrared characteristic absorptions 
of functional groups of chemical compounds. SR-IMS can 
trace the changes in the binding sites of PAH in situ and the 
speciation distribution of organic carbon in the soil after 
thermolysis. The chemical maps acquired using SR-IMS that 

Infrared Imaging of the Distribution and 
Bioaccessibility of Industrially Contaminated Soils 
after Thermolysis
FTIR imaging can be utilized to visualize the chemical changes with infrared imaging to understand the sequestration 
mechanisms of organic pollutants in soil and optimize the remediation technique. 

can provide direct clues to understand the interactions 
and bioaccessibility of the pollutants in the environment 
without creating artifacts are hence most valuable.

Yuan Cheng (Chinese Academy of Sciences, China) 
launched an effort to explore the changes in the 
distribution and bioaccessibility of PAH induced by 
thermolysis from an industrially contaminated site, a former 
chemical factory with thirty years of production history 
located in Jiangsu province, China. The laterally resolved 
infrared images of organic C species distributed within 
sectioned soil samples from solidified soil samples, clay 
minerals, and PAH were acquired using the endstation 
of SR-IMS at TLS 14A1. The spectra were recorded for 
every single point in the area of interest on the sectioned 
soil sample using the reflectance mode with an FTIR 
spectrometer (Thermo Nicolet 6700) and a confocal 
infrared microscope (continuum) with confocal aperture 
size 15 μm, step size 10 µm × 10 µm at 4 cm-1 of spectral 
resolution and accumulated 128 scans.

The soil organic C was slightly affected in both its speciation 
composition and content (less than 8% of its content) after 
thermolysis at 200 oC. At temperatures above 200 oC,  
some organic C tended to become decomposed or 
carbonized, but most aromatic C species remained (Fig. 
1, see next page). The strongest absorption band about 
800−700 cm-1 assigned to C-H out-of-plane (C-HOOP) 
bending modes was selected as the PAH standard, which 
varied slightly with other PAH species (Fig. 2, see next 
page). Nevertheless, the absorption bands of aromatic or 
heteroaromatic C-HOOP and Si-O-Si bending vibrations were 
overlapped for soil samples in the range 850−750 cm-1 as 
displayed in the spectra of clean soils, making it difficult to 
serve as a tracer to probe the presence of PAH in soil. The 
aromatic C-H stretching of PAH also exhibited an obvious 
absorption band about 3045 cm-1,  
which was also observed in the site soils of the chemical 
plant but not in clean soil. This absorption band gradually 
decreased with increasing temperature in the site soils and 
disappeared at temperatures above 400 oC (Fig. 1). 

Herein the spectral images of the peak height of 
characteristic absorption bands of PAH, organic C species, 
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Fig. 1: FTIR spectra of PAH-contaminated site soil and clean soil as 
affected by thermal temperature and n-butanol extraction. 
[Reproduced from Ref. 1]

Fig. 3: Representative chemical maps for the distribution of PAH (aromatic C-H, 3045 cm-1), aromatic C=C (1610 cm-1), aliphatic C-H (2920 cm-1), and 
clay mineral (O-H, 3621 cm-1) within microaggregates from the soil at an industrial site affected by thermolysis at 300 oC analyzed using SR-IMS. 
Regression analyses were conducted for the hotspot distribution of PAH and soil components based on corresponding chemical maps. The 
square (□) and circle (○) legends denote pristine and thermolysis at 300 oC, respectively. [Reproduced from Ref. 1]

Fig. 2: FTIR spectra of selected PAH compounds. [Reproduced from  
Ref. 1]

including aromatic and aliphatic compounds, and clay 
minerals were revealed to be heterogeneously distributed 
with a micro-aggregation block in undisturbed soil particles 
of a soil sample after thermolysis at 300 oC by SR-IMS (Fig. 
3). The infrared spectral images for the distribution of PAH 
were closely correlated with aromatic C, aliphatic C, and 
clay minerals in pristine soil based on the corresponding 
characteristic absorption bands (Fig. 3). After thermolysis 

at 300 oC, the remaining PAH showed a stronger correlation 
with aromatic C in their lateral distribution in the soils, 
as indicated by the significantly increased r values. The 
thermolysis not only distinctly altered the binding sites but 
also significantly changed the speciation and distribution 
of organic C in the soils. In this report, carboxylic C 
displayed a positive correlation with clay minerals in pristine 
soils; the association was greatly attenuated at 300 oC. 
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Assessment and Applicability of Bone Char as a 
Phosphorus Nutrient Source
This study has underpinned the systematic changes of bone char and interlinked the charring effect with its dissolution 
behavior, providing a scientific base to understand the applicability of various bone chars as suitable P-fertilizers.

Fig. 1: Graphical abstract. [Reproduced from Ref. 1]

Meanwhile, aromatic C tended to be positively correlated 
with clay minerals after thermolysis at 300 oC; although, 
in the temperature range T > 300−500 oC, the correlation 
appeared to be attenuated and then to disappear at 650 oC.  
No obvious correlation was observed between aromatic C 
and aliphatic C in the soil samples. 

