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A crucial topic of materials physics is to find novel 
materials for the application of future electronic 

devices. Emergent quantum phenomena in con-
densed matter systems have attracted intense world-
wide research interest over the past decade. Among 
these novel phases, such as topological insulators, 
two-dimensional (2D) materials and complex oxides, 
which host exotic surface electronic structure, are 
promising materials for the next-generation of elec-
tronics. In this year’s section on physics and materials 
science, we demonstrate the potential of electronic 
devices fabricated with transition metal dichalco-
genide (TMD) layered materials. With spatial- and 
momentum-resolved photoemission spectroscopy 
techniques, a longtime puzzle of metal-like surface 
on TMD layered materials was solved. Also, a non-vol-
atile pn diode fabricated with an atomically thin 
monolayer TMD has been realized, paving the way to 
extend Moore’s law. These findings provide a new in-
sight for controlling the conduction type and doping 
level, for 2D devices development and ultrathin flex-
ible transparent electronics. Further examples given 
in this section include spectroscopic investigations on 
complex oxides to predict the possible magnetic state 
on an edge-shared tetrahedral spin-cluster chain and 
to clarify the origin of metal-insulator transition on 
titanium oxides. (by Cheng-Maw Cheng)
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W e dream of electronic devices 
that consume less power, con-

vey information with higher speed, 
or even are elastic for flexible and 
wearable electronics. Two-dimension-
al (2D) materials may realize this for 
us. These materials are layered, with 
intra-layer covalent bonds to form the 
layer structure and then stacking with 
van der Waals (vdW) force to form the 
bulk materials. Because of the vdW 
nature, these materials can be thinned 
down to one layer and exist in the 2D 
form. 2D materials have been found 
to have a variety of electronic struc-
tures from insulator, semiconductor, 
semimetal to metal, superconductor, 
or even topological insulator. All these 
abundant electronic structures ensure 
a wide variety of interesting function-
alities while forming heterostructures. 
Among these 2D materials, the semi-
conducting layered transition metal 
dichalcogenides (TMD) have especially 
attracts attentions in recent years, 
because they can easily overcome the 
scaling limit of current complementary 
metal-oxide semiconductor technol-
ogy, or achieving atomically thin op-
toelectronics. However, there are still 
some obstacles that need to be solved, 
and the most urgent grand challenge 
is the realization of monolayer TMD 
pn homojunction, which is the funda-
mental building block of every modern 
electronic device. 

In this regard, Chung-Lin Wu (Nation-
al Cheng Kung University), Chia-Hao 
Chen (NSRRC) and their collaborators 
proposed to utilize a multiferroic (MFE) 
substrate to control the electronic 
structure of the TMD overlayer.1 The 

Fig. 1:  Schematic band diagram of a WSe2 pn homojunction derived from a ferro-
electric-pattern-assisted BFO layer. Both polarization states (Pdown and Pup) 
on a ferroelectric BFO layer can directly affect the carrier type of monolayer 
TMD with either p-type or n-type semiconducting behavior [Reproduced 
from Ref. 1]

Beyond Moore’s Law: A Non-Volatile Atomic Thin 
pn Diode
Moore’s Law recognizes that the integrated circuits (IC) industry will double the capacity of 
an IC every 18 months to two years. Following this trend, the IC industry will hit the physical 
limit soon. Semiconducting, two-dimensional materials are promising solutions to this barrier. 
A non-volatile pn diode, based on an atomically thin monolayer of WSe2 has been realized, 
paving the way to extend Moore’s law. 

MFE materials possess a controllable spontaneous electrical polariza-
tion that can be tuned with an external stimulus, and as a substrate, 
support the TMD to achieve a pn homojunction. The accumulation or 
depletion of an inevitably charged mobile carrier occurs in the TMD 
to screen the polarization field of the MFE substrate. 

In this featured article, Wu, Chen and their collaborators utilized a 
BiFeO3 (BFO) as the MFE substrate, by turning the polarization field, 
they successfully demonstrated the respective WSe2 electron-filling 
(n-type) and electron-emptying (p-type) regions configured and 
modified with the ferroic domains of the BFO substrate, and thus de-
fine a monolayer WSe2 pn homojunction, as the schematic drawing 
showed in Fig. 1.

How do they know it is a pn homojunction? Wu and Chen employed 
the scanning photoelectron spectromicroscopy (SPEM) located at 
TLS 09A1 to verify it. The WSe2 flakes were normally only tens of μm2 
in size and 0.7 nm thick and without a microscope; it is impossible to 
study them. Combining the surface sensitive nature of synchrotron 
radiation based photoelectron spectroscopy and microscope capabil-
ity, SPEM is an ideal tool to study such system. 
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As showed in Fig. 2(a), a direct visualization of triangular WSe2 flake was achieved by imaging the W signal. 
The energy shift (ΔECL) of Se 3d and W 4f signal in Fig. 2(a) can directly be interpreted as the Fermi level shift 
between the Pup and Pdown regions. The energy positions of Bi 4f emitted from the substrate were constant (Fig. 
2(b)) further support this assertion. The Fermi level shift at Pup and Pdown areas are summarized as the band dia-
gram showed in Fig. 2(c). This is clearly a semiconductor band alignment of a pn diode.

In summary, Wu and Chen used a multiferroic material to support WSe2 and constructed a monolayer diode. 
They used SPEM to confirm the formation of a pn homojunction. This simple approach showed a non-volatilely 
rectification behavior without assistance of gate biasing. This diode shows strong current-rectifying behavior in 
the electrical transport properties, which confirms the results revealed in the homojunction band structure. This 
work provides a non-volatile control of TMD doping and a promising way to produce a pn homojunction as a 
future building block of 2D device applications. (Reported by Chung-Lin Wu, National Cheng Kung University)

This report features the work of Chung-Lin Wu, Chia-Hao Chen and their collaborators published in in Nature Com-
mun. 9, 3143 (2018).

Fig. 2:  SPEM images and μ-PES measurements on the WSe2 pn homojunction. Se 3d, W 4f, and Bi 4f core-level photoelectron spectra 
measured with SPEM in Pup and Pdown regions of a WSe2/BFO homojunction. (a) Core-level spectra of Se 3d and W 4f recorded 
from a Pdown (blue) and a Pup (orange) region. SPEM images of W 4f taken in 34.6 eV and 35.4 eV, which correspond to a Pdown 
and a Pup region, respectively. (b) Core-level spectra of Bi 4f emitted from the BFO substrate. (c) The band structure deduced 
from a reveals the pn junction for WSe2 in Pdown and Pup regions near 300 K. [Reproduced from Ref. 1]
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Toward Next-Generation Electronic Devices
An atypically large electron concentration makes difficult the fabrication of transistors with 
transition-metal dichalcogenide layer materials. Clarifying the puzzle with angle-resolved 
photoemission spectra can enable to achieve quasi-intrinsic electronic devices with these 
two-dimensional materials.

U nlike graphene that is a gapless semiconductor, 
two-dimensional (2D) nanostructures based 

on transition-metal dichalcogenide (TMD) layer 
materials, such as MoS2, WS2 and ReS2, exhibit semi-
conducting characteristics, and have thus attracted 
considerable attention. The discovery of an electronic 
structure transition from an indirect to a direct band 
gap in MoS2 monolayers has opened a new direction 
for photonic and optoelectronic applications involv-
ing TMD layer materials. In particular, these quasi-2D 
semiconductors are ideal systems to integrate with 
graphene for the development of next-generation, ul-
trathin, flexible, transparent light-emitting, light-har-
vesting and light-detecting devices. A remarkably 
large on/off ratio up to 108–109 was also realized in 
2D MoS2 field-effect transistors (FET). 

With increasing research concentrating on varied 
applications of TMD nanomaterials, understanding 
the surface effect on electronic transport properties is 
crucial because of a large ratio of surface to volume. 
The 2D electron concentration (n2D) in monolayer and 
multilayer MoS2 FET can readily attain 2 × 1013–1 × 
1015 cm-2 under a gate voltage. The large on/off ratio 
and saturation current of 2D MoS2 FET operated in 
the depletion mode partially benefit from the large 
electron concentration, but the residual concentra-
tion at zero gate voltage of MoS2 monolayers at 5.6 × 
1012 cm-2 is much larger than that (approximately 1.6 
× 1010 cm-2) of their bulk counterparts. The atypically 
large electron concentration in the unintentionally 
doped layer semiconductor increases the difficulty of 
fabricating intrinsic and p-type MoS2 nanostructures. 
To explore the origin of heavy n-doping is critical 
for the practical control of the conducting type and 
carrier concentration of MoS2 2D structures. Especially 

van der Waals crystals such as MoS2 without dangling 
bonds are expected to have an inert surface and de-
creased surface states.

Ruei-San Chen (National Taiwan University of Science 
and Technology), Ya-Ping Chiu (National Taiwan Uni-
versity), Cheng-Maw Cheng (NSRRC) and their teams 
investigated the origin of heavy n-doping on the 
surface of MoS2.1 In the result of the transport mea-
surement, the surface electron concentration of MoS2 
is nearly four orders of magnitude greater than that 
of its inner bulk. A substantial thickness-dependent 
electronic transport in MoS2 nanoflakes beyond that 
of the quantum confinement scale was observed. This 
result reveals that the presence of a surface electron 
accumulation (SEA) exists in this layer material. The 
exposure of the sulfide surface to air might result in 
two major effects, namely, the escape of sulfur atoms 
and the adsorption of foreign molecules. 

To clarify the origin of the donor-like surface states 
in MoS2, the surface of MoS2 cleaved in situ was also 
measured under two conditions with angle-resolved 
photoemission spectra (ARPES). The authors inves-
tigated the electronic structure of MoS2 nanoflakes 
in various environments using ARPES at TLS 21B1. 
The pronounced n-doping characteristic was not 
observed in the freshly cleaved surface of MoS2. The 
ARPES measurement (Fig. 1) indicates that the freshly 
cleaved MoS2 surface exhibits a nearly intrinsic state 
without SEA, but the valence-band maximum (VBM) 
shifted gradually to greater binding energy, and a 
mid-gap state appeared between the VBM and the 
Fermi level for a MoS2 surface protractedly exposed 
to ultrahigh vacuum (UHV); this result provides di-
rect evidence that the SEA formed gradually in the 

TLS 09A1  U50 – SPEM 
•  SPEM
•  Materials Science, Semiconductor Physics, Condensed-matter Physics

Reference 
1. J.-W. Chen, S.-T. Lo, S.-C. Ho, S.-S. Wong, T.-H.-Y. Vu, X.-Q. Zhang, Y.-D. Liu, Y.-Y. Chiou, Y.-X. Chen, J.-C. Yang, Y.-C. 

Chen, Y.-H. Chu, Y.-H. Lee, C.-J. Chung, T.-M. Chen, C.-H. Chen, C.-L. Wu, Nature Commun. 9, 3143 (2018).
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MoS2 surface near 300 K and even at 85 K. Because 
the freshly cleaved MoS2 surface was maintained in 
an UHV environment, they deduced that SEA might 
originate from the natural desulfurization on the 
MoS2 surface. 

Scanning tunneling microscope/spectra (STM/STS) 
were used to confirm the assumption of desulfuriza-
tion as the major reason of the SEA. The STS results 
observed also that a mid-gap state existed in an area 
with a point defect in the fresh MoS2 surface. The 
ARPES and STS results indicated that sulfur vacancies 
due to the escape of sulfur atoms from the MoS2 
surface were likely the most prominent type of sur-
face defect resulting in the SEA phenomenon. This 
understanding enables us to achieve quasi-intrinsic 

MoS2 devices with surface protection. The FET using 
quasi-fresh MoS2 nanoflakes exhibited much greater 
mobility and a smaller concentration of electrons 
than those with a pristine surface. To date, few and 
limited material systems such as InAs, InN, CdO and 
In2O3 have been found to possess this SEA character-
istic. The authors proposed the first study to demon-
strate the presence of the SEA characteristic in TMD 
and layer material systems.

In summary, Chen and his co-workers demonstrated 
that 2D electronic transport was induced with SEA 
in MoS2 nanoflakes and in the bulk. The electron 
concentration on the surface is nearly four orders of 
magnitude greater than that in the inner bulk. Nota-
bly, the metal-like surface is preventable; the intrinsic 

Fig. 1:  Aging effect at low temperature and annealing effect of surfaces freshly cleaved in situ of a MoS2 single crystal. Valence-band 
measurements of E versus kll for (a) a surface cleaved in situ at 85 K, (b) the same surface at 85 K after 11 h, and (c) the surface 
cleaved in situ annealed at 110 °C for 20 min of a MoS2 crystal recorded at 85 K with photon energy 42 eV. (d)–(e) Normal 
emission spectra at the Г point with varied binding-energy scales for the surface cleaved in situ at 85 K, the same surface at 85 
K after 11 h, and the surface cleaved in situ and annealed at 110 °C for 20 min. [Reproduced from Ref. 1]
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Fig. 1:  Experimental Ti 2p core level photoemission spectra of 
Ti2O3 taken at 300 K with hν = 1486.6 eV (black line, XPS), 
hν = 5931 eV (red circle, HAXPES ESRF), and hν ≃ 6500 
eV (dark-green triangle symbol, HAXPES SPring-8), and 
experimental Ti 2p core-level photoemission spectra of 
YTiO3 taken at 300 K (navy circle) and of LaTiO3 taken at 
200 K (green line) with hν ≃ 6500 eV (HAXPES SPring-8). 
Also shown are the theoretical configuration-interaction 
calculations using the TiO6 (blue line) and the Ti2O9 (red 
line) clusters. [Reproduced from Ref. 3]

T he temperature dependent metal-insulator tran-
sition (MIT) remains one of the most fascinating 

topics in materials science and condensed-matter 
physics. While the competition between Coulomb 
correlations and the energy bandwidth are the main 
source of localization and delocalization, it is often 
difficult to quantify and pinpoint their role in a MIT. 
The Mott-Hubbard transition is exemplified by V2O3 
(V3+ ions ≡ d2 electron system), which exhibits a 
temperature dependent first order MIT coupled to a 
structural distortion, and results in a low temperature 
antiferromagnetic insulator phase. In contrast, Ti2O3, 
(Ti3+ ions ≡ d1 electron system), which crystallizes in 
the same structure as V2O3, exhibits a gradual MIT as 
a function of temperature without an accompanying 
structural or magnetic transition.1,2 Since titanium lies 
just next to vanadium in the periodic table, the physi-
cal properties of Ti2O3 has attracted significant atten-
tion since its discovery nearly 50 years ago. However, 
its electronic structure changes across the MIT had 
remained an enigmatic unsolved problem. 

In a multinational collaboration spanning Europe 
and Asia, researchers have now succeeded to clarify 
and quantify the role of Coulomb correlations vis-à-
vis changes in structural distortion without a crystal 
symmetry change in Ti2O3. Early work emphasized the 
role of the so-called Ti-Ti c-axis dimer in Ti2O3.3 How-
ever, band structure calculations without explicitly 
including on-site Coulomb correlations failed to pro-

The Enigmatic Metal-Insulator Transition in  
Titanium Sesquioxide Ti2O3
The temperature dependent metal-insulator transition in titanium sesquioxide Ti2O3 has re-
mained an unsolved problem for more than 60 years. Scientists have now succeeded to show 
that Ti2O3 exhibits strong correlation effects coupled with an increase in the structural distor-
tion that drives the metal-insulator transition.

duce an insulating ground state for Ti2O3. In a careful 
study, L. Hao Tjeng (Max Planck Institute for Chemical 
Physics of Solids) and his co-workers have now re-
vealed the direct role of strong Coulomb correlations 

surface can be readily obtained on creating a fresh 
surface. The origin of the SEA is attributed to the 
formation of sulfur vacancies in the surface of MoS2 
due to a slow desulfurization. This finding provides 
a new insight into the fundamental properties of 
TMD layer materials and is crucial for control of the 
conduction type and doping level of MoS2, and for 2D 
device development for ultrathin flexible transparent 
electronics. (Reported by Cheng-Maw Cheng)

This report features the work of Ruei-San Chen, Ya-

Ping Chiu, Cheng-Maw Cheng and their collaborators 
published in Nature Commun. 9, 1442 (2018)

TLS 21B1  U90 – (CGM) Angle-resolved UPS
•  ARPES
•  Materials Science, Condensed-matter Physics

Reference
1. M. D. Siao, W. C. Shen, R. S. Chen, Z. W. Chang, M. 

C. Shih, Y. P. Chiu, C.-M. Cheng, Nature Commun. 9, 
1442 (2018).
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on the electronic structure of Ti2O3. The authors 
showed that the bulk sensitive Ti 2p core level spec-
trum of the metal phase of Ti2O3 exhibits a very differ-
ent line shape compared to the Ti 2p core level spec-
tra of well-known Ti3+ oxides like YTiO3 and LaTiO3 
(Fig. 1). Using configuration-interaction calculations, 
they showed that a single site TiO6 model describes 
the spectra of YTiO3 and LaTiO3 well, but it cannot re-
produce the experimental spectrum of Ti2O3. Howev-
er, calculations using an effective Hubbard model for 
a hydrogen molecule (which is equivalent to a Ti2O9 
cluster) provides a reasonable explanation, not only 
for the Ti 2p core level spectrum, but also for the Ti 3d 
features in the valence band spectrum. This analysis 
allowed them to quantify the parameter (U / t) ~3–4, 
where U is the Coulomb energy and t is the hopping 
integral between the a1gA and a1gB orbitals on the two 
Ti sites A and B, respectively. This value of (U / t) con-
firms the importance of Coulomb correlations in the 
Ti-Ti dimer and indicates that the electronic parame-
ters defining Ti2O3 are quite similar to V2O3.