This study revealed for the first time the binding sites 
of PAH and their associations in the soil as affected by 
thermolysis at the micrometer level. Through direct 
examination of the changes in the distribution and 
transformation of organic C species and clay minerals (i.e., 
the binding sites of PAH) in soil induced by thermolysis, it 
was confirmed that the temperature of thermolysis controls 
the desorption efficiency of PAH and that aromatic C plays 
a critical role in the sequestration and desorption of PAH 
in soil. The transformed organic carbon speciation can 
in turn affect the distribution of PAH in treated soils. The 
bioaccessible fraction of PAH shares the same binding sites 

in the soils with the fraction that is labile to be desorbed 
during the thermal treatment; the residual PAH tends to 
be immobilized mainly within aromatic C in the soils after 
thermolysis. (Reported by Yao-Chang Lee) 

This report features the work of Yuan Cheng and his 
collaborators published in J. Hazard. Mater. 411, 125129 
(2021) 
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Z. Liu, J. Hazard. Mater. 411, 125129 (2021). 

T he applicability of bone char as a long-term 
phosphorus nutrient source was assessed 

by integrating their mineral transformation and 
physicochemical properties with their dissolution behavior. 
The group of Biqing Liang (National Cheng Kung University) 
has explored synchrotron-based spectroscopic and imaging 
techniques, micro Fourier-transform infrared spectroscopy 
(micro-FTIR) at TLS 14A1, X-ray 
diffraction (XRD) at TPS 09A, and 
transmission X-ray microscopy 
(TXM) at TLS 01B1 to investigate 
the physicochemical changes 
of bone and bone char along a 
charring temperature gradient 
(300−1200 °C) and used a 
laboratory incubation experiment 
to study their dissolution 
behavior (bone, bone char at 
300, 500 and 700 °C) in solutions 
of varied pH (4, 6 and 6.9). 
The thermal decomposition of 
inorganic carbonate (CO3

2-) and 
the loss of organic components 
rendered a crystallographic 

rearrangement (blue shift of the PO4
3- signal) and mineral 

transformation with increasing temperature. The mineral 
transformation from B-type to AB- and A-type carbonate 
substitution occurred mainly at < 700 °C, whereas the 
transformation from carbonated hydroxyapatite (CHAp) 
to more mineralogically and chemically stable HAp 
occurred at > 800 °C. The loss of inorganic carbonate and 
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the increase of structural OH- 
with increasing temperature 
explained the change of pH 
buffering capacity and increase 
of pH and their dissolution 
behaviors. 

In summary, the larger ratios 
of peak area of phosphate 
to carbonate and phosphate 
to amide-I band with 
increasing temperatures 
corroborated the greater 
stability and resistivity to acidic 
dissolution by bone chars 
made at higher temperatures. 
Our findings indicate that 
bone char made at low to 
intermediate temperatures 
can be a substantial source 
of phosphorus for soil fertility 
via waste management and 
recycling. The bone char made 
at 500 °C exhibited a large pH 
buffering capacity in acidic and nearly 
neutral solutions. The bone char at 
700 °C was proposed as a suitable 
liming agent to raise the soil pH and 
to abate soil acidity. (Reported by 
Biqing Liang, National Cheng Kung 
University)

This report features the work of Biqing 
Liang and her collaborators published 
in Sci. Total Environ. 766, 142601 
(2021).
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Fig. 2: Semi-quantitative micro-FTIR (TLS 14A1) spectral analyses on fitting the peak area and 
comparing the ratio for bone chars made at 400−700 °C. (a) The increasing A- to B-type v2 

CO32- ratio of area of signals. (b) Decreasing FWHM of structural OH-, and increasing (v1+v3) 
PO43- to (v3) CO32- ratio of signal area. (c) Upshifting of the centroid position and decreasing 
FWHM of the v3c PO43- signal. (d) Diminishing ratio of amide-I to (v1+v3) PO43- signal area 
as an index of organic component (collagen and protein) to PO43- ratio. The pH increased 
significantly in bone chars formed at higher temperatures. [Reproduced from Ref. 1]

Fig. 3: XRD (TPS 09A) patterns of bone and bone chars at vaious temperatures. The major mineral 
phase was CHAp (ICDD-01-089-6448); the major d-spacings were 2.721, 2.781 and 2.816 
Å. The mineral phase transformed to HAp (ICDD-01-084-1998) above 800 °C, whereas the 
major d-spacings were 2.718, 2.779 and 2.814 Å. [Reproduced from Ref. 1]



Neutron 
Science This year, we selected five remarkable highlights of the 

neutron technique that seek to answer varied scientific 
questions about the fundamental properties of magnetic 
and energy materials on an atomic scale, and for medical 
applications on a nanometer scale. In answering these 
questions, neutrons help spur innovations that improve 
our daily lives such as new methods of data storage, 
materials with small or even zero thermal expansion, cost-
effective all-solid-state battery material and more effective 
drug-delivery systems. Using the capability of neutron 
instruments, researchers count scattered neutrons, measure 
their energies and the angles at which they are scattered, 
and map their final position, which makes it possible for 
scientists to glean details about the nature of materials. 

The selected remarkable studies were performed by our 
user communities; they completed their outstanding work 
at OPAL, ANSTO, using neutron instruments at the state 
of the art in the year 2021. Four highlights are from the 
neutron powder diffractometer (ECHIDNA and WOMBAT), 
which are magnetic materials reported by Wei-Tin Chen, 
Hung-Duen Yang and Xianran Xing; the solid-state battery 
material was reported by Chen Ma. In the other highlights 
that applied used the SANS instruments BILBY showed the 
potential of new novel materials for a drug-delivery system 
by Kuen- Song Lin. (by Shih-Chun Chung)
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M agnetoresistance (MR) is such a technologically 
important phenomenon that the resistivity of a 

material changes with an applied magnetic field. Such a 
property can be observed in many conducting materials, 
but the changes of resistance are typically about a few 
percent and with rather limited sensitivity. Nowadays 
MR materials are widely used in our daily life, as reader 
heads of hard drives in computer or consumer electronics. 
More functional materials have been further explored for 
potential technological application; for instance, in 1990s 
the colossal magnetoresistance (CMR) was demonstrated 
in the manganite perovskites. The archetypal LaMnO3 
based system was intensively investigated, in which a 
colossal change in resistance against magnetic field can 
be realized on tuning the electronic configuration of the 
system. An optimal MR response was soon established 
with a specific doped region, but the phase diagrams such 
as La1−xCaxMnO3 (LCMO) remain controversial. The CMR 
was believed to result from electronic phase segregation 
between ferromagnetic metallic and antiferromagnetic 
insulating states.1 It is, however, a long-standing 
conundrum that such a precise doping value leads to a 
maximized MR effect; the phase segregation has prevented 
an atomistic-level understanding of the orbital ordered 
state at this doping level.

Wei-Tin Chen (National Taiwan University), Mark Senn 
(University of Warwick, UK), Yu-Chun Chuang and Chin-

Wei Wang (NSRRC) recently demonstrated a successful 
collaboration to provide structural insight for a mechanistic 
understanding of such intriguing physical phenomena. 
These properties are exhibited in strongly correlated 
electron systems that tend to have dense and strongly 
bound structures. The application of high-pressure high-
temperature (HPHT) synthesis techniques is therefore 
particularly useful to explore novel functional materials as 
unstable structural distortions and metastable magneto-
electric phases might be stabilized under extreme 
conditions. Chen’s research group is dedicated in HPHT 
techniques and utilizes AA’3B4O12 quadruple perovskites 
as a model framework to investigate target functional 
properties, such as CMR and multiferroicity (MF) (Fig. 1). 
Detailed crystallographic information was extracted from 
high-resolution synchrotron X-ray powder diffraction 
(SXRD) data collected from the TPS 19A beamline at the 
NSRRC, and high-resolution neutron powder diffraction 
(NPD) data collected from beamline ECHIDNA at Australian 
Nuclear Science and Technology Organisation (ANSTO); 
furthermore, it is particularly beneficial to investigate a tiny 
sample obtained from a HPHT synthesis with high-intensity 
neutron powder diffraction instrument WOMBAT, at 
ANSTO. With assistance of thorough systematic symmetry 
element examination, Chen and Senn provided crucial 
structural evidence to understand the intrinsic properties.

The archetypal CMR systems are the doped manganite 

Colossal Magnetoresistance and Improper 
Ferroelectric Polarization Explicated in Quadruple 
Perovskites
From various designed high-pressure synthesized AMn7O12 series, the specific electron stripes arrangement provides 
mechanistic understanding of how magnetoresistance might be enhanced, and how the novel charge ordered state 
reveals novel coupling of electronic and ferroelectric order parameters.

Fig. 1: (a) Schematic crystal structure of AMn7O12 quadruple perovskites, showing B-site octahedra Mn (left) and A’-site square-planar Mn (right). (b) 
DIA-type cubic anvil high-pressure apparatus employed in the related studies. The pressure cell is placed at the center of six tungsten carbide 
anvils for HPHT synthesis. [Image courtesy of Wei-Tin Chen]



Neutron Science 077

perovskites; the key regime has been established 
that x = 3/8 in narrow-bandwidth Pr1−xCaxMnO3 and 
La1−xCaxMnO3 systems corresponds to a maximum 
MR effect. With HPHT-synthesized 134 quadruple 
perovskites AMn3Mn4O12 (or AMn7O12) solid solution, 
in which A = La1−xCax and Na1−xCax at intervals Δx = 0.1, 
the system can serve as a prototype to revisit the 
x = 0–1/2 doped regime of the LCMO manganites in 
detail.2 There are several advantages that make the 
current 134 system a sufficient model for the present 
study. The small variations in cell volume (< 2%) and 
octahedral tilt angles (138.7° ± 1.2°) of the entire 
solid solution prevent the band-narrowing physics 
to the electronic doping accordingly. The octahedral 
tilt pattern of the series is locked as a+a+a+ in Glazer’s 
notation with phase transitions so that further lattice 
distortion becomes indicative of long-range orbital 
ordering. The degree of crystallinity of these HPHT 
synthesized samples is much greater than simple 
perovskites of similar composition; the microstrain 
remains exceptionally low across phase transitions 
(e0 ≤ 0.015%), evident of the absence of significant 
intrinsic phase segregation. From detailed variable-
temperature SXRD and NPD experiments, four 
distinct crystallographic phases and a comprehensive 

Fig. 3: Structural phase transitions of HMO from high-temperature cubic to intermediate-temperature rhombohedral 
and to low-temperature orthorhombic phases. (a,b) Evolution of lattice parameters, volume and selected SXRD 
pattern across the phase transitions. (c,d) Detailed structure and symmetry-element analysis from SXRD and NPD 
joint Rietveld refinements of data at 300 and 100 K. [Reproduced from Ref. 4]

Fig. 2: (a) Magnetic phases observed from heat map of NPD patterns at 
base temperature. (b) Detailed temperature and compositional 
phase diagram of AMn3Mn4O12 solid solution. (c) Four distinct 
structural phases with various orbital ordering at representative A-site 
compositions. [Reproduced from Ref. 2] 
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temperature and compositional phase diagram were 
obtained; a new magnetic ordered phase was observed 
(Fig. 2). the Utilizing web-based symmetry analysis tool, 
ISODISTORT,3 the evolution of tetragonality and the 
transformation of orbital-ordering distortion modes were 
revealed. At a particular doping region, an arrangement of 
alternating ordered-insulating and disordered-conducting 
electron stripes forms a new state of matter. Such structural 
insight provides evidence showing how an external 
magnetic field induces the collapse of an insulating state, 
and how the MR effect might be enhanced in operational 
temperatures and sensitivities.