In addition, the authors also observed a strong linear 
dichroism in the Ti L-edge spectra from polarization 
dependent X-ray absorption spectroscopy (XAS) as a 
function of temperature (Fig. 2). Furthermore, they 
could also reproduce the experimentally observed 
linear dichroism using the Ti2O9 cluster calculations. 
In particular, the results showed that the temperature 
dependence of the Ti L-edge linear dichroism is due 
to systematic changes in the orbital occupancies. 
They could also show that the temperature depen-
dence of the Ti 2p core level photoemission spectra 
could be reproduced with the same calculations. 
Finally, the authors carried out temperature depen-
dent valence band photoemission and O K-edge XAS. 
The spectra showed a clear gap formation in the 
occupied valence band and unoccupied conduction 
band states due to gradual changes as a function of 
temperature across the MIT (Fig. 3). The authors con-
cluded their study by saying that their results validate 
the original model of Goodenough2 with the added 
role of strong effective Coulomb correlations in Ti2O3. 
(Reported by Ashish Chainani)

Fig. 2:  (a) Experimental polarization dependent Ti L-edge XAS spectra of Ti2O3 measured at 150 K, 300 K, 458 K, 500 K and 575 K. 
(b) Calculated polarization-dependent Ti-L2,3 XAS spectra for the corresponding temperatures using the Ti2O9 cluster. In the 
bottom of panels (a) and (b) are the corresponding linear dichroic (LD) spectra. (c) Close-up of the experimental LD spectrum 
in the low-temperature phase (blue and black circles) and the simulation using the TiO6 (green line: a1g) and the Ti2O9 (red 
line: a1ga1g) clusters. (d) Temperature dependence of the Ti 2p core-level spectrum and the simulations using the Ti2O9 cluster. 
[Reproduced from Ref. 3]
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This report features the work of L. Hao 
Tjeng and his co-workers published in 
Phys. Rev. X 8, 021004 (2018).

TLS 11A1  BM – (Dragon) MCD, XAS
SP 12U2  HAXPES/Photoemission 
•  XANES, X-ray Linear Dichroism, Hard 

X-ray Photoemission Spectroscopy
•  Metal-insulator Transitions, Strongly 

Correlated Electron Systems

References 
1. F. J. Morin, Phys. Rev. Lett. 3, 34 

(1959). 
2. L. L. Van Zandt, J. M. Honig, J. B. 

Goodenough, J. Appl. Phys. 39, 594 
(1968). 

Fig. 3:  (a) Close-up of the temperature dependence of the valence-band spec-
tra of Ti2O3 taken with hν ≃ 6.5 keV (HAXPES SPring-8), together with the 
Au Fermi cutoff as EF reference. (b) Close-up of the temperature depen-
dence of the O K-edge XAS spectra of Ti2O3. [Reproduced from Ref. 3]

D ouble perovskite oxides have the general chem-
ical formula A2BB’O6, where the A-site ion often 

forms a closed shell ionic configuration, while B and 
B’ are 3d/4d/5d transition metal ions which can take 
up a general magnetically active dn configuration.1 
Due to the very large combination of B and B’-site 
transition metal cations which can form the double 
perovskite structure, it has tremendous potential to 
show a variety of magnetic and electrical properties. 
Although the A-site ions may not be magnetically 
active themselves, it is well-known that the size of the 
A-site ion provides a structural control of the magnet-
ic superexchange interaction of the B, B’-site ions.1 
In this highlight, we discuss one such successful case 
of controlled synthesis and magnetic properties of 
the series La2-xYxCoRuO6. The A-site substitution of La 
with Y content x, from x = 0 to 1, allows a tuning of 
the magnetic ground states from an antiferromagnetic 
insulator to spin-glass to a ferrimagnetic insulator. The 
authors used several techniques including diffraction, 
spectroscopy, DC magnetization, time dependent 
isothermal magnetization and frequency dependent 
ac-susceptibility measurements to obtain conclusive 
evidence of dynamic ferrimagnetism in Y2CoRuO6.2

In a multinational collaboration carried out by Mar-
tha Greenblatt (Rutgers University) and her co-work-
ers, polycrystalline La2-xYxCoRuO6 (x = 0–1.0) samples 
were synthesized using the conventional solid state 
reaction method and characterized for their crystal 

Dynamic Ferrimagnetism in a Double Perovskite
Researchers have succeeded to synthesize a new double perovskite oxide Y2CoRuO6 which 
shows dynamic ferrimagnetism in the form of spin-glass properties at temperatures below 
the long range ferrimagnetic ordering temperature.

Fig. 1:  Crystal structure analyses of La2-xYxCoRuO6 (x = 0–1.0) 
samples showing a systematic evolution of the unit cell 
volume and the B-O-B’ angle φ. [Reproduced from Ref. 2]

3. C. F. Chang, T. C. Koethe, Z. Hu, J. Weinen, S. Agrestini, L. Zhao, J. Gegner, H. Ott, G. Panaccione, H. Wu, M. W. 
Haverkort, H. Roth, A. C. Komarek, F. Offi, G. Monaco, Y.-F. Liao, K.-D. Tsuei, H.-J. Lin, C. T. Chen, A. Tanaka, L. H. 
Tjeng, Phys. Rev. X 8, 021004 (2018).
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Fig. 3:  (a) Real and imaginary parts of ac susceptibility of Y2CoRuO6 measured at several frequencies. (b) Frequency-dependence of 
transition temperature Tf of Y2CoRuO6. (c) Isothermal magnetization of Y2CoRuO6 at T = 60 K and H = 10 Oe. (d) Corresponding 
relaxation rates S(t) showing peaks at the inflection points in isothermal magnetization shown in (c). [Reproduced from Ref. 2]

Fig. 2:   (a) & (b) Ru L-edge and (c) Co L-edge X-ray absorption spectroscopy results establish that Y2CoRuO6 exhibits spectra typical of 
Co2+ and Ru4+ ions. [Reproduced from Ref. 2]
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structure using synchrotron powder X-ray diffraction 
and neutron powder diffraction. The results showed 
that the entire series is isostructural and forms in the 
monoclinic crystal structure with a systematic evolu-
tion of the B-O-B’ angle φ, and the unit cell volume 
(Fig. 1). From a bond-valence-sum analysis, the au-
thors showed that Y2CoRuO6 exhibits a valency of 
2.21 for Co ions and 3.64 for Ru ions. This suggested 
a formal oxidation state of Co2+ (≡ d7) and Ru4+ (≡ 
d4) in Y2CoRuO6. As shown in Fig. 2, the authors then 
carried out an extensive check of various Co and Ru 
containing oxides using soft X-ray absorption spec-
troscopy to establish that Y2CoRuO6 indeed exhibits 
spectra typical of Co2+ and Ru4+ ions.

Interestingly, although La and Y ions are both triva-
lent, magnetic measurements on La2CoRuO6 con-
firmed it to be antiferromagnetic (TN = 25 K), while 
Y2CoRuO6 showed ferrimagnetic (FiM) order with a Tf 

= 82 K. Using neutron powder diffraction, the au-
thors showed that the ferrimagnetism of Y2CoRuO6 
arises from an antiparallel arrangement of high-spin 
Co2+ (3 μB) and low-spin Ru4+ (2 μB) which gives a 
relatively large remnant moment of MR = 0.73μB. This 
is explained in terms of the systematic evolution of 
the B-O-B’ angle which stabilizes the ferrimagnetic 
phase. Furthermore, the authors carried out a careful 
investigation of time-dependent isothermal magne-
tization and frequency dependent ac-susceptibility 
measurements across the La2-xYxCoRuO6 series. In 
particular, for Y2CoRuO6, the authors could show that 
the peak at about Tf = 82 K in the real [M’(T)] and 
imaginary[M”(T)] parts of the ac susceptibility (Fig. 
3(a)) show a small systematic frequency shift, K, to 
higher temperatures on increasing frequency (Fig. 
3(b)). This frequency dispersion is a characteristic 
of spin glass dynamics. The authors then showed 
that at temperatures below Tf, the time-dependent 
isothermal relaxation of magnetization depends on 
the so-called waiting time tw (Fig. 3(c)). Additional-
ly, the time dependence of the relaxation rate S(t) 
confirmed that the inflection point in the relaxation 
curves occurs at t = tw (Fig. 3(d)). Such phenomena 
are known to occur in spin glasses and it originates 
in the competition between ferromagnetic and 
antiferromagnetic interactions.3 In fact, the authors 
could show similar spin glass dynamics for all the 
intermediate compositions in the phase diagram of 
the La2-xYxCoRuO6 series (Fig. 4). And while the inter-
mediate compositions do not show a clear ferrimag-
netic ordering in DC magnetization measurements, 
Y2CoRuO6 showed a clear ferrimagnetic Tf = 82 K as 
well as the signatures of spin glass dynamics. Thus, 
all the results put together provide direct evidence 
of dynamic ferrimagnetism in Y2CoRuO6. The authors 

Fig. 4:  Magnetic phase diagram of La2-xYxCoRuO6. The black 
symbols are transition temperatures of La2-xYxCoRuO6 
(square for TN of x = 0, diamonds for magnetic transition 
temperature T1 of 0.25 ≤ x ≤ 1.75 and circle for Tf of x = 
2). Red stars are temperatures where magnetic anom-
alies occur. Red area is for AFM phase, yellow area for 
SG-like phase, green area for FiM phase and white area 
for paramagnetic phase. The blue triangles represent the 
frequency shift, K and the blue dashes reflect evolution 
of K of the corresponding transitions. The results estab-
lish dynamic ferrimagnetism in the double perovskite 
Y2CoRuO6. [Reproduced from Ref. 2]

conclude by saying that La2-xYxCoRuO6 presents a 
paradigm with abundant magnetic phases and the 
entire solid solution offers an opportunity to tailor 
magnetic properties. (Reported by Ashish Chainani)

This report features the work of Martha Greenblatt 
and her co-workers published in Chem. Mater. 30, 
7047 (2018).

TLS 11A1  BM – (Dragon) MCD, XAS
TLS 16A1  BM – Tender X-ray Absorption,  

                Diffraction
•  XANES, X-ray Absorption Spectroscopy
•  Dynamic Ferrimagnetism, Double Perovskite Oxide
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Fig. 1: Rietveld refinement profiles for 
Sr0.5Bi0.5FeO3. (a) Room-tempera-
ture synchrotron X-ray diffraction 
data. The bottom and top vertical 
bars respectively indicate the 
diffraction peak positions for 
Sr0.5Bi0.5FeO3 and impurity Fe2O3. 
(b) Room-temperature neutron 
powder diffraction data. The bot-
tom vertical bars indicate the nu-
clear diffraction of Sr0.5Bi0.5FeO3. 
The middle and top vertical bars 
respectively show the nuclear and 
magnetic reflections of impurity 
Fe2O3. (c) NPD data collected at 
4 K. The bottom and top vertical 
bars respectively show the nucle-
ar and magnetic reflections of  
Sr0.5Bi0.5FeO3. The third and 
second vertical bars respectively 
show the nuclear and magnetic 
reflections of impurity Fe2O3. 
[Reproduced from Ref. 2]

An Unusual Charge Disproportionation Transition 
in a High-Valence Perovskite Ferrite Sr0.5Bi0.5FeO3
Using a high-pressure synthesis method, researchers have now succeeded to make a new per-
ovskite oxide Sr0.5Bi0.5FeO3 with an unusually high valence Fe3.5+, which undergoes a tempera-
ture dependent charge disproportionation coupled to an insulator-to-insulator transition. 

C harge density wave or charge-ordering transitions occur in a vari-
ety of quasi one-dimensional (1D), quasi two-dimensional (2D) and 

three-dimensional (3D) materials. These transitions are often directly 
associated with an effective charge disproportionation across the transi-
tion, i.e. a single integral valence metal atom Mv changes to typical mixed 
valency in the form of Mv+δ and Mv-δ, where M is the metal atom, v is the 
integral valency and δ is the change in valency defining the dispropor-
tionation. In typical charge-ordering transitions, one expects a metal-in-
sulator transition to accompany the charge-disproportionation, as in the 
transition metal dichalcogenide system 1T-TiSe2.1 In this highlight, we 
discuss an unusual charge disproportionation which is linked to an insu-
lator-to-insulator transition and the high valence of Fe in the perovskite 
oxide Sr0.5Bi0.5FeO3.

In a very interesting study carried out by Yuichi Shimakawa (Kyoto Univer-
sity) and his collaborators from Japan, Taiwan and the United Kingdom, 
it was shown that a three-dimensional perovskite Sr0.5Bi0.5FeO3 containing 
an unusually high valence of Fe3.5+ could be synthesized by using a high 
pressure method.2 The authors carried out a combination of synchrotron 
X-ray diffraction and neutron powder diffraction studies (Fig. 1) to estab-
lish the rhombohedral structure of Sr0.5Bi0.5FeO3, crystallizing in the space 
group R3c (No.167).   

The occupancy of oxygen sites could be fixed to one in the final refine-
ment, indicative of negligible oxygen vacancies in the material, and 
this helps to provide an accurate determination of valency. The authors 
calculated the bond valence sum (BVS) from the measured Fe-O bond 
lengths and the results indicated a BVS value of 3.4+, consistent with a 
nominal valence of Fe3.5+. The authors then used Mössbauer spectrosco-
py to measure the valence state of Fe and confirmed the unusual high 
valence of Fe3.5+ (Fig. 2). Since Mössbauer spectroscopy can probe charge 
fluctuations on a time scale of ~10-7 sec, the authors carried out tempera-
ture dependent Mössbauer spectroscopy studies and discovered that 
Sr0.5Bi0.5FeO3 undergoes a charge disproportionation which is described by 
the valence transition given by (Fig. 3) :  Fe3.5+ → 0.75 Fe3.0+ + 0.25 Fe5+. 

Surprisingly, although a clear charge disproportionation could be mea-
sured, the temperature dependent diffraction measurements showed 
no apparent structural transition as a function of temperature. The com-
pound Sr0.5Bi0.5FeO3 can be simply considered to be a Bi3+ doped SrFeO3 in 
which the doped electrons result in forming Fe3.5+ due to Bi3+ substitution 
on Sr2+ sites. The structural analysis showed that the substitution causes 
a significant rhombohedral distortion with the Fe-O-Fe angle changing 
to 165.5º compared to 180.0º in the cubic SrFeO3. The reduced Fe-O-Fe 
angle causes a conduction band narrowing. Furthermore, a negative 
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Fig. 2: Mössbauer spectra of Sr0.5Bi0.5FeO3 
at room temperature (top panel) 
and 4 K (bottom panel). The black 
circles show experimental data, 
and the solid lines show the fit-
tings. [Reproduced from Ref. 2]

Fig. 3: Rhombohedral unit cell of Sr0.5 

Bi0.5FeO3 does not change across 
the charge disproportionation 
transition, given by Fe3.5+ → 0.75 
Fe3.0+ + 0.25 Fe5+, which occurs at 
a temperature, T = 230 K. [Re-
produced from Ref. 2]

chemical pressure effect occurs 
due to Bi3+ ions (ionic radius 
1.03 Å) occupying the A-site 
compared to the larger Sr2+ ions 
(ionic radius 1.18 Å) is at play in 
Sr0.5Bi0.5FeO3. This is consistent 
with the observed low BVS for 
Bi and is expected to suppress 
the intermetallic charge transfer 
transition in Sr0.5Bi0.5FeO3. Indeed, 
this turned out to be the case, 
because no transition to the 
metallic phase could be seen in 
the electrical resistivity as a func-
tion of temperature (Fig. 4). The 

Fig. 4: Temperature dependence of the 
electrical resistivity as a plot of log 
ρ vs. 1000/T. The blue dashed line 
represents a typical semiconduc-
tor behavior given by an Arrhe-
nius equation. The deviation from 
Arrhenius behavior was taken as 
the transition temperature T = 
230 K. [Reproduced from Ref. 2]

electrical resistivity only showed 
a small deviation from a typical 
activated behavior below 230 K, 
consistent with a small anomaly 
seen also in the magnetic suscep-
tibility behavior. The authors thus 
concluded that the charge dis-
proportionation transition occurs 
at about 230 K, and it is coupled 
to an insulator-to-insulator tran-
sition, in contrast to a metal-in-
sulator transition seen in typical 
charge density wave systems.1 
The authors could thus show that 
Sr0.5Bi0.5FeO3 represents a unique 
case of charge disproportionation 
coupled to an insulator-to-insu-
lator transition driven by conduct 
ion band narrowing.2 (Reported 
by Ashish Chainani and Hwo-
Shuenn Sheu)

This report features the work 
of Yuichi Shimakawa and his 
co-workers published in Inorg. 
Chem. 57, 843 (2018).
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Highlight from the Cold Neutron Triple Axis  
Spectrometer SIKA in 2018
The NSRRC neutron group has ran a user program at the cold triple axis spectrometer SIKA 
since July 2015 at ANSTO in Australia. Here are some results from 2018 in a hope to highlight 
to NSRRC users, that neutrons and SIKA can be useful to them in the coming years.

T he triple axis spectrometer is one of most versatile neutron scattering instrument. With SIKA,1 scientists have 
the option to measure elastic scattering and inelastic neutron scattering. Here are three successful projects 
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Fig. 1: Elastic neutron scattering results from MnP under pressure. The temperature dependence of higher hamornics of double heli-
cal magnetic structure at ambient pressure are shown in panel (b) and (c). [Reproduced from Ref. 2]

which took advantage of SIKA’s capability over the past year. 

Elastic Scattering Experiment to Detect Weak Magnetic Peak on MnP
Shin-ichiro Yano (NSRRC) and his collaborators have been working on the superconducting material MnP using 
both neutron elastic and inelastic scattering under applied pressure.2 They have observed higher harmonics of 
the previously reported double helix magnetic structure at ambient pressure using SIKA. The triple axis spec-
trometer is good instrument to look for weak elastic peaks. In this project, the team measured the temperature 
dependence of magnetic scattering from higher harmonics of the helical magnetic peak, which is 100 times 
weaker than the primary magnetic peak from the helical magnetic structure, see Fig. 1. Detailed temperature 
dependence of the magnetic peaks proved that the pitch of the helical magnetic structure of this system chang-
es with temperature. The pitch of the helix becomes longer while cooling the sample. A similar observation was 
made for the incommensurate magnetic phase in chromium, however the mechanism is still not clear. Not only 
is the cold triple axis spectrometer, SIKA, useful for the detection of weak magnetic and nuclear peaks, but it 
is also a good instrument for the study of the temperature dependence and/or magnetic field dependence of 
these peaks. 

Spin Wave Dispersion from YFeO3 and LaFeO3

Kisoo Park (Seoul National University) and his collaborators have prepared single crystals of YFeO3 and LaFeO3. 
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Fig. 2: Observed spin wave excitation from LaFeO3, YFeO3 at T = 300 K and its comparison with BiFeO3. Solid black lines 
in the picture were calculation of spin wave dispersion discuss in the text above. [Reproduced from Ref. 3]

YFeO3 and LaFeO3 are members of the rare-earth orthoferries family with Pbnm space group.3 Using inelastic 
neutron scattering with SIKA, the low energy spin excitation has been measured around the magnetic Brillouin 
zone center. Splitting of the magnon branch and the finite magnon gaps, are shown in Fig. 2, and observed in 
both compounds. Dzyaloshinskii-Moriya (DM) interactions account for the most of this magnon gap with some 
additional contributions from single-ion anisotropy. SIKA is capable of reaching high resolution necessary to 
allowed scientist to resolve branches of magnon excitations. The spin Hamiltonian described below was used to 
model the data, 

 H = Jc ∑along cSi ∙ Sj + Jab ∑ab planeSi ∙ Sj + J' ∑<ij>DIJSixSi + Ka ∑i(Si
x )2 + Kc ∑i(Si

z )2

 where Jc and Jab represent the nearest neighbor exchange constants along the c-axis and in the ab plane respec-
tively. J’ denotes the exchange constant between the next nearest neighbors. The 4th term represents the DM 
interactions and the last two terms denote the easy axis single ion anisotropy terms to stabilize the G-type anti-
ferromagnetic order. 

As shown in Fig. 2, Park successfully fitted magnon dispersion obtained using SIKA and determined the relevant 
parameters for the spin Hamiltonian model for the two compounds. 

Spin-glass Ground State in a Triangular-lattice Compound YbZnGaO4

Zhen Ma (Nanjing University) and his collaborators visited SIKA to measure the low lying excitation spectrum 
on YbZnGaO4 within a bigger study on quantum spin liquids. There is expected to be a significant amount of 
spectral weight in this geometrically frustrated lattice of corner sharing triangles. Using polycrystalline and sin-
gle crystal samples on a variety of quantum beam lines, they have determined that YbZnGaO4 has a spin glass 
ground state. On SIKA, they measured a 14g polycrystalline sample. They have collected the temperature depen-
dence of integrated scattering intensity with energy scan at specific Q values. They configured SIKA with a fixed 
final energy, Ef of 5 meV and used a cooled Be filter to remover higher order wavelengths. The collimator settings 
were 40’-40’-60’-40’ to help define the neutron beams and improve the signal to noise. Single crystal data tak-
en at PANDD, FRM-II, Germany shown in Fig. 3. Neutron inelastic scattering reveals the dispersive nature of the 
scattering at two different energy transfers in the color contour maps. Their comprehensive measurements and 
analysis of these neutron data provides evidence that it is a spin glass. Based on these results, they suggested the 
spin glass phase is driven by disorder and frustration.                    

The scientific challenges that SIKA can address are numerous and many types of materials have been studied 
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Fig. 3:  (a) and (b) are countour map of the inelastic neutron scattering at E = 
0.3 and 0.6 meV measured at T = 0.47 K measured on PANDA. (c) Mag-
netic dispersion along the M1-K-Γ1 and Γ1-M2-Γ2 high symetry directions. 
(d) and (e) are comparison with calclation. [Reproduced from Ref. 4]

over the past couple of years. For 
example, the measurement of phonon 
dispersion curves is one of most popu-
lar measurements we do. Several users 
are working on thermoelectric ma-
terials to understanding the thermal 
conductivity at the microscopic level. 
Measurements of crystalline electric 
field excitations and dimer excitations 
are also possible using SIKA. Since 
the opening of the user program, the 
number of publications has grown 
steadily. Neutron scattering could be 
an approach to answer the scientific 
challenges that scientists face and it 
covers a wide range of problems. It 
is hoped that the SIKA program has 
opened a different solution to Taiwan-
ese scattering community. (Reported 
by Shin-ichiro Yano)

This report features the work of: (1) 
Shin-ichiro Yano and his colleagues 
published in J. Phys. Soc. Jpn. 87, 
023703 (2018); (2) Kisoo Park and his 
colleagues published in J. Phys. Con-
dens. Matter 30, 235802 (2018); (3) 
Zhen Ma and his colleagues published 
in Phys. Rev. Lett. 120, 087201 (2018). 
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A source of energy that is clean and renewable has 
become an important issue. The development 

of a substantial green power source and energy-con-
verting materials is a prominent subject. Perovskite 
quantum dots represent one of the most promising 
materials for applications in solar cells. Pi-Tai Chou 
from Naitional Taiwan University led a team to discov-
er a clever idea to solve the problem of the intrinsic 
instability of tin during nucleation for a tin-halide 
perovskite that is composed of strongly coupled, 
layered structures with tin-halide perovskite to form 
nanoplates. The results demonstrate a major advance 
for the emission yield and tunability of tin-halide per-
ovskites. Eric Wei-Guang Diau’s group from National 
Chiao Tung University also tried to modify the energy 
levels by altering A upon mixing two organic cations 
– formamidinium (FA+) and 2-hydroxyethylammo-
nium (HEA+) – to improve the performance and the 
stability of tin-halide perovskite solar cells. 

Phosphor-converted white-light-emitting diodes (pc-
WLED) have become the most promising light source 
for energy saving. Research teams led by Ru-Shi Liu 
from National Taiwan University and Lixin Ning from 
Anhui Normal University have demonstrated that 
control of the local structures of activated ions can 
improve the high color-rendering index in red and 
blue phosphors in a LED device. 

Chen-Wei Liu from National Dong Hwa University 
has synthesized inverse-coordination clusters from a 
two-electron super-atomic copper nanocluster. The 
concept of inverse coordination can be viewed simply 
as a transition-metal cluster (with or without metal–
metal bonding) encapsulating a main-group anion. 
Centred cuboctahedral copper clusters have been 
synthesized and structurally characterized. These clus-
ters show enhanced luminescence properties and an 
increased ionic component of the host–guest interac-
tion. (by Hwo-Shuenn Sheu)

Chemical 
Science
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Fig. 1: (a) Excitation and (b) emission spectra of Na2(SixGe1-x)F6:Mn4+ and Na2(GeyTi1-y)
F6:Mn4+. [Reproduced from Ref. 1]

Controlling Local Structures of Activated Ions to 
Improve Red and Blue Phosphors in a LED Device 
Narrow-band-emitting red phosphors and thermally stable blue phosphors are developed for 
high-quality illumination.

C Phosphor-converted white-light-emitting diodes (pc-WLED) have 
been the most promising light sources in our daily life in recent years, 

because they have a long operating lifetime, robustness and small energy 
consumption. Commercial pc-WLED are fabricated with a blue LED and a 
yellow phosphor; white light is generated through excitation of a yellow 
phosphor with a blue LED. For an illumination system of high quality, a 
blue LED with red and green phosphors is used to achieve a high col-
or-rendering index (CRI). This CRI measures a light source to reveal the 
colors of various objects faithfully relative to an ideal or natural light 
source; light sources with a high CRI are desirable in color-critical applica-
tions. Currently used and available phosphors have some limitations. For 
commercial blue-emitting phosphors (BaMgAl10O17:Eu2+ and  
Sr3MgSi2O8:Eu2+), a thermal- quenching (TQ) effect causes a seriously 
decreased emission intensity when operated under a condition of high 
power. Commercial red phosphors (CaAlSiN3:Eu2+ and SrAlSiN3:Eu2+) have 
a broad emission profile with band center 650 nm that matches poorly 
the sensitivity of human eyes.

To realize a high-quality backlighting system, new red phosphors with a 
narrow emission bandwidth should be developed. Mn4+-activated flu-
oride phosphors show emission between 600 and 650 nm and do not 
absorb the emission from commercial green phosphors (YAG:Ce3+), which 
hence become a promising activated doping ion for red emission. Early 
studies focused on methods of synthesis of the new compounds, but the 
local coordinate environment and emission behaviors and bands were 

less studied. A research team at 
National Taiwan University, led by 
Ru-Shi Liu, recently studied sys-
tematically the behaviors of the 
zero-phonon line (ZPL) of Mn4+-ac-
tivated fluoride phosphors. Liu 
and his co-workers synthesized 
compounds in series Na2(SixGe1-x)
F6:Mn4+ and Na2(GeyTi1-y)F6:Mn4+ 
and studied their emission profiles 
as a variation of x and y in the 
compound formula, as shown in 
Fig. 1. The measured excitation 
spectra are similar, corresponding 
to spin-allowed transitions 4A2 
→ 4T2 and 4A2 → 4T1, whereas the 
emission spectra are correlated to 
the spin-forbidden transition 2E 
→ 4A2. The results show that the 
intensity of the ZPL increased from 
Na2SiF6 to Na2GeF6. X-ray diffrac-
tion (XRD) patterns show that 
Na2SiF6 and Na2GeF6 crystallize 
in a trigonal structure and Mn4+ 
ions substitute the Si4+, Ge4+ and 
Ti4+ positions to form octahedral 
MnF6

2- moieties. Although the 
emission spectra are much less 
sensitive to a change of the crystal 
field than the excitation spectra, 
the ZPL intensity is sensitive to the 
distortion in the MnF6

2- moieties. 
Further EPR studies indicate that 
Mn4+ ions occupy at least two 
distinct positions of high and low 
local symmetry.                

For development of the blue 
phosphors, a joint research group 
from China, led by Lixin Ning (An-
hui Normal University) and Zhiguo 
Xia (University of Science and 
Technology Beijing), synthesized 
new phosphors of ABPO4:Eu2+ (A = 
Li, Na, K, Rb; B = Ca, Sr, Ba) with a 
structure of β-K2SO4 type through 
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Fig. 3: (a) Emission spectra of a KBCP:3%Eu2+ sample in temperature range 25–300 °C. 
Temperature-dependent normalized emission spectra of KBCP: xEu2+ (x = 1%, 
3%, 5%) in terms of emission height (b), and area (c), excited at 350 nm. (d) 
Temperature-dependent normalized emission spectra of KBCP:3% Eu2+ com-
pared with a commercial YAG:Ce3+ phosphor. [Reproduced from Ref. 2]

Fig. 2: (a) Structural phase transformation model from β-K2SO4 prototype to a new phase of KBCP via varied substitution construction 
on cation sites. (b) XRD and (c) SXRD profile for the Rietveld refinement result of KBCP and KBCP:9% Eu2+, respectively. (d) 
Crystal structure of KBCP:9% Eu2+ and occupancy rates of Eu2+. (e) XRD patterns of KBCP:xEu2+ (x = 0.5−9%) as prepared.[Repro-
duced from Ref. 2]

mineral-inspired prototype evo-
lution and new phase construc-
tion methods. Within these new 
phosphors, KaBaCa(PO4)2:Eu2+ 
was found to have a high lumi-
nescence thermal stability. X-ray 
powder-diffraction measurements 
show that Eu2+ ions can occupy 
three distinct sites and K3 (M3) 
sites are more stable than K2 (M2) 
sites, resulting in emissions at 
465 and 438 nm, respectively, as 
shown in Fig. 2. Figure 3 shows 
the temperature dependence of 
the emission band profile and the 
intensity in KaBaCa(PO4)2:Eu2+ with 
1%, 3%, and 5% Eu2+. Although 
the luminescent intensity of all 
samples decreased as tempera-
ture increased, the sample with 
3% Eu2+ maintained intensity 95% 
of that at 25 oC. This observed 
behavior might reflect a balance 
between thermal ionization and 
recombination of Eu2+ 5d excit-
ed-state centers that involves an 
electron trapped at a crystal de-
fect and transported through the 
host conduction band. 
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Inverse-Coordination Clusters from a Two-Electron 
Superatomic Copper Nanocluster
The inverse-coordination clusters show enhanced luminescence properties and increased ionic 
component of the host–guest interaction. No formal covalent bonding exists between the d10 

metal centers, only some metallophilic interactions.

In summary, novel red and blue 
phosphors have been developed 
through tuning the local crystal-
line environments of the activated 
ions. This concept opens a way to 
develop new phosphors with high 
luminescent quality. (Reported by 
Yu-Jong Wu)  

This report features the work of (1) 
Ru-shi Liu and his co-workers pub-
lished in Angew. Chem. Int. Ed. 57, 
1797 (2018); (2) Lixin Ning, Zhiguo 
Xia and their co-workers published 

in J. Am. Chem. Soc. 140, 9730 (2018).
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Fig. 1:  (a) X-ray structure of [Cu13{S2CNnBu2}6X4]+ with NnBu2 and X moieties omitted 
for clarity; (b) centred cuboctahedral framework of 13 copper atoms; (c) 12 
sulfur atoms that surround the copper core in a truncated tetrahedral geometry. 
[Reproduced from Ref. 2]

T he concept of inverse coor-
dination, as recently defined 

by Haiduc, applies to metal com-
plexes in which the arrangement 
of acceptor and donor sites is 
opposite that occurring in Wer-
ner-type coordination complexes. 
Inverse-coordination complexes 
are formed around a non-metal 
species as the central atom (ion) 
surrounded by a number of metal 
atoms (ions) connected or not by 
internal bridging (intramolecular) 
linkers. Discarding the nature of 
metal–metal interactions (if any), 
inverse coordination complexes 
can thus be viewed simply as tran-
sition-metal clusters (with or with-
out metal–metal bonding) encap-
sulating a main-group anion. 

Centred cuboctahedral copper 
clusters have been synthesized 
and structurally characterized in a 
series. [Cu13{S2CNR2}6{C≡CR’}4](PF6), 
(R = n-Bu, R’ = CO2Me) is the first 
structurally characterized copper 

(a) 
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cluster having a Cu13 centred cubocta-
hedral arrangement, Fig. 1(a), a min-
iature of the bulk copper fcc structure. 
Inverse-coordination clusters with 
Cu12, [Cu12(μ12-S){S2CNR2}6{C≡CR’}4] , are 
the first examples of copper clusters 
containing main-group elements (Cl, 
Br, S). These clusters show enhanced 
luminescence properties and increased 
ionic component of the host–guest 
interaction, Figs. 1(b) and 1(c). No 
formal covalent bonding exists be-
tween the d10 metal centers, only some 
metallophilic interactions.

In a first approximation, the bonding 
within these two-electron superatoms 
can be described as resulting from the 
interaction of an encapsulated and 
formally M- anion with a cuboctahe-
dral cage composed of twelve CuI ions. 
One fascinating query is whether it 
should be possible to substitute the 
encapsulated closed-shell M- anion 
with a closed-shell main-group anion, 
and further, to replace this encapsulat-
ed main-group element with another 
one, the corresponding substitution 
reactions occurring without cluster 
disintegration.

The galvanic exchange of the central 
Cu with Ag or Au results in a sim-
ilar anatomy of formed bimetallic 
[Au/Ag@Cu12(S2CNnBu2)6(C≡CPh)4]
[CuCl2] species, which is unique in 

Fig. 3: Comparison of Cu K-edge XANES profiles for Cu foil, 
CuCl, copper(I) hydrides and NCs 1a–d (see ref. 1 for the 
abbreviation). [Reproduced from Ref. 1]

Fig. 2: Photograph of 4, 6, and 6’ under 
UV-excitation at ambient temperature. 
[Reproduced from Ref. 2]

the sense that other contemporary M13 cores in group 11 super-
atomic chemistry are compact icosahedra. The central doping of 
Ag or Au significantly affects the physiochemical properties of 
the bimetallic Cu-rich clusters. Markedly enhanced both emission 
intensity and quantum yield was observed in gold−copper alloys 
[Au@ Cu12(S2P(OiPr)2)6(C≡CPh)4]+ (6, 6’) on comparison with cluster 
[Cu13{S2CNnBu2}6R4]+ (4) (Fig. 2).

In summary, the authors have isolated and fully characterized 
[Cu13(alkynyl)4(dtc)6] (PF6) clusters, the first copper-centred cubocta-
hedral copper NC, a miniature of the bulk copper fcc structure, with 
partial Cu(0) character confirmed with XANES (Fig. 3). Novel chalco-
gen and halogen-centred cuboctahedral copper clusters [Cu12(m12-X)
(alkynyl)4(dtc)6]z+ (E = Cl, Br, S) have been synthesized. These clusters 
are the first examples of compounds in which a sulfide, chloride or 
bromide ion holds such a large coordination number (12). Before this 
report, the largest coordination number for sulfur and bromine was 
nine, and eight for chlorine. (Reported by Hwo-Shuenn Sheu)

This report features the work of Chen-Wei Liu and his collaborators 
published in Chem. Sci., 9, 6785 (2018).

TLS 17C1  W200 – EXAFS
•  XANES, ESI-MS, 1H, 13C NMR, XRD
•  Materials Science, Hyper-coordination Number Chemistry, Super-

atomic Copper Nanocluster, Luminescence
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Luminescent Tin-Halide Perovskite Materials
Adding an aliphatic carboxylic acid can decrease the defect density of the tin perovskite and 
thereby improve the luminescent property of tin-halide perovskite nanoplates.  

I n recent years, the efficiency of power conversion (PCE) of perovskite 
solar cells (PSC) has increased rapidly up to 22%, which opens a new 

window for a novel recipe of developing solar cells. Research groups in 
increasing numbers have therefore devoted much effort to the investiga-
tion of PSC, which replace dye-sensitized solar cells (DSSC) and organic 
photovoltaics (OPV) to become the main stream for the next generation 
of solar-cell development. Basically, a PSC is a hybrid organic-inorganic 
material, having an octahedral structure with general formula ABX3. In 
this crystal structure, an A-site ion, at the corners of the unit cell of the 
lattice, is typically an alkaline-earth or rare-earth element; B-site ions, at 
the center of the unit cell, might be 3d-, 4d- or/and 5d-transition- metal 
elements, and X is halogen. The conventional material of a PSC is meth-
ylammonium lead trihalide (MAPbX3) having an optical band gap be-
tween 1.5–2.3 eV depending on the halide content, but the content of 
the toxic lead in MAPbX3 hinders the large-scale commercial production 
for PSC. The task of replacing the toxic lead with a non-toxic metal, such 
as tin (Sb), for perovskite-based material hence attracts much attention 
in the development of these PSC. MASbX3 is, however, unstable because 
of the oxidation of Sn2+ to Sn4+ that increases the defect density. The 
control of the luminescent properties of tin perovskite-based nanomate-
rials was recently successfully demonstrated first by Jellicoe et al.1; they 
mixed halides of two types and altered the ratios of halide components 
of the CsSnX3 nanocrystals, but a small photoluminescence quantum 
yield (PLQY < 0.14%) and a broad emission bandwidth (FWHM > 100 nm) 
were observed. Subsequent work, such as on replacing Cs+ cations with 
butylammonium (BA) or octylammonium and using 2D nanoplates with a 
double-layered structure were investigated to improve the quantum yield.2 
Although the photoluminescent quantum yield improved up to 2.6%, the 
reality of using perovskites as a luminescent emitter is still far away. 