The collaborative team by using symmetry-analysis 
approach also demonstrated a new paradigm of improper 
ferroelectric polarization. In type-II MF mechanism, the 
polarization is a secondary order parameter of the primary 
magnetic ordering. Novel HgMn7O12 (HMO) quadruple 
perovskite was prepared with HPHT techniques, exhibiting 
a MF property at low temperarture.4 Compared to its 
analogue CaMn7O12, in addition to the charge-ordering 
phase transition from cubic to rhombohedral phases at 
high temperature, HMO experienced a further symmetry-
lowering transition on cooling at ~260 K to orthorhombic 
phase Pnn2 according to SXRD and NPD joint Rietveld 
refinement (Fig. 3). It was revealed from symmetry element 
analysis that the improper ferroelectric polarization in HMO 
originated from the lattice instabilities directly linked to 
charge and orbital degrees of freedom.

In summary, the recent work of Chen and his collaborators 
demonstrated that the detailed crystallographic 
information was basic but essential to explain the physical 

properties intrinsically. The systematic examination of 
symmetry elements has provided crucial structural insight 
and mechanistic understanding of intriguing physical 
phenomena that are not only fascinating in fundamental 
research but also important in technological application. 
Collaborative projects adopting symmetry-analysis 
approach continue to further examine the magnetic 
structures and commensurate-incommensurate magnetic-
phase transitions of the related functional materials. 
(Reported by Wei-Tin Chen, National Taiwan University)

This report features the quadruple perovskite-related work 
of Wei-Tin Chen and his collaborators published in Nat. 
Commun. 12, 6319 (2021) and Phys. Rev. B 97, 144102 
(2018).

ANSTO WOMBAT – High-intensity Powder 
Diffractometer

ANSTO ECHIDNA – High-resolution Powder 
Diffractometer

TPS 19A  High-resolution Powder X-ray Diffraction 
• NPD, PXRD
• Materials Science, Condensed-matter Physics, Chemistry
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New Cu-Based Multiferroic Materials

Neutron powder diffraction is a useful tool to characterize the magnetic structures of multiferroic materials.

M ultiferroics, exhibiting two or more ferroic orders, are extensively investigated in condensed-matter physics because 
of their potential applications in spintronics and low-power-based microelectronics, especially multiferroics type II, 

of which the magnetic order and electric order are mutually coupled. Among all currently known multiferroics, materials 
containing Cu2+ spin-1/2 are placed in a special class due to their unconventional spin structures, involving spin frustrations 
or quantum effects. CuO and CuCl2 are well known multiferroic materials; compounds from the CuO-CuCl2-SeO2 ternary 
phase diagram have also been reported to exhibit exotic quantum magnetic states and multiferroic properties. Hung-Duen 
Yang (National Sun Yat-sen University) and his co-workers studied the properties of various Cu-based materials, such as 
Cu2OSeO3 and Cu2OCl2. They recently reported the structural, magnetic and dielectric properties of α-Cu5O2(SeO3)2Cl2 and 
Cu9O2(SeO3)4Cl6,1,2 which belong to 
the CuO-CuCl2-SeO2 ternary system.

Single crystals of α-Cu5O2(SeO3)2Cl2 
and Cu9O2(SeO3)4Cl6 were synthesized 
using a chemical vapor-transport 
method. The mixture of raw materials 
was sealed in an ampoule (length 10 
cm), which was placed horizontally 
in a tubular two-zone furnace, 
as illustrated in Fig. 1(a). Single 
crystals of α-Cu5O2(SeO3)2Cl2 and 
Cu9O2(SeO3)4Cl6 formed in the hot and 
cold ends, respectively. The crystal 
structures of α-Cu5O2(SeO3)2Cl2 and 
Cu9O2(SeO3)4Cl6 are both monoclinic 
with space groups P21/c and C2/m, 
respectively. Both compounds were 
characterized with synchrotron 
radiation X-ray powder diffraction 
(TPS 09A), magnetometry, specific 
heat, dielectric measurements and 
neutron powder diffraction.