To improve the optoelectronic device performance, strongly coupled 2D 
perovskite nanoplates are required to realize a small density of crystal 
defects and a large yield of photogenerated carriers. A research group 
from National Taiwan University led by Ching-Wen Chiu, Hao Ming Chen 
and Pi-Tai Chou synthesized a 2D single-layered nanoplate with chemical 
formula PEA2SnI4 (PEA = C6H5(CH2)2NH3

+) that attained PLQY 2.7%, with 
an emission at 640 nm in toluene.3 Furthermore, adding aliphatic carbox-
ylic acids with one methyl branch at the β-position with PEA effectively 
prevented the transformation from Sn2+ to Sn4+ during the nucleation, 
thereby leading to strongly coupled 2D nanoplates with a defect-free na-
ture to boost the emission quantum yield. They tested numerous aliphatic 

Fig. 1:  Absorption (dashed line) and 
photoluminescence spectra 
(solid line) of the corresponding 
PEA2SnX4 nanoplates in toluene. 
[Reproduced from Ref. 3]

carboxylic acids and determined 3-methylbutanoic acid to be superior among all tested additives, as it required 
only 2% by volume in toluene to enhance the emission yield of tin perovskite nanoplates from 2.70% (without 
additive) to as much as 6.40%.

This group showed also how the absorption and emission spectra of putative PEA2SnX4 nanoplates varied with 
halide composition and optimal 3-methylbutanoic acid content on varying in halide composition as shown in 
Fig. 1 and Table 1.
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The photostability was also significantly improved for 
PEA2SnI4 prepared with 3-methylbutanoic acid. Upon 
irradiation of PEA2SnI4 at 406 nm (10 mW cm−2) for 
120 h in degassed toluene, the emission intensity de-
creased only 25% compared to the original value. In 
contrast, under identical conditions, pristine PEA2SnI4 
synthesized without added carboxylic acids showed 
a loss ≈ 77% of the emission intensity. The observed 
degradation of PEA2SnI4 was attributed to the oxida-
tion of Sn2+ toward Sn4+. Taken together, upon mixing 
iodo- and bromo- precursors, the emission wave-
length was successfully tuned from 640 nm (PEA2SnI4) 
to 550 nm (PEA2SnBr4), with a corresponding emis-
sion quantum yield 0.16–6.40% and FWHM 36–80 
nm. The results demonstrate a major advance in the 
emission yield and tunability of tin-halide perovskites. 
(Reported by Yu-Jong Wu)

A New Series of Tin-Based Perovskite Materials
Hybrid HEA+/FA+ organic cations can tune the optoelectronic properties and band structures 
on varying the HEAI proportions.   

P erovskite solar cells (PSC) possess the advantages 
of cheap fabrication, versatile configurations and 

large expected efficiency of power conversion, which 
lead them to become the most promising next-gener-
ation photovoltaic devices.1 Conventional perovskite 
materials containing toxic element lead (Pb) have 
evoked the development of lead-free PSC and be-
come an important issue for future commercialization 
of PSC. In the same group of the periodic table, tin 
(Sn) is hence a promising candidate to replace lead in 
PSC, but a problem of reproducibility was discovered 
for tin-based PSC in recent tests. Sn2+ is readily oxi-
dized to Sn4+, which increases the density of defects. 
Previous investigations tried to improve the perfor-
mance and stability of tin-based devices generally on 

Table 1:  Photoluminescent properties of mixed-halide tin perovskite nanoplates in toluene (excitation at 400 nm).  
[Reproduced from Ref. 3]

Compound QY/Lifetime, τ1, τ2, τ3 [%]/[ns] FWHM [nm] Peak [nm]

PEA2Snl4 6.40 ± 0.14 (0.10/2.57/17.88) 36.0 640.6

PEA2Sn(Br0.15l0.85)4 2.19 ± 0.16 (0.09/1.26/9.06) 36.2 610.9

PEA2Sn(Br0.3l0.7)4 1.03 ± 0.03 (0.12/1.19/8.06) 44.5 590.4

PEA2Sn(Br0.625l0.375)4 0.36 ± 0.01 (0.15/0.83/5.23) 56.2 557.8

PEA2SnBr4 0.10 ± 0.01 (–/0.32/2.94) 79.6 550.2

varying the B and X components of the typical formu-
la ABX3, in which A represents site ions on the corners 
of the lattice, B represents site ions on the center of 
the lattice and X is halogen. 

A research team from National Chiao Tung University 
recently tried to modify the energy levels by altering 
A upon mixing two organic cations, formamidini-
um (FA+) and 2-hydroxyethylammonium (HEA+), to 
improve the performance and the stability of a tin-
based PSC.2 With chemical formula HEAxFA1-xSnI3, 
the authors found that, as x increases, the crystal 
structure alters from orthorhombic (x = 0) to rhom-
bohedral (x = 0.2–0.4), and then to tetragonal (x = 
0.6−1.0), as shown in Fig. 1.  

This report features the work of Ching-Wen Chiu, Hao 
Min Chen, Pi-Tai Chou and their collaborators pub-
lished in Adv. Mater. 30, 1706592 (2018).

TLS 01C2  SWLS – X-ray Powder Diffraction 
•  X-ray Powder Diffraction
•  Materials Science
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They found also that the band-gap energy 
systematically increased with increasing pro-
portion of HEAI. The performance of the HEAx-

FA1−xSnI3 devices increased from PCE 0.8% (x = 
0) to PCE 2.5 % (x = 0.4), and decreased with 
x > 0.4. In addition, the absorption and pho-
toluminescent spectra of HEAxFA1−xSnI3 show 
the variation of the bandgap; increasing the 
proportion of HEAI shifted the emission from 
900 nm (x = 0) to 623 nm (x = 1) and the ab-
sorption edges from 925 nm (x = 0) to 614 nm 
(x =1), as shown in Fig. 2. This result indicates 
that HEA+ plays a key role to modify the crystal 
structures for the observed variation of the 
bandgaps in this series.

 Ultraviolet photoelectron spectral measure-
ments on the HEAxFA1−xSnI3 series determined 
the work function and the energy difference 
between the work function and the va-
lence-band maximum. These results support 
the modification of energy levels on varying 
the proportions of HEAI precursors; a strong 
n-type characteristic matching ECB of TiO2 for 
electron transfer from perovskite to the TiO2 
layer was found in the sample at HEAI 40%. 
In addition, upon replacing MA+ with FA+ or 
Cs+, Eg values varied within 0.3 eV, whereas 
the crystal structure altered from 3D to 2D or 
formed a hollow perovskite with more than 
0.6 eV tunability of the bandgap on replacing 
A with BA+ or PEA+. Taken together, varying 
HEAI proportions can alter the lattice structure 
that results in varying the optoelectronic prop-
erties and band structures in the hybrid HEAx-

FA1−x SnI3 PSC. The discovery of new 3D-vacant 
and 2D tin-based PSC opens a new door for 
further development of lead-free PSC. (Report-
ed by Yu-Jong Wu)   

This report features the work of Eric Wei-Guang 
Diau and his collaborators published in ACS 
Energy Lett. 3, 2077 (2018).

TLS 24A1 BM – (WR-SGM) XPS, UPS
•  Ultraviolet Photoelectron Spectroscopy
•  Chemical Materials
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Fig. 1:  (a) X-ray diffraction patterns of HEAxFA1−xSnI3 perovskites deposit-
ed on mesoporous FTO/TiO2/Al2O3/C device substrates with varied 
HEAI:FAI ratios as indicated. The intense signals marked * corre-
spond to contributions from the carbon layer and the FTO sub-
strate; small diffraction signals at 6.0° and 8.5° are marked #. (b) 
Kinetically preferred perovskite structures of single crystals with 
HEAI proportions 0, 40, and 80% represented from left to right. A 
3D-vacant perovskite was produced at x = 0.6−1.0. [Reproduced 
from Ref. 2]

Fig. 2: Absorption (solid curves) and normalized PL (dashed curves) 
spectra of HEAxFA1−xSnI3 films deposited on mesoporous Al2O3/
glass substrates with varied HEAI:FAI ratios (x = 0−1) controlled by 
stoichiometric proportions of HEAI:FAI precursors. [Reproduced 
from Ref. 2]



S oft matter can be generalized to encompass 
complicated systems, including colloids, poly-

mers, gels, nanoparticles and various biological ma-
terials. They generally assemble into mesostructures 
of dimensions between microscopic and macroscopic 
scales. Simultaneous small-angle and wide-angle 
X-ray scattering at beamlines TLS 23A and TPS 25A 
provides a powerful tool to capture information 
about self-assembled hierarchical structures of soft 
materials from angstrom to submicrometre scales. 
Understanding the relation between the character-
istics and interactions of the mesostructures could 
efficiently determine their applications. This section 
highlights four articles, in terms of polymer-based 
photonic crystals, self-assembled nanoparticles for 
applications of OLED displays, the compositional 
and conformational responses of membranes after 
calcium binding, and interactions between gold 
nanoparticles and lipids for the prevention of endo-
toxin-induced sepsis, extracted from publications of 
NSRRC users in 2018. The developments of the un-
derstanding about both the mesostructures and their 
functionality are presented for medical and pharma-
ceutical research, polymer engineering and optoelec-
tronic devices from the use of X-ray scattering and 
diffraction. (by Wei-Tsung Chuang)

Soft 
Matter
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Ultra-Bright Perovskite Nanocrystals from a Novel 
Spray Synthesis
A spray-synthesis method to produce novel perovskite nanocrystals (NC) shows an unprece-
dentedly stable absolute quantum yield ≈ 100% for photoluminescence in both solution and 
neat solid films. The highly emissive NC films exhibited a pure green emission with Commis-
sion Internationale de I’Eclairage (CIE) coordinates (0.161, 0.769).

N anocrystals (NC) are nano-materials of length 
less than 100 nm in all three dimensions; their 

optical, electric and magnetic properties vary with 
their size. NC of many kinds emit bright light; their 
bandgaps can be tuned through a wide spectrum 
simply on modifying their size or composition during 
synthesis. NC technology has become popular for 
display and imaging because of the outstanding pho-
toluminescent quantum yields (PLQY), narrow width 
(full width at half maximum, FWHM) in the emission 
spectrum and widely tunable emission wavelengths.

Perovskite NC show promising optical properties and 
simple synthesis. The synthesis of organometallic 
lead-halide perovskite NC typically involves an injec-
tion of the precursors dissolved in an appropriate 
solvent into poor solvents; the perovskite NC then 
crystallize in the poor solvents. The NC formed with 
this method generally possess irregularly spherical 
shapes1 and non-ideal PLQY values. The group led by 
Hao-Wu Lin (National Tsing Hua University) reports 
a new perovskite NC spray-synthesis method (Fig. 1) 
utilizing a traditional perovskite NC synthesis in con-
junction with spray pyrolysis.2 The resulting organo-

Fig. 1:   Illustration of the spay-synthesis method. The droplets 
of precursor solution of micrometer size are sprayed 
into a poor solvent to increase the contact surface area 
between the precursor solution and the poor solvent, 
which synthesizes high-quality perovskite NC. [Repro-
duced from Ref. 2]

Fig. 2:  Schematic representation of the nanomorphology and 
crystal orientation of cubic-shaped NC thin films. [Repro-
duced from Ref. 2]

metallic lead-halide perovskite NC showed a highly 
crystallized cubic shape with absolute PLQY 100% in 
the solution form. In addition, negligible quenching 
was found in neat films, which showed a saturated 
green emission at 526 nm of narrow width and an 
absolute PLQY up to 100%. The morphology of the 
NC was investigated with images from a transmission 
electron microscope (TEM). These spray-synthesized 
NC showed an almost perfect cubic shape, which 
was previously observed in only high-performance 
Cs-based inorganic perovskite NC.3 Grazing-incidence 
wide-angle X-ray scattering (GIWAXS) at TLS 23A1 
was performed to reveal a single crystal-like NC film 
structure; with grazing-incidence small-angle X-ray 
scattering (GISAXS) an average size 14 nm of NC was 
determined. The high crystallinity and size range of 
NC are consistent with those observed in the TEM im-
ages and their fast-Fourier-transform (FFT) patterns. 
The structure and morphology of a film at varied 
scales are illustrated in Fig. 2.

Because of the excellent PLQY of NC films, Lin’s 
team applied them as color-conversion films for 
optoelectronic applications. The pixelated color con-
version was demonstrated utilizing the NC-organic 
light-emission display (ccNC-OLED) structure of col-
or-conversion type, which is shown in Fig. 3. The pix-
elated still image can be converted by the large-area 
NC thin films to green images with a highly saturated 
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color. The color gamut displayed a 15% increment 
compared with a state-of- the-art OLED display be-
cause of the saturated green emission, which corre-
sponds to a wide color gamut up to 119% National 
Television System Committee (NTSC) or 123% Digital 
Cinema Initiatives-P3 (DCI-P3) standard.

In conclusion, Lin’s group demonstrated a novel spray 
method to synthesize highly emissive cubic-shaped 
NC, which are not merely scalable, highly stable and 
extremely emissive even in neat solid films, but widely 

Human-Made Photonic Crystals Superior to a  
Butterfly’s Wings
Human-made bioinspired three-dimensional gyroid-structured photonic crystals reflect de-
sired visible light in a range over the full visible wavelengths, which is superior to a butterfly’s 
wings found in nature. Through novel trapping of structural coloration (TOSC), unique flexi-
ble gyroid-structured reflectors were first-time and efficiently fabricated, possessing diverse 
performance for applications as energy-efficient window, sensor and optical device.

U nlike typical colors from pigments, photonic crystals from self-assembled biomaterials can exhibit a fantastic 
and brilliant structural coloration due to coherent reflection by inner long- or short-range ordered periodic 

microstructures, which formed more than 500 million years ago. Three-dimensional (3D) network-structured 
photonic crystals such as single and double gyroids, single and double diamonds, as well as 3D rod-connected 
amorphous diamond (RCD) microstructures have attracted much attention because of the ease of achieving a 
complete photonic bandgap that can implement the complete reflection of incident light in a desired wave-
length range without angular dependence or iridescence. In theory, the reflectance wavelength of the photonic 
crystal is similar to the dimension of the inner microstructure. For this reason a visible-wavelength photonic 
crystal (400–800 nm) should have a periodicity of its microstructure ranging from 133 to 267 nm based on an 
efficient refractive index (neff) 1.5. This periodicity for the 3D network microstructure is difficult to make by top-
down optical interference or lithographic methods. Difficulties in fabricating such a network microstructure with 
a periodicity matching the visible wavelength have prompted scientists to replicate self-assembled network 
microstructures found in nature. For example, butterfly wings (Fig. 1(a)) and macaw feather bards have been 

Fig. 3:  Illustration of the hybrid ccNC-OLED display. The 
spray-synthesized NC film was bar-coated on a thin glass 
substrate and the substrate was attached onto a cellular 
telephone with an OLED screen. [Reproduced from Ref. 2]

applicable in ccNC-OLED hybrid devices. The stable 
and highly emissive thin films also have properties for 
useful applications in optical-type sensors, bioimag-
ing and luminescent solar concentrators. (Reported 
by Hao-Wu Lin, National Tsing Hua University)

This report features the work of Hao-Wu Lin and his 
co-workers published in Adv. Mater. 30, 1705532 
(2018).

TLS 23A1  IASW – Small/Wide Angle X-ray Scattering 
•  GIWAXS, GISAXS
•  Materials Science, Perovskite Nano-crystals
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used as templates to prepare gyroid- 
and RCD-structured photonic crystals, 
respectively, by infiltration and back-
filling. This method is, however, mainly 
inefficient and incapable of preparing 
large-area photonic crystals for practi-
cal applications. 

Bioinspired from nature, Yeo-Wan 
Chiang and his group at National Sun 
Yet-Sen University thus conducted a 
bottom-up self-assembly method1 to 
fabricate bioinspired gyroid-structured 
block copolymer photonic crystals 
(Fig. 1(b)) that possess a functional, 
scalable and highly flexible nature, and 
have prospective use in displays, ener-
gy storage, waveguides, sensors and 
metamaterials. Using ultrasmall-angle 
X-ray scattering (USAXS) at TPS 25A 
allowed them to identify the bioin-
spired artificial gyroid microstructure 
from the self-assembly of block copo-
lymers (Fig. 1(c)). The periodicity of 
the gyroid microstructure was precisely 
determined with that USAXS, valuable 
for the design of a gyroid photonic 
bandgap. 

In general, to reflect visible light, block 
copolymers of ultra-large molecular 
mass (Mm) (Mm > 1,000,000 g/mol) 
having a periodicity corresponding 
to a visible wavelength must be syn-
thesized, but this chemistry is difficult. 
Also, achieving a varied reflectance 
wavelength requires synthesis of 
samples of variable ultra-high Mm, 
so being ineffective. Chiang first pro-

Fig. 1:  Gyroid microstructures found in (a) a natural butterfly’s wing and (b) an artificial block copolymer, polystyrene-block-poly(2-vi-
nyl pyridine) (PS-P2VP). (c) The corresponding SAXS profile of the gyroid microstructures (b) in the PS-P2VP sample, exhibiting 
gyroid reflections at q* ratios √6 : √8: √14. [Reproduced from Ref. 1]

Fig. 2:  TOSC to fabricate a solid gyroid PS-P2VP photonic crystal film exhibiting 
a structural coloration at a visible wavelength. (a) Initial colorless gy-
roid-structured film from spin casting. (b) Red solvated gyroid-structured 
film after immersion in ethanol. (c) Green solid gyroid-structured film after 
complete evaporation of ethanol. After the material is heated in state (c) 
at 110 °C, the green structural coloration disappears, exhibiting a revers-
ible and rapid structural color change. [Reproduced from Ref. 1]

posed a unique physical approach, different from chemical synthesis, 
namely the trapping of structural coloration (TOSC), through which 
solid-state 3D gyroid photonic crystals can be generated by self-as-
sembly (Fig. 2). Most importantly, only four simple steps, including 
preparing the block copolymer solution, fabricating an initial gyroid 
film with spin casting (Fig. 2), immersing the gyroid film as spun 
in ethanol (Fig. 2(b)) and evaporating that ethanol of the gyroid 
film into the atmosphere (Fig. 2(c)), are conducted in sequence to 
achieve this TOSC, revealing a facile and highly efficient method. In 
steps 1 and 2, the solvent is chosen to be neutral for both the PS and 
P2VP block so as to transfer a gyroid morphology of the bulk sam-
ple into the film state. When the initial PS-P2VP film is immersed in 
ethanol and becomes a solvated film as a result of the swollen P2VP 
chains, the periodicity of the gyroid microstructures in the solvated 
film is thus increased so as to reveal a red structural coloration (Fig. 
2(b)). The solvated film is eventually removed from the ethanol on 
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drying. When the ethanol concentration is sufficiently small during drying of the film, the solvated P2VP chains 
attain their glass-transition temperature and thus become glassy. Accordingly, the periodicity of the expanded 
gyroid microstructures of the solvated film can be fixed at a particular instant until drying is complete. The solid 
gyroid photonic crystal could consequently reflect green light (Fig. 2(c)). Moreover, this TOSC process is highly 
reversible. After the green gyroid film is heated at 110 °C, softening of the PS and P2VP chains causes a shrinkage 
of the gyroid periodicity, resulting in a reversion to an initial colorless hue (Fig. 2(c) and 2(a)). 

As mentioned, the duration to dry the ethanol is critical to trap the visible structural coloration. Through control 
of the diffusivity (Fig. 3(a)) and the diffusive distance (Fig. 3(b)) during evaporation, a gyroid block copolymer 
photonic crystal can exhibit a variable and desired structural coloration in the solid state with no need to intro-
duce an additive, which is already superior to a natural butterfly’s wing as we know. For example, an increased 
temperature (or diffusivity) and a decreased film thickness (or diffusive distance) for ethanol drying might 
promote the rate of evaporation of ethanol, giving smaller reflectance wavelengths. This human-made butter-
fly-shaped photonic crystal film made from a TOSC-featured PS-P2VP film also exhibited mechanical (bending) 
properties of great strength (Fig. 3(c)). This technique consequently appears to be promising for the fabrication 
of flexible optical materials.

In summary, Chiang and his co-workers developed this critical TOSC technique for the first time. TOSC facilitates 
the fabrication of a human-made solid gyroid photonic crystal featuring tunable and switchable structural co-
loration without a synthesis to alter the molecular mass. This concept should enable the mass production of 
large-area, visible-wavelength gyroid photonic crystal films; it appears to be applicable to the fields of optical 
communication, energy, light-emission, sensor and display. (Reported by Yeo-Wan Chiang, Nation Sun Yet-sen 
University)

This report features the work of Yeo-Wan Chiang and his co-workers published in ACS Nano. 12, 485, (2018).
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•  Materials Science, Biomaterials, Polymers, Chemistry, Condensed-matter Physics

Reference 
1. E. L. Lin, W. L. Hsu, Y. W. Chiang, ACS Nano, 12, 485, (2018). 

Fig. 3:  Reflectance spectra of TOSC-featured gyroid photonic crystal films (a) of thickness 1.6 μm after evaporation of ethanol at var-
ious temperatures, and (b) of varied thickness (0.6, 0.8, 1.6, 2.4 and 3.2 μm) after evaporation of ethanol at 25 °C. (c) Bending 
of a gyroid-structured photonic crystal thin film on a soft and transparent poly(ethylene terephthalate) (PET) substrate. [Repro-
duced from Ref. 1]
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Fig. 1:  Measurement of CMC and d-spacing for LPS in the absence and presence of various SAuNC. The top panels (a) show scattering 
intensities as a function of q, which are signals from nascent LPS aggregates (micelles or vesicles) at varied concentrations, in 
the absence or presence of SAuNC of four types. (b) Measurement of d-spacing of lipid A in the presence of various SAuNC. 
The table summarizes the d-spacing under each condition. (c) A simple model representing the packing density of lipid A in the 
presence of either SAuNC-M or SAuNC-E. [Reproduced from Ref. 1]

Adsorption of Lipid A by Nanogold Clusters Coun-
teracts Endotoxin-Induced Sepsis 
Chemists have succeeded in showing that sub-nanometer gold clusters (SAuNC) can bind an 
endotoxicity active site, which can deactivate endotoxicity for an early prevention of sepsis 
caused by gram-negative bacterial infection.
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T he endotoxin known as lipopolysaccharide (LPS), 
which can be obtained from gram-negative 

bacterial cell walls, is a potent inflammatory activator 
to induce immunological responses. The dangerous 
biological outcomes of endotoxicity, including ex-
cessive inflammation and even impaired immunity 
that can lead to potentially fatal sepsis and shock, are 
understood to be strongly associated with the molec-
ular conformation of lipid A of a lipopolysaccharide 
(LPS) through its influence on the binding affinity of 
the natural host-guest interaction between the endo-
toxin (i.e., LPS) and the toll-like receptor 4 (TLR4)-MD2 
complex. In biological environments the conforma-
tion of lipid A is, however, prone to form a smaller 
packing density because the LPS can spontaneously 
aggregate. 

Using small-angle X-ray scattering (SAXS) and graz-
ing-incidence wide-angle X-ray scattering (GIWAXS), 
Shu-Yi Lin (National Health Research Institutes) and 
her co-workers found two specific sub-nanometer 
gold clusters (SAuNC-M and -E) that can efficiently 
block endotoxin activity by targeting lipid A and 
compacting its intramolecular hydrocarbon chain-
chain distance (d-spacing).1 Direct evidence showed 
an increased critical micelle concentration (CMC) of 
LPS; the d-spacing values of lipid A decreased from 
4.19 Å to either 3.85 Å or 3.54 Å (Fig. 1), indicat-
ing increased packing densities in the presence of 
sub-nanometer gold clusters. In terms of biological 
relevance, the concentrations of key pro-inflamma-
tory NF-κB-dependent cytokines, including plas-
ma TNF-α, IL-6 and IL-1β, and CXC chemokines, in 
LPS-challenged mice showed a noticeable decrease. 

Fig. 2:  Rates of survival of mice with LPS-induced sepsis (25 
mg/kg BW) subjected to treatment with SAuNC of two 
kinds (75 mg/kg BW). The dashed line represents the 
half-percentage survival. M and E indicate SAuNC-M and 
SAuNC-E, respectively. [Reproduced from Ref. 1]

Fig. 3:  Simple model representing the possible correlation between the packing density 
of lipid A of LPS and sepsis progression in the presence of SAuNC. The blue rectan-
gle indicates the formation of a sub-nanometer gold cluster inside a dendrimer, 
in which steps 1 and 2 include the synthesis and alkyl-motif modification of gold 
nanoclusters, respectively, to form anti-endotoxin SAuNC. Please note that the 
conformation of lipid A is depicted as being conical (left side) and then cylindrical 
(right side) in shape to correlate with the change of CMC as well as the difference 
in endotoxicity. [Reproduced from Ref. 1]

TLS 23A1  IASW – Small/Wide Angle X-ray Scattering 
•  SAXS, GIWAXS
•  Soft Matter, Biomedical Materials, Medicine

Reference
1. F.-H. Liao, T.-H. Wu, Y.-T. Huang, W.-J. Lin, C.-J. Su, 

U.-S. Jen, S.-C. Kuo, S.-Y. Lin, Nano Lett. 18, 2864 
(2018).

The treatment of anti-endotoxin 
gold nanoclusters was demon-
strated to prolong significantly the 
survival duration in LPS-induced 
septic mice (Fig. 2), which would 
effectively protect patients from 
systemic inflammatory response 
syndrome (SIRS), septic shock and 
sepsis-induced lethality. Lin and 
her co-workers hope that this find-
ing will be translated into industry 
to address the clinical problem 
(Fig. 3). (Reported by Shu-Yi Lin, 
National Health Research Insti-
tutes)

This report features the work of 
Shu-Yi Lin and her co-workers 
published in Nano Lett. 18, 2864 
(2018).
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Effect of Calcium Adsorption on the Properties of 
Phospholipid Bilayers 
Small-angle X-ray scattering (SAXS), UV-Vis absorption and refractive-index detection are 
integrated to probe the compositional and conformational responses of membranes in nano-
discs after calcium binding.

C alcium ions (Ca2+) play important 
roles in many cellular processes. 

As a messenger, Ca2+ regulates diverse 
signaling processes through interac-
tions with membrane proteins or di-
rectly with cellular membranes.1 Up to 
the present, the corresponding mecha-
nisms of these Ca2+-involved biological 
processes await resolution. Especially, 
how membranes respond to direct 
Ca2+ adsorption remains elusive. Part 
of the difficulty arises from the lack of 
a well defined membrane platform 
and no single tool sensitive enough 
to elucidate the small structural and 
compositional changes in membranes 
after calcium adsorption. Phospholipid 
vesicle bilayers were previously com-
monly adopted as model membranes 
for studies of calcium-membrane in-
teractions, but the instability of vesicle 
membranes towards environmental 
stimulations and high polydispersity of 
size and curvature resulted in scattered 
or inconsistent experimental results.

The rapidly increasing nanodisc technique provides 
stable and highly monodisperse model membranes 
for structural and functional characterizations 
of membrane proteins.2 Nanodiscs are disc-like 
phospholipid bilayers surrounded with membrane 
scaffold protein (MSP) belts; they consist of a lipid 
bilayer of 100–300 phospholipids depending on 
the lipid type and the sequence of amphipathic 
MSP. The planar lipid bilayers in nanodiscs are more 
stable and monodisperse in size than convention-
al vesicle bilayers, allowing an observation of the 
structural changes with decreased complexity in 
structural analysis. The research team led by U-Ser 
Jeng (NSRRC) and Tsyr-Yan Yu (Academia Sinica) 
used MSP1D1(-)- dimyristoylphosphatidylcholine 
(DMPC) nanodiscs as a model membrane system 
and developed a unique approach to probe quanti-
tatively the membrane compositional and structural 
changes upon calcium adsorption at TLS 23A1. 

Fig. 1: Profiles of IUV, IRI, Io-SAXS and Rg extracted from the HPLC/SAXS/UV-Vis/RI 
data of a DMPC nanodisc with CaCl2 (25 mM). The three sets of data were 
measured along one sample elution path at 13 °C. The UV absorption signal 
at 280 nm and the SAXS data were measured at the same sample position. 
The RI profile was measured at a later sample position, but was corrected to 
retrieve the peak profile at the sample position of IUV and Io-SAXS via a calibra-
tion measurement with cytochrome c. [Reproduced from Ref. 3]

Specifically, high-performance liquid chromatogra-
phy (HPLC), SAXS, UV-Vis absorption and differential 
refractive index (HPLC/SAXS/UV-Vis/RI) were inte-
grated to provide full-scope measurements for nano-
discs in calcium solution.3 Figure 1 shows the profiles 
of Io-SAXS, IUV and IRI measured over one HPLC sample 
elution of the DMPC nanodiscs with CaCl2 (25 mM). 
Also shown is the profile of the radius of gyration (Rg) 
extracted from corresponding SAXS data, demon-
strating a highly monodisperse Rg = 43.9 ± 0.1 Å. 
From the peak values of the three overlapped profiles 
of Io-SAXS, IUV and IRI, Nl (number of lipids per nanodisc) 
= 178 and Nc (number of absorbed Ca2+) = 18.8 were 
deduced independently of a model. This result yields 
a substantial calcium-lipid binding with ratio χb (= Nc/
Nl) 0.106. The authors found also that χb increases 
with the calcium concentration, and saturates to χb = 
0.12 at CaCl2 (75 mM), corresponding to a calcium:lip-
id binding ratio 1:8 for the Ca2+-nanodisc complex.
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To unveil the corresponding structural changes in the 
nanodisc upon the significant Ca2+ binding observed, 
Jeng’s group analyzed the SAXS scattering profiles 
shown in Fig. 2(a) using an elliptical cylinder model 
(Fig. 2(b)) to fit the SAXS data. In this model, the 
phospholipid bilayer is represented with a stack of el-
liptical cylinders, with the core cylinder of the bilayer 
lipid chains sandwiched by the top and bottom slabs 
of the lipid heads, and laterally surrounded with a 
shell of MSP. As shown in Fig. 2(a), all features of the 
SAXS data for the case CaCl2 (25 mM) were adequate-
ly accounted with this model. The authors observed 
systematically increased SLD of the lipid head zone, 
ρH, through increased calcium adsorption into the 
phospholipid head region as the CaCl2 concentration 
increased. This effect is accompanied with a swelling 
of the bilayer lipid chain zone (dC altered from 27.5 to 

28.0 Å). The charge interactions between bound cal-
cium ions and the zwitterionic lipid heads inside the 
nanodisc also slightly contracted the area per lipid Al, 
leading to more stretched acyl chains with stronger 
van der Waals interactions for tighter chain packing. 
The observed decreased roughness σ of the phospho-
lipid bilayer is likely a consequence of the enhanced 
lipid-chain packing.

In summary, Jeng’s group developed an integrated 
analytical scheme to reveal the compositional and 
structural changes of the DMPC nanodisc developed 
by Yu’s group after calcium binding based on inte-
grated measurements of HPLC-SAXS/UV-Vis/RI. The 
results reveal the detailed structure of the nanodisc 
and the substantial calcium-lipid binding ratio that 
leads to delicate nanodisc charging and swelling. 
The substantial calcium-lipid binding ratio and leaflet 
potential of the Ca2+-nanodisc complex support a 
possible signaling path via direct calcium-membrane 
interactions. The developed method would greatly 
promote the use of highly monodisperse and stable 
nanodiscs as a promising membrane platform to 
study structural changes and composition reconstitu-
tion of membranes upon incorporation of membrane 
proteins or small ions. (Reported by Orion Shih)

This report features the collaborative work of U-Ser 
Jeng’s and Tsyr-Yan Yu’s groups published in J. Phys. 
Chem. Lett. 9, 4287 (2018).

TLS 23A1  IAWS – Small/Wide Angle X-ray Scattering
•  SAXS
•  Structural Biology, Life Science
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Fig. 2: (a) SAXS data measured for a DMPC nanodisc in solutions 
of indicated CaCl2 concentrations at 13 °C. Selectively 
shown is the fitted curve (black) for the data with CaCl2 

(25 mM) using the model shown in (b). Inset: enlarged 
details of the broad hump zone. (b) A core-shell cylin-
der model for SAXS fitting of the Ca2+-DMPC nanodisc 
complex, with core radius R, core cylinder height dC 
(scattering length density ρC) for the bilayer hydrophobic 
alkyl chains, and the top and bottom discs of the same 
slab thickness dH and scattering length density ρH for 
the hydrophilic lipid head-group zone. The shell cylin-
der of width dbelt represents the two MSP that stabilize 
the nanodisc. Small red circles are bound calcium ions. 
[Reproduced from Ref. 3]
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T he study of structure-function relations of bio-
molecules is a major aim in modern life science; 

synchrotron protein crystallography (PX) has become 
a powerful and fundamental technique to achieve 
that purpose. Using synchrotron X-rays of great 
brightness and energy tunability, researchers are able 
to solve complicated structures at atomic resolution; 
high-resolution structures provide vital information to 
hypothesize the origin of life, to develop potent an-
tibiotics or drugs, and to apply industrial enzymes to 
food, drugs and materials. The following remarkable 
studies were performed by our user communities in 
the year 2018. Seven reports include the evolutionary 
origin of eukaryotic cells by Robert Charles Robinson, 
the normal and reverse prenylation of hapalindoles 
by Ikuro Abe, a zearalenone-hydrolyzing enzyme for 
detoxification by Rey-Ting Guo, the involvement of 
quinol:fumarate reductase in electron/proton trans-
fer by Chun-Jung Chen, the conformational change 
of topoisomerase II DNA-gate for DNA movement by 
Nei-Li Chan, T:T mismatched DNA in a complex with 
echinomycin by Ming-Hon Hou, and three-prime re-
pair exonuclease 1 with anticancer or antiviral activity 
by Yu-Yuan Hsiao. 