The magnetic Bragg peaks from 
the Cu2+ spin structures are typically 
weak because of small magnitudes 
of magnetic moment and quantum 
fluctuation. The magnetic structures 
of these two compounds were hence 
studied with the high-intensity 
neutron powder diffractometer, 
WOMBAT. Figure 1(b) shows 
magnetic diffraction patterns of 
α-Cu5O2(SeO3)2Cl2 obtained on 
subtracting the high-temperature 
diffraction pattern from the low-
temperature one. The propagation 
vector is determined as q = (1/2 0 0), 
which indicates that the magnetic 

Fig. 1: (a) Experimental two-zone growth of α-Cu5O2(SeO3)2Cl2 and Cu9O2(SeO3)4Cl6 single crystals: 
pictorial representation and photograph of the quartz ampoule. A red line denotes the 
temperatures of the hot and cold ends of the two-zone furnace. Brownish α-Cu5O2(SeO3)2Cl2 
and green Cu9O2(SeO3)4Cl6 single crystals grown at hot and cold ends, respectively. (b) 
and (d) show the fit of magnetic neutron diffraction patterns of α-Cu5O2(SeO3)2Cl2 and 
Cu9O2(SeO3)4Cl6, respectively. (c) and (e) show the order magnetic peak intensities as a 
function of temperature. [Reproduced from Ref. 1 and Ref. 2] 
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unit cell is double the nuclear 
unit cell. The temperature 
dependence of the magnetic 
peak intensity is plotted in Fig. 
1(c); the magnetic structure 
is illustrated in Figs. 2(a) and 
2(b). The ordered Cu2+ moments 
are about 0.75 μB at 3.5 K and 
lie in plane a-c. The typical 
spin structure of the frustrated 
bow-tie lattice is realized in 
the Cu2-Cu3 layer, in which 
the Cu3 spins form sequence 
(++--) along axis a, which might 
invoke magnetoelectric coupling 
through the exchange-striction 
effect.

In the case of Cu9O2(SeO3)4Cl6, 
the propagation vector is found 
to be q = (1/2 1/2 0), indicating 
that the magnetic unit cell is 
double the nuclear unit cell 
along axes a and b (Fig. 1(d)). 
The temperature dependence 
of the magnetic peak intensity is 
plotted in Fig. 1(d); the magnetic structure is illustrated in Figs. 2(c)–2(e). The magnetic moments lie in plane a-c forming a 
non-collinear antiferromagnetic structure. Half of Cu(5) ions carry no moments as required by the magnetic symmetry group, 
showing that the spins of Cu(5) ions still fluctuate, even below TN, and carry no static magnetic moment. 

In summary, Yang’s group successfully synthesized α-Cu5O2(SeO3)2Cl2 and Cu9O2(SeO3)4Cl6 single crystals with a chemical 
vapor-transport method and investigated the structural, magnetic and dielectric properties. Neutron powder diffraction 
provided information about the magnetic order and magnetic structures. (Reported by Chin-Wei Wang) 

This report features the work of Hung-Duen Yang and his collaborators published in Mater. Adv. 2, 7939 (2021) and Phys. Rev. B 
100, 245119 (2019).

TPS 09A  Temporally Coherent X-ray Diffraction 
ANSTO WOMBAT – High-intensity Powder Diffractometer 
•  XRD, NPD
•  Condensed-matter Physics
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Fig.2: Magnetic structure of α-Cu5O2(SeO3)2Cl2 illustrated as (a) stacking along the crystallographic b-axis 
direction and (b) projection of Cu2 and Cu3 spins in crystallographic plane a-c. Dashed rectangular 
blocks indicate ferromagnetic spin-dimers that form along the a-axis direction. Non-collinear 
antiferromagnetic structure of Cu9O2(SeO3)4Cl6: (c) stacking of Cu layers along the crystallographic 
b-axis direction, (d) Cu spin configuration in layer A, and (e) Cu spin configuration in layer B. 
[Reproduced from Ref. 1 and Ref. 2] 
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Super-Invar Behavior with Ultrawide Temperature 
Range
Super-invar (SIV) metallic materials underpinned by magnetic ordering are of great practical merit for a wide range of 
high-precision engineering. 

I t is generally accepted that 
the volume of most matter 

increases upon heating; water 
below 4 oC is a well known 
textbook exception. Such a 
phenomenon, so-called thermal 
expansion, occurs in our daily 
lives and is a critical issue in an 
extreme environment. From a 
technological point of view, the 
thermal expansion of component 
devices is crucial for diverse 
high-precision applications, such 
as metrology devices, aerospace 
vehicles, optical instruments 
etc. Materials with small or 
even zero thermal expansion 
(ZTE) are valuable in preventing 
size deformation under rapid 
and frequent thermal shock, 
increasing the accuracy and 
lifetime as a result. Xianran 
Xing (University of Science and 
Technology Beijing, China) and 
his co-workers are devoted 
to the study of the negative 
thermal expansion (NTE) and 
ZTE materials. REM2 intermetallic 
compounds (RE = rare-earth 
element, M = transition metal) 
display magnetic ordering and 
an associated magnetovolume 
effect (MVE), being promising 
candidates for engineering 
ZTE materials. The thermal-
expansion behavior of REM2 can 
be tuned on either modifying 
the materials themselves or on 
applying an external magnetic 
field or pressure. For example, 
the thermal-expansion behavior 
of Lu2Fe17 compounds can 
be modified with yttrium 
substitution for lutetium or 
introducing vacancies to the 
lutetium sites.1,2 Because the 

Fig. 1: (a) Schematic ferrimagnetic structure of Ho2(Fe, Co)17 determined with NPD refinements.  
(b) Contour plot of magnetic peaks (110) for Ho2Fe17, Ho2Fe16Co and Ho2Fe15Co2.  
(c) Temperature dependence of magnetic moments of the Fe/Co-sublattice determined 
from NPD. (d) M(H) curves of Ho2Fe17, Ho2Fe16Co and Ho2Fe15Co2 measured at 4 K. The 
inset shows the saturation magnetization. (e)−(g) Temperature dependence of magnetic 
moments of various atomic sites and sublattices for Ho2Fe17, Ho2Fe16Co and Ho2Fe15Co2 
compounds. [Reproduced from Ref. 3]
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MVE effect in REM2 is strongly related to the 3d electrons, 
modifying the transition-metal sites can tune the thermal-
expansion behavior. Xing and his co-workers recently 
reported the thermal-expansion behavior in Ho2(Fe, Co)17 
and discovered the SIV in Ho2Fe16Co1.