Based on the upgrade plan for the protein microcrys-
tallography beamline, TPS 05A, two state-of-the-art 
equipment – a detector (EIGER2 X 16M) and a sam-
ple changer (ISARA) – will be installed and open to 
academic and industrial users; this upgrading will 
significantly diminish the duration of data collection. 
In addition to protein crystallographic beamlines, the 
biochemistry community will have access to small-an-
gle X-ray scattering (SAXS) for the size and shape of 
biomolecules that cannot be crystallized, X-ray ab-
sorption spectroscopy (XAS) for detailed interactions 
of metal ions with proteins, synchrotron-radiation 
circular dichroism (SRCD) for the characterization 
of the secondary structure of proteins, and infrared 
spectroscopy (IR) for the chemical functional groups 
of molecules. These beamlines are being increasing-
ly utilized for the analysis of biological samples to 
unravel the relations between protein structure and 
function. (by Chun-Hsiang Huang)

Life  
Science 
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I n year 2018, NSRRC users unfolded several crucial biological complicated structures related to disease, such as 
the echinomycin–DNA complex, open-stated topoisomerase II (Top2) DNA-gate, and three prime repair exo-

nuclease 1 (TREX1). Synchrotron-based technology hence plays a crucial role to create opportunities for opening 
a window to future diagnostic medicine, medical therapy and drug design. And precision medicine, attracts per-
sons concerned about the issues of health care, preventive medicine and disease therapy, which is an approach 
to set a therapy strategy for precision treatment of patients based on fully understanding the proteomic and 
genetic information of a disease. According to this fundamental biological knowledge, incorrect base pairing 
and mutations of the DNA molecule are known to be highly possibly induced by an alteration of the interaction 
between DNA bases and damaged DNA bases, sufficient to cause genetic disease and cancer. For eight non- 
Watson-Crick alternatives, throughout the replication processes, the mismatches sometimes occur in the DNA 
duplex, but potentially mutagenic and caused local structural deformations can make a mismatch-repair system 
rapidly reform the damaged DNA bases. Deficiencies in the mismatch-repair system enhance the possibility of 
mutation and consequently increase the risk of genetic disease and cancer. Given the intrinsic pleiotropy of car-
cinogenesis and the steady advance towards targeted therapy, an ability to pinpoint whether a particular cancer 
arises from a specific deficiency of the mismatch-repair system or from other causes could be highly applicable in 
diagnostic medicine for cancer diagnosis and therapy. Based on the structure-specific recognition of echinomy-
cin-targeting mismatched base pairs in DNA, it would open a clinical possibility for cancer diagnosis and therapy. 
Echinomycin, a potent anticancer antibiotic, functions by intercalating into DNA at sites of cytosine and guanine 
separated by only one phosphate group (CpG). Pei-Ching Wu (National Chung Hsing University) and his collab-

Fig. 1:  Synchrotron-resolved crystal structure of the echinomycin–TT 
duplex. (a) Asymmetric unit of the echinomycin–TT complex 
structure in front (left) and side (middle) views. Two echinomycin 
molecules bind to a duplex DNA containing one T:T mismatch. 
The 2Fo-Fc electron density of the T:T mismatch in the refined 
structure is shown at right, contoured at 1.0 σ. Hydrogen bonds 

Synchrotron-Based Protein Crystallography at NSRRC 
Provides Opportunities in Precision Medicine 
Recent advances in X-ray crystallography, cryo-electron microscopy (cryo-EM) and related bi-
ology-system techniques speed uncovering the mystery based on developments in proteom-
ics, genomics and glycomics. Synchrotron-based X-ray crystallography is a powerful technique 
to resolve crystal structures of biological molecules based on the X-ray diffraction of a single 
crystal of a biological sample in diagnosing cancer, chronic disease, autoimmune diseases and 
disorder, and for the purpose of drug design. 

are represented with dotted lines; numbers indicate the distance between the two contributing nuclei in Angstroms. (b) Skeletal 
models showing antibiotic binding sites in the echinomycin–TT complex. The diagrams illustrate the stacking interactions and hy-
drogen bonding at the CpG steps. Mn2+ ions are shown as magenta spheres. Dotted lines represent the direct interactions between 
nuclei; numbers show the distances. [Reproduced from Ref. 1]
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orators found that echinomycin binds specifically to consecutive CpG steps separated by a single T:T mismatch1 
as shown in Fig. 1. The conformation specificity appears to result from an enhanced cooperativity associated 
with another echinomycin insertion. The structure of the echinomycin–TT duplex resolved with synchrotron 
X-ray crystallography revealed that this preference originates from the staggered quinoxaline rings of the two 
neighboring molecules of echinomycin surrounding the T:T mismatch to form continuous stacking interactions 
within the DNA duplex. Unfortunately, echinomycin is an inhibitor of topoisomerase II (Top2), DNA helicase and 
DNA methyltransferase 1 partially in vitro, and is also highly cytotoxic and failed in most pre-clinical trials. Never-
theless, the authors propose that the enhanced cytotoxicity of echinomycin can be utilized against mismatch-re-
pair-deficient (MMR-D) cell lines, which might raise the possibility of detection and treatment of MMR-D cancers 
in future.

Echinomycin also plays a role as an inhibitor of type-IIA topoisomerases (Top2s) known as an enzyme to relax 
supercoiled DNA and to introduce supercoils of both positive and negative contortions, which are found ubiqui-
tously in eukaryotes and bacteria as essential DNA-manipulating enzymes. These ATP-driven enzymes direct the 
crossing of two DNA duplexes on exploiting protein conformational changes for binding and hydrolysis, which 
leads to a topological inversion of DNA molecule crossing. The temporary creation of a DNA double-strand 
break (DSB) on one DNA segment (G-segment) is necessary for a topological transformation of the Top2- medi-
ated DNA to transport the duplex strand (T-segment) through. Fully understanding the biological response and 
function caused by varied conformations of DNA topoisomerases is hence expected to facilitate the developing 
targets of novel therapeutic agents in the treatment of infectious diseases. Top2s has one role to manipulate the 
handedness of DNA crossings and to introduce the DNA-gate, of which the molecular opening allows transport 
through another DNA segment to alter the DNA topology. As far as we know, all reported structures of Tops-

Fig. 2:  Quaternary and tertiary changes associated with DNA-
gate opening. A superposition of the eukaryotic C-ter-
minal dimerization domain of the closed (PDBid: 3L4K) 
and open (PDBid: 5ZEN, this work) conformations reveals 
that opening of the DNA-gate is achieved with the 
two subunits sliding against each other (enclosed view, 
bottom), plus an intra-subunit flexing (enclosed view, 
right). The closed and open DNA-gate conformations are 
colored blue and light yellow, respectively. The directions 
of quaternary sliding about the molecular dyad of Top2 
and the tertiary flexing about the hinge located near the 
junction of A’α14, A’α18 and A’α19 are indicated with 
arrows. [Reproduced from Ref. 2]
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Fig. 3:  TREX1-dI-ssDNA structure. (a) Schematic representation of DNA/RNA products generated by Endo V. (b) Nuclease activities of 
TREX1 in digesting bubbled DNA containing a hypoxanthine base (also named dI), including dI-bubbled DNA and dI-bubbled 
DNA with 50-overhang. The concentration of all substrates was 0.5 µM. (c) Overview of the TREX1-dI-ssDNA structure. The 
upper panel shows the dI-ssDNA molecule in the TREX1-dI-ssDNA structure. The omitted electron density map (black) is con-
toured at 2.0 σ. Scissile phosphate, Mg2+ and water molecules are shown in orange, blue and light blue balls, respectively. The 
hydrogen bonds between DNA, TREX1, water and Mg2+ are marked with dotted blue lines. Abbreviations are dI, deoxyinosine; 
Endo V, endonuclease V; Mg2+, magnesium ion; ssDNA, single-stranded DNA; TREX1, three prime repair exonuclease 1. [Repro-
duced from Ref. 3]

DNA for the DNA-gate are in the closed state. The research team led by Nei-Li Chan (National Taiwan University) 
is the first to report the high-resolution structure of Top2 DNA-gate in the open form,2 as illustrated in Fig. 2, 
using protein crystallography facilities at TLS 15A1 and TLS 13C1 as well as at SP12B2, which directly medi-
ates the resolution of topological strand crossings. This open structure unfolds the formation and molecular 
geometries of the T-segment-conducting path and even uncovers, unexpectedly and functionally relevant, the 
3D conformational changes from closed form to open form of geometry. Semi-empirical theoretical calculation 
was utilized with steered molecular-dynamic (SMD) simulations to predict the reaction passage of the T-segment 
through the DNA-gate so as to provide further molecular insight into this central, yet elusive, step in Top2 catalysis.

In addition to the issue of incidence of cancer disease, a large human population suffers from inflammatory 
disease, which is an immune response due to white blood cells and cytokines produced to fight infection with 
foreign organisms, such as bacteria and viruses. The autoimmune disease is, however, a system of ourselves, 
introducing a chronic or acute inflammation response, and the causes of autoimmune diseases are generally un-
clear. Organ failure typically occurs in a late stage of disease caused by persistent fibrosis of the tissue. Chronic 
inflammation would also stimulate various cancers through DNA damage associated with persistent inflamma-
tion, possibly leading to cancer in turn.3 Fortunately, the possibility of curing autoimmune diseases is increasing 
because of continuous development and improvement of the techniques of synchrotron-based crystallography, 
cryo-EM and the assistance of artificial intelligence in precision medicine. Kuan-Wei Huang (National Chiao Tung 
University) and his team reported the high-resolution structure of TREX1 resolved at the synchrotron-based 
crystallography facility in TPS;4 one resolved structure is shown in Fig. 3. Malfunctioning of TREX1 is one factor 
that leads to inflammation and autoimmune disease such as inflammatory cardiomyopathy associated with 
an inflammatory heart muscle related to impaired function of the myocardium, systemic lupus erythematosus 
inducing inflammation in connective tissues, Aicardi-Goutières syndrome that is an inflammatory disorder most 
typically affecting the brain and the skin, retinal vasculopathy with cerebral leukodystrophy caused by progres-



Life Science

A
CTIV

ITY
 REPO

RT  2018

044

sive loss of capillaries caused by genetic disorder ultimately resulting in visual deterioration and a series of mini-
strokes in the brain, and familiar chilblain lupus, which is a monogenic form of cutaneous lupus erythematosus in 
TREX1-deficient human beings. TREX1 is hence considered to take part in various cellular events such as DNA re-
pair, immune regulation and viral infection. In addition to autoimmune-related diseases, this exonuclease might 
serve as a protein target for anticancer or antiviral therapies. A key for such broad attendance of TREX1 is the 
activity of precise trimming of the 30-overhang in a double-stranded DNA (dsDNA) and breaking of the terminal 
base pairing of the DNA duplex. The work of Huang established an integrated structural view of the versatile 
exonuclease functions of TREX1 and illuminated the molecular origin of unique catalytic properties of TREX1 in 
processing various DNA intermediates in the repair of DNA and in regulation of cytosolic immunity. 

Overall, these collections of recent studies provide unprecedented knowledge at the molecular level of the 
echinomycin–DNA complex, the conformational change of the topoisomerase II (Top2) DNA-gate, enzymatic 
substrate processing involved in targeting cancer therapy or diagnosis, prevention of immune activation and 
responses to genotoxic stresses. All data of crystal structures were acquired at TLS 13C1, TLS 13B1, TLS 15A1, 
TPS 05A at NSRRC, and SP12B2 at SPring-8. (Reported by Yao-Chang Lee)

This report features the work of: (1) Pei-Ching Wu and his co-workers published in Nucleic Acid Res. 46, 7396 
(2018); (2) Nei-Li Chan and his co-workers published in Nature Commun. 9, 3085 (2018); (3) Kuan-Wei Huang and 
his co-workers published in PLoS Biol. 16, 2005653 (2018).

TPS 05A1  Protein Microcrystallography
TLS 13B1  SW60 – Protein Crystallography
TLS 13C1  SW60 – Protein Crystallography 
TLS 15A1  Biopharmaceutical Protein Crystallography 
SP12B2  BM – Protein X-ray Crystallography
•  Protein Crystallography
•  Biological Macromolecule, Protein-DNA Structure, Life Science
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Electron and Proton Transports in quinol:fumarate 
Reductase Provide Energy for Bacteria 
The quinol:fumarate reductase (QFR), a membrane protein involved in anaerobic respiration 
with fumarate as the terminal electron acceptor, is utilized to produce usable chemical ener-
gy in bacteria. The electron and the coupled proton-transfer paths of QFR were elusive. Based 
on the structure of QFR from Desulfovibrio gigas, an anaerobe, the electron and proton paths 
of QFR are delineated.

E lectron transport chains, comprising redox re-
actors (reduction and oxidation simultaneously 

occurring via redox reactors) in a series, are utilized to 
harvest energy in living organisms. The electrons flow 
from electron donors to acceptors, and are coupled 
with a proton transfer to compensate the excess 

charge in the cell membrane. Taking photosynthesis 
for example, plants utilize the electron-transport 
chain to harvest energy via redox reactions in a series 
from sunlight. The membrane-embedded quinol:-
fumarate reductase (QFR), isolated from anaerobic 
bacteria Desulfovibrio gigas (D. gigas), is the target 
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Fig. 1:  Overall structure of dimeric D. gigas QFR. The homo-di-
mer formed by two complexes of subunits A (shown in 
green and brown), B (cyan and grey) and C (pink and 
purple) on the inner membrane. The redox cofactors, 
hemes, iron-sulfur clusters and FAD are shown in sticks. 
[Reproduced from Ref. 1]

Fig. 2:  Stereo view of bound menaquinone (MK) at the MQ2 
site near the bL heme in D. gigas QFR.  The SIGMAA 
weighted Fo-Fc density maps are shown as green 
meshes. MK (yellow) and hemes (magenta) are shown 
as sticks in subunit C shown as blue cartoon helices. 
[Reproduced from Ref. 1]

protein for understanding the electron-proton 
transfer paths. QFR, an integral membrane protein, 
catalyses the coupled reduction of fumarate to succi-
nate with the oxidation of hydroquinone (quinol) to 
quinone on the opposite side of the inner cytoplas-
mic membrane. To investigate the paths of electron 
and proton transfer in QFR, a research team led by 
Chun-Jung Chen (NSRRC) solved the structure of QFR 
at resolution 3.6 Å. The X-ray diffraction data were 
collected at TPS 05A and TLS 15A1 of NSRRC and 
SP44XU of SPring-8.1

As shown in Fig. 1, subunits A, B and C form a hete-
ro-trimetric complex. Two hetero-trimeric complexes 
form one stable homo-dimer (A2B2C2) with major 
contacts between the two C subunits. 

Subunit A (FAD-binding protein)
The flavin-adenine-dinucleotide (FAD)-binding pro-
tein is composed of 627 residues, with a FAD-binding 
domain (A1-260 and A366-437), a capping domain 
(A261-360), a helical domain (A438-555) and the 
C-terminal domain (A556-622) containing an an-
tiparallel β-sheet (A564-569 and A578-583). The 
terminal electron acceptor, FAD, is coordinated with 
a covalent bond between the residue of His-A43 and 
the C8M methyl group of the flavin of FAD.

Subunit B (iron-sulfur protein)
The iron-sulfur protein comprises 264 residues 
in, which can be partitioned into an N-terminal 
plant-ferredoxin domain (B1-106) and a C-terminal 
bacterial-ferredoxin domain (B107-218). Three redox 
cofactors, [3Fe:4S], [4Fe:4S] and [2Fe:2S] clusters, 
exist in the subunit. The [3Fe:4S] coordinated with 
Cys-B156, Cys-B161 and Cys-B208, and the [4Fe:4S] 

coordinated with Cys-B151, Cys-B154, Cys-B157 
and Cys-B218 are located in the C-terminal bacteri-
al-ferredoxin domain. The two clusters are positioned 
near the menaquinone site in subunit C, indicating 
that they could accept electrons generated from 
subunit C. The other [2Fe:2S] cluster is coordinated 
with Cys-B57, Cys-B62, Cys-B65 and Cys-B77 in the 
N-terminal plant-ferredoxin domain. This [2Fe:2S] is 
located near the fumarate-reducing site (near FAD), 
and presumably participates in shuttling electrons 
from the [3Fe:4S] and [4Fe:4S] clusters of subunit B. 
The electron transfer could be mediated by [3Fe:4S]→ 
[4Fe:4S]→[2Fe:2S] clusters in subunit B of D. gigas QFR.

Subunit C (membrane-embedded protein)
The membrane-embedded subunit C, composed of 
218 residues in total, forms mainly seven helices, of 
which four helices organize into a four-helix motif to 
coordinate two hemes. The two hemes, potential re-
dox cofactors, ligated by four conserved His residues 
-- His-C79, His-C166, His-C38 and His-C129, relay the 
flow of electrons in subunit C. The previously pro-
posed menaquinol-binding cavity in W. succinogenes 
QFR2 is deformed in subunit C of D. gigas QFR. Oxida-
tion of the menaquinol generates the flow of elec-
trons in subunit C. The deformed menaquinol-bind-
ing cavity of D. gigas QFR implies that there exists a 
specific electron path in D. gigas QFR. 

Bound menaquinone near heme (bL)
The menaquinol-oxidation site in D. gigas QFR 
(henceforth referred to as MQ1) is unknown. Interest-
ingly, one menaquinone molecule was located with 
the appropriate electron density near helix 1 (C-he-
lix1) of one subunit C (Fig. 2). The authors annotated 
this location in the D. gigas QFR as the MQ2 site at 
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which the substrate oxidation presumably occurs. 
Moreover, this MQ2 site is located near (~13 Å) the 
low-potential bL heme. 

This observation led the authors to surmise that 
the bound MK at the MQ2 site might serve as an 
electron carrier between heme bL and [3Fe:4S] in 
the electron transfer path of D. gigas QFR to gate 
the proton-coupled electron transfer from heme bL 
to [3Fe:4S] (Fig. 3). The reduction of MK produces 
the semi-menaquinone anion (MKH), which should 
stabilize the hydrogen bonding of Tyr-C63 with the 
cofactor and decrease further the pKA of this tyrosine. 
Upon reoxidation, as the electron is transferred from 
the MKH downstream to [3Fe:4S], electrostatic inter-
action between the electron and the proton of the 
Tyr-C63 hydrogen-bond provides a linkage to drive 
the synchronous movement of the proton across the 
membrane in concert with the electron flow. In this 
manner, proton-coupled electron transfer across the 
membrane is achieved (Fig. 3).

Based on the arrangement of the redox cofactors in 
the crystal structure, including bound MK at the MQ2 
site, as well as their redox potentials, it is possible to 
postulate the electron path(s) in QFR of D. gigas (Fig. 
4). First, the authors proposed that, upon oxidation 
of menaquinol at the MQ1 site, there is bifurcation 
of the two-electron flow from the substrate to the 
high-potential heme bH and the low-potential heme 
bL. Second, the authors suggested that heme bL serves 
as a relay station to transfer one of these electrons to 
the [3Fe:4S] center via the MK at the MQ2 site; from 
the [3Fe:4S] site, the electron passes to the [4Fe:4S]-
[2Fe:2S]-FAD, as mentioned above. To replenish the 
proton of the Tyr-C63 side chain after the proton-cou-
pled electron transfer across the membrane, a proton 
must be taken from the periplasm and transported 
via the proton acceptor, Glu-C60, located within 
the periplasmic side of subunit C to the side chain 
of Tyr-C63, as for the residue it is known that the 
hydroxyl group of tyrosine can serve to transfer pro-
tons. Similarly, there must be proton acceptors, which 
potentially include residues Glu-C164 and Glu-C193, 
within the trans-membrane domain toward the cyto-
plasmic side to relay the proton that has been trans-
located across the membrane toward the cytoplasm 
(Fig. 3).

As to the other reducing equivalent, one electron 
transferred to the bH heme in the bifurcation of the 
electron flow from the menaquinol substrate men-
tioned earlier, the authors proposed a direct transfer 
of this electron from heme bH to [3Fe:4S] (Fig. 4). 
The high-potential heme bH, in close proximity to 
hydrophilic A and B subunits indicates such a pos-

sible scenario as the redox potentials of heme bH (0 
mV), heme bL (-150 mV) and MK (-67 to -74 mV) near 
pH ~7 were measured.3,4 For a proton-coupled elec-
tron-transfer event to occur between subunits C and 
B, there must, however, be a redox linkage between 
heme bH and the pKA of an amino-acid residue with-
in subunit C, as well as conformational gating of a 
proton transfer across the membrane in concert with 
the electron transfer. Possible proton donors might 
include His-C38, which is associated with heme bL. 
The bH and bL hemes in D. gigas QFR are in sufficiently 
close proximity (only ~4.5 Å apart) that the authors 
can expect a redox interaction between them. 

At this juncture, however, the authors cannot exclude 
a possibility of transferring also the electron from the 
bH heme via heme bL to MK at the MQ2 site for the 
proton-coupled electron transfer to the [3Fe:4S] cen-
ter, as the authors have described earlier for the other 
reducing equivalent. Indeed, the two hemes are in a 
sufficiently close juxtaposition that the electrons can 
redistribute readily between these iron porphyrins, 
provided that their operating redox potentials and 
their relative orientations are favourable. Examination 

Fig. 3:  Possible synchronous movement of the coupled proton 
with the electron flow. The bound MKH at the MQ2 site 
is shown as a yellow stick in subunit C (blue). Two poten-
tial proton acceptors, His-C38 (green stick) and Glu-C60 
(cyan stick), are near the MQ2 site. Tyr-C63 on the 
potential proton-transfer path from the periplasm could 
form a hydrogen bond with MKH during the proton 
transfer. The distances between MKH and His38, as well 
as between MKH and Glu-C60, are labeled. The possible 
proton path (purple) and the proton-coupled electron 
transfer path (orange) are shown as dotted lines. Hemes 
are shown in magenta. [Reproduced from Ref. 1]
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of the crystal structure reveals that the 
two hemes are closely perpendicular to 
each other, a geometry that is known 
to be unfavourable toward facile in-
ter-heme electron transfer. On the basis 
of this structural information, as well as 
the relative redox potentials between 
heme bH and bL (150 mV)3, the authors 
are hence inclined to favour different 
electron transfer paths for the two re-
ducing equivalents of the menaquinol 
substrate during the catalytic turnover 
of D. gigas QFR, as shown in Fig. 4.

According to these observations, the 
authors delineate the paths for electron 
and proton transfer in D. gigas QFR and 
understand how the anaerobic bacteria 
utilize the chain of electron transport to 
harvest the energy. (Reported by Hong-
Hsiang Guan)

This report features the work of Hong-
Hsiang Guan, Chun-Jung Chen, and 
their co-workers published in Sci. Rep. 8, 
14935 (2018).

TPS 05A    Protein Microcrystallog-raphy
TLS 15A1  Biopharmaceutical Protein            
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Fig. 4:  Delineated electron/proton-transfer paths in D. gigas QFR. The fully re-
duced manaquinol (MKH2 at the MQ1 site) and the oxidized menaqui-
none (at the MQ2 site) are shown as yellow sticks. The fully oxidized 
and semi-oxidized menaquinones are as MK and MKH, respectively. 
The proposed bifurcation of electron paths (black and orange dotted 
lines) and the potential flow paths of protons (purple dotted lines) 
generated in the oxidation of MKH2, classified as proton paths A and 
B, are shown. The redox cofactors, FAD (upper sticks), hemes (bottom 
sticks) and iron-sulfur clusters (grey and green balls), are shown on the 
electron transfer path. The residues ligating the redox cofactors are 
black; the proposed proton acceptors are purple. The movement of 
Tyr-C63 is shown also after binding with MKH with a hydrogen bond. 
[Reproduced from Ref. 1]
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Asgard Profilin/Rabbit Actin Complex Provides New 
Clues to Understand Archaea-to-Eukaryote Transition 
The origin of the eukaryotic cell is still elusive in modern biology. Combination of the com-
plexstructural and biochemical data shows that Asgard archaea possess a functional eukary-
otic-like actin system and indicates that Asgard archaea and eukaryotes share a common 
ancestor.

T he origin of the eukaryotic cell is a major evolutionary conundrum in biology. Metagenomic approaches 
recently identified genes from Asgard archaea, including Heimdall, Loki, Thor and Odin, which are the closest 

related prokaryotic relatives of eukaryotes.1 These proteins produced by archaeal genes are hence supposed to 
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have eukaryotic features; namely, these Asgard pro-
teins should be involved in membrane maintenance 
and function, such as vesicular trafficking, N-gly-
cosylation, the ubiquitination system, cytoskeletal 
processes (including actin and profilin homologues) 
and so on.2 So far, no functional Asgard protein is 
available; apart from this situation, an issue about the 
possibility of eukaryotic contamination of the metag-
enomes needs to be resolved.2

In eukaryotes, membrane remodelling is regulated 
cooperatively by various proteins, such as the ARP2/
ARP3 complex, vasodilator-stimulated protein and 
profilin/actin complex. Protein sequence analysis 
shows that Asgard archaea have eukaryotic-like actins 
that share a sequence identity (58–60%) with human 
cytoplasmic β-actin and other eukaryotic actins (52–
62%). Expectedly, the results of phylogenetic analysis 

Fig. 1:  (a) Overall structure of Loki profilin-1. The partially disordered Loki loop is shown as a dotted line. N and C stand for N-terminal 
and C-terminal, respectively. (b) Overall structure of human profilin for comparison (PDB code: 1FIL). (c) Phylogenetic tree of 
Asgard and eukaryotic profilins. (d) Complex structure of Loki profilin-1 with rActin. rActin is presented as a surface. (e) Com-
plex structure of Loki profilin-2 with rActin (f) Complex structure of Odin profilin with rActin. (g) Complex structure of human 
profilin with rActin (PDB code: 2PAV) for comparison. [Reproduced from Ref. 3]

and structural modelling indicate that Asgard actins 
are structurally conserved and might possess eukary-
otic-like properties, but Asgard profilin-like proteins 
exhibit a lower sequence identity (11–17%) to hu-
man profilin-1 and other eukaryotic profilins (7–24%). 
To investigate the properties of Asgard profilin-like 
proteins, a research team led by Robert C. Robinson 
(Institute of Molecular and Cell Biology, A*STAR, Sin-
gapore) solved the structure of Loki profilin-1 alone 
and complex structures of Loki profilin-1/rActin (rAc-
tin stands for rabbit α-actin), Loki profilin-2/rActin 
and Odin profilin/rActin. All diffraction data sets were 
collected at TPS 05A.3

Figures 1(a) and 1(b) show basically that Loki profi-
lin-1 and human profilin have a similar overall topol-
ogy; merely helices and loops of varied lengths, par-
ticularly the “Loki loop”, can be observed. Structural 
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comparison of Loki profilin-1 with all published eu-
karyotic profilins indicates that the root-mean-square 
deviation between them is from 2.3 to 2.7 Å. A subse-
quent profilin phylogenetic analysis clearly revealed 
that Asgard and eukaryotic profilins are classified into 
two distinct clades (Fig. 1(c)), even though they are 
related to each other.

Unfortunately, enough pure Asgard actins for bio-
chemical experiments failed to be produced using a 
heterologous host expression system. As mentioned 
above, however, the authors postulated that the 
mammalian actin might bind to Asgard profilins, 
including Loki profilin-1 and -2 and -3, Heimdall 
profilin, Odin profilin and Thor profilin, because of 
the greater sequence identity between Asgard and 
eukaryotic actins. Once rActin interacts with Asgard 
profilins, Asgard profilin/rActin should become an 
active form to initiate or to sustain the actin polymer-
ization that was detected with a pyrene-actin assay. 
According to the results of these pyrene-actin assays, 
the actin polymerization is observable in the presence 
of Asgard profilins, except Thor profilin.

Figures 1(d)–1(g) show the interactions of Asgard 
profilins with rActin in a slightly different way. Com-

parison of Figs. 1(a) and 1(d) reveals that the Loki 
loops become ordered upon rActin binding; the 
binding site is near the surface of rActin subdomain 
3. Compared with Fig. 1(g), the C-terminal helices 
of Loki profilin-1 and -2 are slightly moved from the 
binding region on actin subdomain 1. Figures 1(f) 
and 1(g) indicate that Odin profilin and human profi-
lin bind to rActin in a similar orientation. Among four 
profilins, Odin profilin has the most compact struc-
ture, which makes sense to explain why Odin profilin 
exists in a geothermal environment (Yellowstone 
National Park). The common binding modes elucidate 
that Asgard archaea possess functional eukaryot-
ic-like profilin- actin systems. 

In eukaryotes, actin filaments can be nucleated and 
elongated via polyproline-profilin binding; the bind-
ing mode involves π-π interactions between prolines 
and aromatic residues located in the N- and C-termi-
nal helices of profilin (Fig. 2(a)). Figures 2(b)–2(d) 
indicate that no aromatic residues can be found, and 
insufficient space exists between N- and C-terminal 
helices for polyproline binding. In addition, the iso-
thermal titration calorimetry (ITC) data (∆H = 0) sup-
port the structural information that Asgard profilins 
do not bind to polyproline motifs. These important 

Fig. 2:  (a) Interaction network of human profilin with polyproline. The polyproline (PDB code: 2PAV) is shown in black. The binding 
residues on human profilin are labeled in blue. (b)–(d) Residues corresponding to those presented in (a), from (b) Loki profil-
in-1, (c) Loki profilin-2 and (d) Odin profilin. (e) Pyrene-actin polymerization profiles of rActin (orange) added to human profilin 
(pink) and with PIP2 at increasing concentrations (blue). (f)–(h) Profiles similar to those presented in (e), for (f) Loki profilin-1, (g) 
Loki profilin-2 and (h) Odin profilin. [Reproduced from Ref. 3]
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data are consistent with the Asgard archaea metage-
nomes; Asgard profilins hence truly derive from the 
Asgard metagenome and are not the result of eukar-
yotic contamination.

Phosphatidylinositol-4,5-biphosphate (PIP2), a mem-
brane phosphoinositide, regulates the activities of 
many actin-binding proteins, such as Dia2, cofilin, 
profilin and so on.4 Although archaea have no abil-
ity to synthesize PIP2, they contain other lipids with 
inositol phosphate head groups. The authors hence 
attempted to know whether PIP2 affects the actin 
polymerization. Figures 2(e)–2(h) show that all actin 
polymerization profiles have a similar trend; these 
patterns elucidate the mitigated effects of the Asgard 
profilins in inhibiting actin polymerization at increas-
ing PIP2 concentration. PIP2 is not, however, the natu-
ral phospholipid for Asgard profilins; for this reason a 
large PIP2 concentration is necessary in this assay.

In summary, five conclusions have been generated ac-
cording to the structural information and biochemical 
data. (1) Actin phylogenetic analysis and structural 
modelling show that Asgard actins are highly con-
served and might have eukaryotic-like properties. (2) 
Pyrene-actin assays reveal that Asgard profilins regu-
late polymerization of rActin in vitro, even though the 
two species diverged more than 1.2 billion years ago. 
(3) The compelx structures, including Loki profilin-1/
rActin, Loki profilin-2/rActin and Odin profilin/rActin, 
indicate that Asgard archaea have functional eukary-
otic-like profilin-actin systems. (4) Structural compari-

son, ITC data and metagenomics analysis elucidate no 
eukaryotic contamination in Asgard metagenomes. 
(5) Pyrene-actin assays unveil that Asgard archaea 
have phospholipid-sensitive actin-regulating profil-
ins. Taken together, Asgard archaea and eukaryotes 
share a common ancestor. (Reported by Chun-Hsiang 
Huang)

This report features the work of Robert C. Robinson 
and his collaborators published in Nature 562, 439 
(2018).
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ZHD: A ZEN-Hydrolyzing Enzyme for Detoxification 
Zearalenone (ZEN), an estrogenic mycotoxin, results in severe health problems in human 
beings. According to the results of analysis and bioassay of the complicated structures, ZHD 
is capable of hydrolyzing ZEN and its more toxic derivative a-zearalenol (α-ZOL) to decrease 
their toxicity.

Fig. 1:  (a) The hydrolytic process of ZEN by ZHD. Left: The structure of ZEN. Middle: Intermediate. Right: Nontoxic product. (b) The 
structure of α-ZOL. The carbon numbering 1–6 in the phenyl ring and 1’–12’ in the lactone ring. [Reproduced from Ref. 4]
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Zearalenone (ZEN; Fig. 1(a)), an estrogenic myco-
toxin produced by some Fusarium and Gibberela 
species, is widely detected in musty grains, including 
corn, wheat, barley and so on. ZEN causes not only 
reproductive disorders in farm animals, such as in-
fertility, abortion and other breeding problems, but 
also hyperestrogenic syndromes in human beings; it 
thus causes significant economic loss.1 To overcome 
the mycotoxin contamination, using a biocatalyst to 
remove ZEN in a substrate-specific way should be an 
approach superior to traditional chemical and physi-
cal methods. In 2002, Takahashi-Ando et al. identified 
a new enzyme, ZHD101 from Clonostachys rosea, 
that catalyses cleavage of the ester bond of ZEN 
into a nontoxic product (Fig. 1(a)). This information 
provides a key clue for a mycotoxin biodegradation 
strategy.2 

In a digestive system, ZEN turns into a more toxic 
derivative, a-zearalenol (α-ZOL; Fig. 1(b)), via gut 

microbes or intracellular enzymes. Compared to ZEN, 
α-ZOL shows greater estrogenic activity (> 90-fold) 
and stronger estrogen receptor-binding activities (> 
10–20 times). ZHD101 also detoxifies α-ZOL through 
the same hydrolytic mechanism of ZEN, but the 
ZHD101 activity against α-ZOL is ~40% less than that 
against ZEN even though the two compounds have 
similar chemical structures (Fig. 1). Rey-Ting Guo 
(Tianjin Institute of Industrial Biotechnology) recent-
ly solved the structure of ZHD101 in complex with 
α-ZOL and suggested why ZHD101 has less activity 
against α-ZOL.3 To identify further potential ZHD-fam-
ily members, a research team led by Guo found a 
novel ZHD from Rhinocladiella mackenziei (RmZHD) 
via data-mining in Genbank; its activities against ZEN 
and α-ZOL are greater than ZHD101 by ~1.66-fold 
and ~1.2-fold. They also determined the structures 
of RmZHD alone and in complex with two substrates, 
ZEN and α-ZOL. All diffraction data sets were collect-
ed at TPS 05A, TLS 15A1 and TLS 13C1.4

Fig. 2:   (a) Overall structural comparison of RmZDH (blue) and ZHD101 (orange). The 
cap and core domains of RmZHD and ZHD101 appear in deeper and lighter 
colors, respectively. (b) The β6-α5 loop superimposition of RmZHD/ZEN (green) 
and ZHD101/ZEN (orange). The dashed line denotes a hydrogen bond. (c) 
Activity assay. The wild-type activity against ZEN and α-ZOL serves as reference 
(100%). All measurements were conducted in triplicate; the results are present-
ed as average ± SD. (d) Open conformation (left panel) and closed conformation 
(right panel). The bound ZEN molecules (green), ZHD101 V158 (orange) and 
RmZHD Y160 (purple) are displayed as stick models. [Reproduced from Ref. 4]

Based on Fig. 2(a), two vital 
structural differences illustrate 
why RmZHD has a greater ac-
tivity against ZEN and α-ZOL 
than ZHD101. First, compared 
with ZHD101, the β6-α5 loop 
of RmZDH is nearer the sub-
strate-binding site. The N134 side 
chain, located in the β6-α5 loop, 
forms a hydrogen bond to O4 
of the phenyl ring of ZEN upon 
substrate binding, but a similar 
conformational change cannot 
induce in ZHD101 (Fig. 2(b)). To 
investigate the catalytic role of 
N134, two mutants, N134L and 
N134A, were purified for activ-
ity assay. Figure 2(c) indicates 
that N134 plays a crucial role in 
RmZHD catalysis because both 
mutants display much small activi-
ty against ZEN and α-ZOL than the 
wild type.

Second, the entry to the sub-
strate-binding pocket is covered 
with a larger residue, Y160, in 
RmZHD (a so-called closed con-
formation), but the open con-
formation can be observed in 
ZDH101 because the correspond-
ing residue, V158, is smaller (Fig. 
2(d)). To elucidate the catalytic 
role of Y160, some mutants were 
constructed, including Y160G, 
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Y160A, Y160F and Y160W, to conduct activity assays. 
Notably, the result shows distinct effects on ZEN and 
α-ZOL. In regard to ZEN, compared with the wild 
type, all mutants except Y160F having equal activity 
possess less ZEN-hydrolyzing activity, which indicates 
that Y160 is the most suitable residue for ZEN inter-
action (Fig. 2(c)). As regards α-ZOL, compared to the 
wild type, only Y160A exhibits an increase, more than 
70%, in α-ZOL hydrolyzing activity (Fig. 2(c)). The 
complex structure of Y160A/α-ZOL indicates that the 
unfavourable close contact (the side chain of Y160) 
disappears; Y160A thus makes an active-site environ-
ment suitable for α-ZOL binding and hydrolysis, which 
conclusion is supported by data from isothermal 
titration calorimetry (ITC).

In summary, Guo and his collaborators determined 
the crystal structures of ZHD101 and RmZHD. Com-
parison of the two enzyme structures clearly shows 
that two vital structural differences (the β6-α5 loop 
and Y160) are involved in the catalytic reaction. These 
results provide the important molecular mechanism 
of substrate binding and catalysis for the ZHD family 
of enzymes; this critical information can be applied 
for further protein engineering and genetic modifica-

Hapalindoles, produced from Cyanobacteria, are bioactive secondary metabolites with diverse chemical struc-
tures; compounds related to hapalindole are considered to have pharmacological effects, such as antibacterial, 
antifungal, insecticidal and antimitotic activities.1,2 Prenylation is a crucial reaction to increase the chemical 
complexity of these compounds; namely, the prenylated compounds typically improve the bioactivities because 
the prenyl moiety makes the compound more lipophilic. In general, the prenylation of two types, normal and 
reverse, is performed by prenyltransferases (PTases). It is hence important to understand the catalytic mechanism 
of PTases for future engineering approaches to synthesize unnatural bioactive compounds.