The thermal expansion of a material can be characterized 
with various techniques, such as a dilatometer, X-ray 
diffraction and neutron powder diffraction. Neutron 
powder diffraction, among the three, is unique in 
simultaneously probing the lattice expansion and long-
range magnetic ordering that is critical for specific groups 
of NTE or ZTE materials. The high-intensity neutron powder 
diffractometer, WOMBAT, which is capable of rapid data 
acquisition, has undertaken many proposals on NTE and 
ZTE materials. Measurements of neutron powder diffraction 
indeed provide critical experimental results for Ho2(Fe, 
Co)17 compounds in this work, such as the magnetic 
structure (Fig. 1(a)), temperature dependence of the lattice 
parameters and the magnetic moments of Ho and Fe/Co 
sites (Figs. 1(c), 1(e)–1(g)). The experimental results match 
well the results from first-principle calculations. Greatly 
varied thermal-expansion behaviors have been observed 
in Ho2(Fe, Co)17 with varied Co substitution, as shown in 
Fig. 2(a). Ho2Fe17 exhibits the NTE behavior below TC ~ 340 
K and a typical positive thermal expansion (PTE) above TC. 
The Co-substituted Ho2Fe15Co2 and Ho2Co17 exhibit low and 
high-PTE behaviors, respectively. In between, the HoFe16Co 
shows a wide temperature range of ZTE, in which the 
variation of cell volume is less than 1 Å3 and the thermal-
expansion coefficient is of order 10-6 K-1, as shown in Fig. 
2(b).

The work on the R2(Fe, Co)17 compounds by Xing and his 
collaborators utilizes various experimental probes and 
first-principle calculations.3 All these techniques together 
reveal the key role of the 3d bonding state in the thermal 
expansion upon the long-range magnetic ordering. In this 
work, Xing and his collaborators reported a record wide 
SIV temperature range among metallic compounds, from 
3 to 461 K (ΔT = 458 K), almost twice the value of known 
metallic SIV. This research together with the flexibility and 
numerous R-Fe-Co alloy systems indicates great potential 
in the development of promising thermal expansion and 
related functional magnetic performances. (Reported by 
Chin-Wei Wang)

This report features the work of Xianran Xing and his 
collaborators published in Phys. Rev. Lett. 127, 055501 
(2021). 

Fig. 2: (a) Temperature dependence of relative unit-cell volume 
determined with NPD refinements from 3 to 650 K for Ho2(Fe, 
Co)17 compounds; (b) apparent zero thermal expansion of 
compound Ho2Fe16Co determined with a thermal dilatometer 
from 100 to 520 K. The coefficients of thermal expansion are of 
order 10-6 K-1 in the three temperature windows. [Reproduced 
from Ref. 3]

ANSTO WOMBAT – High-intensity Powder 
Diffractometer

• NPD
• Condensed-matter Physics

References
1. Y. Cao, K. Lin, Z. Liu, J. Hu, C.-W. Wang, X. Liu, E. Tereshi-

na-Chitrova, K. Kato, Q. Li, J. Deng, J. Chen, H. Zhang, X. 
Xing, Inorg. Chem. 59, 5247 (2020).

2. Y. Cao, K. Lin, Z. Liu, J. Hu, C.-W. Wang, E. Tereshina-Chi-
trova, K. Kato, Q. Li, J. Deng, J. Chen, H. Zhang, X. Xing, 
Inorg. Chem. 59, 11228 (2020).

3. Y. Cao, K. Lin, S. Khmelevskyi, M. Avdeev, K. M. Taddei, Q. 
Zhang, Q. Huang, Q. Li, K. Kato, C. C. Tang, A. Gibbs, C.-W. 
Wang, J. Deng, J. Chen, H. Zhang, X. Xing, Phys. Rev. Lett. 
127, 055501 (2021).



Neutron Science 083

A Cost-Effective and Humidity-Tolerant Solid 
Electrolyte for All-Solid-State Lithium Batteries
A new cost-effective material as solid electrolyte enables an all-solid-state cell at room temperature with sound 
performance.

S econdary battery research has become a vigorous research field in recent decades. It reflects the increasing demands 
from portable devices, electric vehicles and the development of renewable energy. The electrolyte is a critical 

component of batteries and a particular focus of battery research. The solid-state electrolyte materials are critical to realize 
an all-solid-state battery, which is potentially less flammable, preventing the formation of a solid-electrolyte interphase, 
increasing cycling performance and strength. Li-ion-conducting chloride solid electrolytes possess effective physicochemical 
characteristics such as high ionic conductivity, deformability and oxidative stability, but these materials are expensive and 
commercially uncompetitive. Chen Ma (University of Science and Technology of China, China) and his collaborators report a 
new chloride solid electrolyte, Li2ZrCl6, which costs much less than the present chloride solid electrolytes and has an atypical 
humidity tolerance. 

Li2ZrCl6 (LZC) was synthesized with a mechanochemical method. A stoichiometric mixture of LiCl and ZrCl4 was ball-milled for 
45 hours to obtain the as-milled LZC, which was treated with annealing at 350 °C. Surprisingly, the ionic conductivity of the 
LZC decreased by two orders of magnitudes after the annealing treatment, which was explained by an irreversible structural 
phase transition. The phase transition was studied with both X-ray and neutron diffraction (WOMBAT), revealing that the as-
milled LZC crystalizes into the α-phase of space group P3m (Fig. 1(a)) and transforms into the monoclinic β-phase (C2/m) after 
heating (Fig. 1(e)). An analysis of the bond-valence-site energy (BVSE) was performed to evaluate the ionic conductivities 
based on the refined crystal-structure models. The BVSE method was employed to locate the positions of Li+ ions in the 
environment of heavy ions Zr+4 and Cl-. The potential exerted on the Li+ ion determines the possible distribution of the Li+ ion 
in the lattice. The Li-ion potential isotherm is plotted in Figs. 1 (b) and 1(f) for α-LZC and β-LZC, respectively. The positions of 

Fig. 1: BVSE analysis of Li-ion migration within the α-LZC and β-LZC structures. The crystal structures of α-LZC (a) and β-LZC (e) superimposed with the 
Li-ion potential map. Li-ion migration paths of α-LZC ((b) and (c)) and β-LZC ((f), and (g)). Energy profiles of the migration paths in α-LZC (d) and 
β-LZC (h). Each path in (b)–(c) and (f)–(g) corresponds to the energy profile of the same color in (d) and (h), respectively. [Reproduced from Ref. 1]
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low potential reveal the possible Li-ion conduction path. In α-LZC, the interconnect paths form a 3D percolating network with 
an effective migration barrier 0.803 eV (Fig. 1(c)). For the β-LZC structure, the paths within plane a-b are more favorable for 
Li-ion transport than for the interplane direction; the barrier for migration between adjacent planes is more than three times 
the barriers in plane a-b (Fig. 1(f)). An analysis of the ion conduction path partially explains the significant difference in the 
ionic conductivity between α-LZC and β-LZC. 

A test of humidity tolerance was performed employing X-ray diffraction (XRD), X-ray photoelectron spectra (XPS) and 
electrochemical impedance spectra. Figures 2(a) and 2(b) display the Zr-3d and Cl-2p XPS of the as-milled LZC and LZC 
exposed to humidity (5% RH for 24 h). The difference is insignificant. In tests of the electrochemical impedance spectra, the 
as-milled LZC well preserved its high conductivity after the humidity treatment (Fig. 2(c)), compared with a decrease almost 
an order of magnitude of Li3InCl6 (Fig. 2(d)), which is the most humidity-tolerant chloride solid electrolyte reported before 
LZC. The raw materials for the mechanochemical synthesized Li2ZrCl6 are orders of magnitude cheaper than those for other 
chloride solid electrolytes, which makes Li2ZrCl6 at present the only chloride solid electrolyte with raw-material cost ($1.38/
m2) below $10/m2 (the threshold that ensures the competitiveness of all-solid-state batteries).

The as-milled LZC was integrated as the solid electrolyte into all-solid-state cells with LiCoO2 (LCO) or single-crystal 
LiNi0.8Mn0.1Co0.1O2 particles (scNMC811) as the cathode and Li-In alloy as the anode. A thin layer of Li6PS5Cl (LPSCI) was 
applied to the surface of LZC to prevent the reaction between the anode and LZC. The electrochemical performance of the 
Li-In|LPSCl-LZ |scNMC811 cell is displayed in Fig. 3. Being cycled at 0.1 C (1 C = 200 mA g–1) between 2.2 and 3.8 V, the cell 
delivered an initial Coulombic efficiency 90.3% and a discharge capacity 181 mA h g–1 (Fig. 3(a)). The rate capability of the 

Fig. 2: Zr-3d (a) and Cl-2p (b) XPS of as-milled LZC before and after being exposed to the atmosphere with relative humidity 5%. 
Nyquist plots of the as-milled LZC (c) and Li3InCl6 (d) before and after exposure to the atmosphere with relative humidity 
5%. [Reproduced from Ref. 1]
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scNMC811/LZC cell is shown in Figs. 3(b) and 3(c); the average discharge capacities at 0.2 and 2 C are 176 and 96 mA h g–1,  
respectively. The long-term cycling data is displayed in Fig. 3(d), which demonstrates Coulombic efficiency 99.9% and 
discharge capacity 149 mA h g–1 after 200 cycles at 1 C. According to the scanning electron microscope and XRD ex situ, the 
positive electrode and solid electrolyte were still in intimate contact with each other without noticeable reaction or inter-
diffusion after prolonged cycling.

Ma and his co-workers discovered as-milled LZC as a new solid-state electrolyte that might possess the advantages of greater 
tolerance to humidity and lower cost for the raw materials. (Reported by Chin-Wei Wang) 

This report features the work of Chen Ma and his collaborators published in Nat. Commun. 12, 4410 (2021).

ANSTO WOMBAT – High-intensity Powder Diffractiometer
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Fig. 3: Electrochemical performance of the Li-In|LPSCl-LZC|scNMC811 cell. (a) Initial charge/discharge curves at 0.1 C, with the Coulombic efficiency  
η Coulomb denoted. (b,c) Rate capability at 0.2, 0.33, 0.5, 1 and 2C. (d) Long-term cycling performance at 1C. [Reproduced from Ref. 1]
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Fig. 1: (a) Fe K-edge derivative XANES spectra of Fe3O4, IONP, 
MGNS and MGNS-nanogel. (b) Fe K-edge EXAFS Fourier-
transformed spectra of Fe3O4, IONP, MGNS and MGNS-
nanogel. [Reproduced from Ref. 6]

Doxorubicin-Loaded Thermo- and pH-Tunable 
Carriers for Targeted Drug Delivery to Liver 
Cancer Cells in Vitro 
The thermo- and pH-dependent DOX carriers based on MGNS, functionalized with a PNIPAM and PEI nanogel that 
targets liver cancer cells, were formulated and showed a high potential for microenvironment stimulus-prompted drug 
delivery and suppression of cancer cells.

S mart drug-delivery biomaterials that are triggered 
with specific stimuli, including temperature, pH and 

enzymatic activity, have recently been formulated. The 
stimulus-responsive properties of these biomaterials 
can offer an improved delivery of drugs to the targeted 
tumor sites when applied in anticancer drug delivery.1,2 
Stimulus-dependent biomaterials are promising 
candidates for precise control of drug delivery to targeted 
sites. These materials undergo rapid tunable structural 
changes prompted by exterior stimuli in the surrounding 

changes of the samples were measured at temperatures 25, 
37 and 42 °C.

Kuen-Song Lin (Yuan Ze University) and his group 
thoroughly examined the nature of the iron products using 
the XANES technique to obtain information related to the 
electronic configuration, stereochemistry and oxidation 
states of Fe atoms in the samples.2,6 The XANES results 

environment, offering a well-controlled drug release. Among 
stimulus-dependent biomaterials, thermo-responsive 
biomaterials offer exciting prospects for the controlled release 
of anticancer drugs, precisely to the cancer cells, whereas 
decreasing adverse effects on other organs.3,4 The interior applied 
temperature can hence prompt the release of drugs from such 
biomaterials, thereby controlling the release pattern or required 
dosage of drugs in the targeted location. Attention should be 
paid to thermo-responsive nanogels, which transit because of 
temperature changes on adjusting their physiochemical and 
colloidal properties, and exhibit a phase-transition temperature, 
namely the lower critical solution temperature (LCST). In an 
aqueous solution, thermo-responsive polymers undergo rapid 
and changeable structural transitions from a swollen to a 
collapsed state, which leads to an on–off detachment of drug 
molecules due to temperature.5 Moreover, pH-dependent 
biomaterials have been developed to release drugs in acidic 
tumor environments. Polymeric micelles have been incorporated 
with pH-sensitive components that transit to a hydrophilic state 
under acidic pH, causing the micelles to disassemble and to 
trigger the release of drugs. These pH-responsive biomaterials 
undergo a transition once delivered to acidic sites or in acidic 
tumor microenvironments.

The analyses of X-ray absorption near edge structure (XANES) 
and extended X-ray absorption fine structure (EXAFS) spectra 
were performed to understand the fine structure and the Fe 
atomic arrangement in terms of bond distance and co-ordination 
number. The XANES and EXAFS experiments were implemented  
at wiggler beamline TLS 17C1. Small-angle neutron scattering 
(SANS) experiments were undertaken on BILBY scattering 
equipment (OPAL research reactor) at Australian Nuclear Science 
and Technology Organisation (ANSTO, Australia). The structural 
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of the Fe atom in the Fe3O4 
standard, IONP, MGNS and 
MGNS-nanogel carriers displayed 
an absorbance signal (Fe = 7112 
eV) characteristic of the 1s to 3d 
transition (Fig. 1(a)). Comparison 
showed that the XANES results 
of the carriers were similar to 
that of the Fe standard spectrum. 
For Fe, the intensity of the 1s 
to 3d signal of the XANES Fe 
K-edge was administered by the average coordination 
number; the oxygen (O) bonds were synchronized to 
the central Fe cation. The EXAFS fits for the first shell are 
displayed in Table 1 and Fig. 1(b), which reveal that the Fe 
standard, MGNS and MGNS-nanogel have Fe atoms at the 
center that are coordinated mainly by Fe–O. The standard 
Fe–O bond distances in Fe3O4 standard, IONP, MGNS, and 
MGNS-nanogel carriers were 1.96, 1.95, 1.93 and 1.92 
Å with coordination numbers 3.71, 3.75, 3.74 and 3.73, 
respectively.6

The SANS techniques were applied to confirm the 
temperature sensitivity of the prepared carriers at 
temperatures 25, 37 and 42 °C, as displayed in Figs. 2(a) 
and 2(b). The transition behavior of the MGNS and MGNS-
nanogel carriers upon applying heat was examined. As  
seen in Fig. 2(a), there was no difference in the scattering 
intensity of MGNS carriers at the different temperatures, 
but, as a function of temperature, an increase in the 
scattering intensity of the MGNS-nanogel carriers was 
observed (Fig. 2(b)).6 When the temperature was increased 
from 25 to 37 °C, an increased order of the MGNS-nanogel 
carriers was noticed, but, between the temperatures 37–42 
°C, there was a slight increase in the order mainly because 
the nanogel attained its maximum temperature (above 
LCST = 42 °C). Moreover, such a transition might result from 
the collapsed structure of the prepared nanogel.6 (Reported 
by Kuen-Song Lin, Yuan Ze University)

This report features the work of Kuen-Song Lin and his 
collaborators published in the J. Ind. Eng. Chem. 104, 93 
(2021).
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