Some PTases, including DMATS (dimethylallyl tryptophan synthase), Fnq26 and TleC, conduct normal or reverse 
prenylation depending on the substrates, which means that these PTases have the potential for plasticity of sub-
strate binding. No structural data were, however, available to elucidate how a single enzyme switches the two 
distinct prenylation modes upon different substrates binding. For this reason, a research team led by Ikuro Abe 
(Graduate School of Pharmaceutical Sciences, University of Tokyo) determined the structure of Fischerella am-
bigua AmbP3 alone and complex structures of AmbP3/DMSPP (DMSPP is a DMAPP analogue), AmbP3/DMSPP/
hapalindole U (reverse pathway in Fig. 1(a)) and AmbP3/DMSPP/hapalindole A (normal pathway in Fig. 1(b)). 
All diffraction data sets were collected at TLS 15A1.3

AmbP3: A Proficient Enzyme Involved in the  
Normal and Reverse Prenylation of Hapalindoles  
Compounds related to hapalindole can serve as potential pharmaceutical leads. This study is 
the first to elucidate how a single enzyme catalyses normal and reverse prenylation of hapal-
indoles. These findings provide vital clues to the engineered biosynthesis of prenylated natu-
ral products.

tion to diminish the mycotoxin. (Reported by Chun-
Hsiang Huang)

This report features the work of Rey-Ting Guo and his 
collaborators published in ACS Catal. 8, 4294 (2018).
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Fig. 1:  AmbP3-mediated prenylation of hapalindoles. (a) Reverse prenylation of hapalindole U (HU) or G (HG) with dimethylallyl py-
rophosphate (DMAPP) to yield ambiguine H or A. (b) Normal prenylation of hapalindoles A (HA) to yield compound 3. [Repro-
duced from Ref. 3]

Fig. 2:  (a) Overall structure of AmbP3. The central circular β-barrel is in magenta, outer α-helices blue and the bottom “lid” green. (b) 
Interaction network of DMSPP. Dashed blue lines indicate hydrogen bonds, red spheres water molecules. (c) Superimposition 
of HU (purple) and HA (cyan). (d) Substrate binding mode of HU. (e) Substrate binding mode of HA. [Reproduced from Ref. 3]

Figure 2(a) shows that the overall structure of AmbP3 comprises three regions, including central circular β-bar-
rel, outer α-helices and the bottom “lid.” Structural analysis indicates that, similar to other reported PTases, 
the top two-thirds of the β-barrel cavity ispolar area; the area otherwise near the bottom “lid” is non-polar. In 
AmbP3/DMSPP, DMSPP is located at the top of the β-barrel cavity (polar area) to support the α- and β-phos-
phates via hydrogen bonds with water molecules and protein polar residues (Fig. 2(b)). Through the phosphate 
binding mode, the prenyl moiety can extend down the bottom “lid” (Fig. 2(c)). Among these polar residues, 
Tyr168 and Tyr225 form also a “tyrosine shield” to stabilize the carbocation intermediate during the catalysis 
(Fig. 2(b)).
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In Fig. 2(c), a comparison of the two ternary structures (AmbP3/DMSPP/HU or HA) clarifies the binding modes 
of the prenyl acceptors (HU and HA) and prenyl donors (DMSPP). In both cases, notably, the HU and HA are held 
in the same hydrophobic regions, but they adopt orientations completely different for reverse and normal pre-
nylation, respectively (Fig. 2(d) and 2(e)). Comparison with several published PTases with broad substrate specif-
icities indicates that the terpenoid moiety of hapalindoles is more important for substrate recognition than the 
indole moiety.

The subsequent study focused on the prenyl donor. In the AmbP3/DMSPP/HU, the dimethylallyl group interacts 
with the indole of HU, Trp117 and Tyr168 (Fig. 2(d)); in the AmbP3/DMSPP/HA, the same group is surrounded 
by the indole of HA, Trp117 and Tyr225 (Fig. 2(e)). The combination of these effects indicates that Trp117 is 
involved in stabilization of the cation intermediate. To test the importance of Trp117, three mutants – W117F, 
W117Y and W117A –were constructed for prenylation assays. All mutants completely lost their activity, except 
W117Y (94% for HU and 74% for HA vs. wild-type enzyme). These data not only confirm that Trp117 is an im-
portant catalytic residue but also reflect the plasticity of the active site of AmbP3 according to the W117Y case. 
Comparison of AmbP3 and two ternary structures shows that AmbP3 provides sufficient space for the hapalin-
doles and DMSPP in differentorientations because of the conformational change of Trp117; this observation is 
consistent with the results from reported PTases, such as CloQ and EpzP.

In summary, the structural information and biochemical data enable two major conclusions based on the excel-
lent model. (1) Because of the hydrophobic substrate binding pocket, AmbP3 is capable of accommodating two 
separate hapalindoles. (2) The tolerance of AmbP3 for the allyl group of the prenyl donor in different orienta-
tions is attributed to the aromatic residues that can form a cation shield. This report is the first to offer structural 
information for the normal and reverse prenylations catalysed by a single enzyme; these findings become appli-
cable to the future engineering of PTases to regulate the prenylation pathways (normal or reverse) to produce 
bioactive unnatural compounds. (Reported by Chun-Hsiang Huang)

This report features the work of Ikuro Abe and his collaborators published in Angew. Chem. Int. Ed. Engl. 57, 560 
(2018).
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•  Biological Macromolecules, Protein Structures, Life Science
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W e are facing a global energy crisis caused by 
the growth of the world population, an esca-

lating increase in demand and a continued depen-
dence on fossil-based fuels for generation. It is widely 
accepted that increases in the concentration of 
greenhouse gases, if not reversed, will result in major 
changes to the world climate, with consequential ef-
fects on our society and economy. The development 
of new materials for energy relies to a large extent on 
a profound understanding of the multi-scale origins 
of their properties. The following research highlights 
are selected from the energy science published by the 
user communities during year 2018. These highlights 
demonstrate that synchrotron X-ray and neutron 
characterization, with their capacity to probe matter 
from the atomic to the macro scale, contribute signifi-
cantly to this objective and are expected to play an 
even more important role in the future. The science 
highlights from NSRRC beamlines SP12B1, SP12U1, 
TLS 11A1, TLS 17C1 and TLS 01C1 show how X-ray 
absorption techniques can unveil the catalytic nature 
of both real devices under operating conditions and 
idealized model systems under precisely controlled 
environments, for water splitting and CO2 reduction. 
The selection from TLS 23A1 includes the detailed 
structural information of a functional two-dimension-
al coordination polymer as a charge barrier in Li−S 
batteries. The highlight from TPS 09A demonstrates 
how X-ray diffraction operando can probe the inter-
calation of the chloroaluminate anion into a graphite 
positive electrode during electrochemical charging 
and discharging in situ of rechargeable aluminum 
batteries. The last highlight from ANSTO-CG4 SIKA 
and ANSTO-TG1 ECHIDNA shows how neutrons can 
probe the structural changes of the anode and cath-
ode materials during charging and discharging for a 
battery application. (by Yan-Gu Lin)

Energy  
Science 
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T he reduction of CO2 to a chemical fuel offers a promising strate-
gy to manage the global carbon balance, but presents challeng-

es for chemistry because of the lack of an efficient catalyst. One key 
challenge is to design a great catalyst that can bind and activate the 
CO2 molecule with the least possible activation energy and produce 
selective hydrocarbon products. The development of improved 
catalysts with adequate activity and selectivity is hence still a long-
term goal to realize their practical application. Single-atom catalysts 
with atomically distributed active metal centers have demonstrated 
maximum atom efficiency and excellent selectivity in several catalytic 
reactions because of the unique electronic properties of a single ac-
tive site, and are thus expected to have a great potential to improve 
the performance of the CO2 reduction. Furthermore, anatase TiO2 
and its hybrid catalysts have been extensively studied for CO2 reduc-
tion because of their unique physicochemical properties, but the 
construction of perfect single-atom catalysts or TiO2 hybrid catalysts 
remains a great challenge. More importantly, the atomic structure 
of the developed catalysts has remained elusive, which impedes 
an understanding of these catalysts and the further design of new 
catalysts for the CO2 reduction.

Bin Liu (Nanyang Technological University) and his co-workers 
recently developed atomically dispersed nickel on nitrogenated 
graphene as an efficient and durable electrocatalyst for CO2 re-
duction.1 Employing X-ray absorption spectra operando at NSRRC 
beamline SP12B1 of SPring-8, the authors clarified the details of the 
adsorption and activation of CO2 on single-Ni-atom catalysts (Fig. 
1). The Ni K-edge shifted approximately 0.4 eV to greater energy in 
CO2-saturated KHCO3 solution under an open-circuit voltage bias 
relative to that in an Ar-saturated KHCO3 solution. This effect indi-
cates an increased Ni oxidation state, which probably results from 
delocalization of the unpaired electron in the 3dx2−y2 orbital and a 
spontaneous charge transfer from Ni(I) to the carbon 2p orbital in 
CO2 to form a CO2

δ− species. During electrochemical CO2 reduction, 
the Ni K-edge of single-Ni-atom catalysts shifted back to smaller 
energy, which indicates the recovery of the low-oxidation-state Ni 
after one cycle of CO2 reduction. The intensity of the main signal at 

Fig. 1:  X-ray absorption spectra operando. (a) 
Normalized Ni K-edge XANES spectra 
operando at various biases in KHCO3 
aqueous solution (0.5 M) at 23 oC un-
der Ar or CO2 at 1 bar. The inset shows 
the enlarged Ni K-edge XANES spectra. 
(b) Fourier-transform magnitudes of 
EXAFS spectra under open-circuit volt-
age bias in Ar (OCV-Ar) and CO2 (OCV-
CO2), and at -0.7 V (vs. RHE), in which 
an extended Ni–N bond was detected. 
[Reproduced from Ref. 1]

Uncovering the Catalytically Active Site with X-rays 
Electronic states of catalysts have given significant insight into CO2 reduction reactions.

approximately 1.45 Å in the Fourier transform of the EXAFS spectrum (Fig. 1(b)) increased slightly, which was 
ascribed to a contribution from the Ni−C bond that overlapped with the Ni−N bond. The main signal shifted 
(~0.04 Å) to greater length during CO2 reduction with the catalyst biased at -0.7 V vs. RHE, relative to that under 
an open-circuit voltage bias, which indicates an extension of the Ni−N bond. This extension is due to distortion 
of the Ni atoms from the graphene plane, and results from a redistribution of the electrons in the Ni 3d orbital 
between the four N ligands and the Ni−C bond (from adsorbed CO2).

Black TiO2 loaded with Ni-nanoclusters with dual active sites for selective photocatalytic CO2 conversion was also 
developed by Li-Chyong Chen (National Taiwan University) and Kuei-Hsien Chen (Academia Sinica).2 Employing 
X-ray absorption spectra at TLS 17C1 and TLS 01C1, these authors investigated how the chemical environment 
and its electronic interaction around the Ni site alter in the CO2 reduction (Fig. 2); they found that the metallic 
Ni clusters are anchored on the black TiO2. A robust conjugation of this kind to assist the Ni clusters to coalesce 
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strongly with the TiO2 provides a less resistive path 
suitable for rapid electron transfer. This conjugation 
hampers the aggregation of Ni clusters, thereby facili-
tating highly reactive sites on the surfaces. The an-
chored configuration induces a charge transfer from 
the TiO2 conduction band to the NiO/Ni nanoclusters, 
which further up-shifts the d-band center of Ni, and 
thereby increases its CO2 binding to the surface. This 
condition in turn favors the photocatalytic reduction 
of CO2, leading to the great activity and selectivity of 
the C2-molecule production.

In summary, the discoveries of single-Ni-atom cat-
alysts and Ni-nanocluster-loaded black TiO2 offer a 
unique insight into the geometry of the active site 
and structural transitions during CO2 reduction, 
which will be essential for the development of future 
CO2 catalysts. Furthermore, the ability to probe atom-
ic structures of catalysts under conditions operando 
makes synchrotron-based X-ray spectra an important 
technique to provide valuable insight for issues relat-
ed to catalysts. (Reported by Yan-Gu Lin)

Fig. 2:  (a) X-ray absorption near-edge spectra at the Ni K-edge of Ni/TiO2 and Ni/TiO2[Vo] catalysts. (b) k3-weighted EXAFS data of the 
Ni K-edge and first-shell fits obtained from (c) Ni/TiO2 and (d) Ni/TiO2[Vo]. [Reproduced from Ref. 2]

This report features the work of (1) Bin Liu and his 
co-workers published in Nat. Energy 3, 140 (2018); 
(2) Li-Chyong Chen and her co-workers published in 
Small 14, 1702928 (2018).

TLS 01C1  SWLS – EXAFS
TLS 17C1  W200 – EXAFS
SP12B1  BM – Materials X-ray Study
•  XANES, EXAFS
•  Materials Science, Chemistry, Condensed-matter 

Physics, Environmental and Earth Sciences
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Unraveling the Geometrical Site Confinement in 
Iron-Doped Electrocatalysts Toward Water Oxidation 
The use of X-rays is conducive to understand the surface mechanism operating in various ap-
plications and to deduce the pertinent systems.

T he role of binary-metal ions in electrocatalysts has aroused considerable attention but remains under pro-
tracted debate. The existence of these controversies indicates that the behaviors of these metal ions in the 

electrolyte are poorly elaborated, especially for the orbital interaction between the metal ions (i.e. active sites) 
and the adsorbates during the catalytic reaction. From the viewpoint of the geometrical site in the lattice and 
the structural conversion, it is highly desirable to recognise how the material engineering and manipulation 
dominate the catalytic activities and structural stabilities. Toward this end, it is paramount to develop a tech-
nique in situ that allows one to identify the roles of these electrocatalysts under realistic conditions.

Hao Ming Chen (National Taiwan University) and his co-workers recently developed Fe-doped cobalt oxides as an 
efficient electrocatalyst for the oxygen-evolution reaction (OER).1 Dynamic structural conversion is clearly evident 
from X-ray absorption spectra (XAS) recorded in situ at TLS 01C1 (Fig. 1(a) and 1(b)). The ratio of the coordina-
tion numbers of octahedral and tetrahedral sites gradually increases in the region of oxidation and subsequently 
decreases during the reduction, which indicates that the structural conversion is a dynamic equilibrium rather 
than an irreversible process. The authors clarified the distinctive geometric sites in spinel; Fe occupies the octa-
hedral sites (Fe3+

(Oh)) and Co is confined to the tetrahedral site (Co2+
(Td)), resulting in a strikingly great activity. A 

further enrichment of Fe ions would occupy the tetrahedral sites to decrease the amount of Co2+
(Td) and to dete-

riorate the OER activity. Fe3+
(Oh) ions are hence proposed mainly to confine cobalt ions to the tetrahedral site so 

as to restrain the multipath transfer of cobalt ions during the dynamic structural transformation between spinel 
and oxyhydroxide, continuously activating the catalytic behavior of Co2+

(Td) ions (Fig. 1(c)).

Chen’s group also developed Fe-doped 
spinel (Co-Dom spinel and Fe-Dom 
spinel, named after the specific met-
al-oxide-dominated frames).2 Record-
ing Kβ1,3 high-energy-resolution fluo-
rescence-detected X-ray absorption 
spectra (HERFD-XAS) operando with a 
small incident angle at NSRRC beam-
line SP12U1 of SPring-8, these authors 
observed oxygen directly interacting 
with 3d orbitals of Co ions rather than 
those of Fe ions. They concluded that 
the Co-Dom spinel evidently affected 
the oxidized behavior or coordinating 
environment of cobalt ions, which 
benefits the catalytic OER (Fig. 2(a) 
and 2(b)). Most importantly, the result 
indicates that the presence of Fe ions 
near the Co ions can significantly stabi-
lize the Co ions with higher oxidation 
states, which might facilitate the for-
mation of intermediates and further 
refer to an efficient path of OER. The 
results of HERFD operando, as shown 
in Fig. 2(c)–2(f), reveal a significant in-

Fig. 1:  Ratio of coordination numbers of octahedral and tetrahedral sites, ex-
tracted from XAS in situ for (a) CoFe-0 and (b) CoFe-0.44. The catalyst un-
derwent oxidation and then reduction during the measurement in situ. O. 
C. means open circuit state. (c) Schematic representation of the multipath 
during a phase conversion in cobalt oxides. [Reproduced from Ref. 1]
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teraction between the electrolyte and Co ions during 
the catalysis. The authors observed also a different 
behavior with regard to the chemical state of the Co 
ion, thereby leading to a distinct path or interme-
diated state in OER. The Co-Dom spinel exhibited a 
substantially intense maximum of the oxygen-medi-
ated metal-metal interaction with increasing applied 
voltage (i.e., during OER), and verified a stronger 
orbital interaction between Co ions and O ions than 
in the pristine spinel. These results might be the key 
reason for the increased intrinsic catalytic activity of 
the Co-Dom spinel.

In summary, an introduction of iron into cobalt oxides 
and spinel systems has served a crucial function to 
enhance significantly the catalytic activity toward the 
oxygen evolution reaction. X-ray spectra, including 
conventional XAS and HERFD-XAS, were recorded in 
situ to unveil the catalytic nature of the complicated 
catalysts. In particular, the HERFD-XAS approach op-
erando corresponding to the local orbital interaction 
at the reactant-catalyst interface can potentially offer 

synergetic strategies toward recognising the chemical 
reactions or reaction paths in various fields. (Reported 
by Yan-Gu Lin)

This report features the work of Hao Ming Chen and 
his co-workers published in (1) Adv. Energy Mater. 8, 
1701686 (2018), and (2) J. Am. Chem. Soc. 140, 17263 
(2018).

TLS 01C1  SWLS – EXAFS
SP12U1  U32 – Inelastic X-ray Scattering
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Fig. 2:   (a) Schematic illustration of the interaction of a cobalt 3d-orbital of a catalytic surface with an oxygen 2p-orbital of the elec-
trolyte. (b) High-energy-resolution fluorescence-detection X-ray absorption spectra of the Co K-edge for pristine spinel and 
Co-Dom spinel. HERFD-XAS operando and difference spectra of the Co K-edge for (c)–(d) pristine spinel and (e)–(f) Co-Dom 
spinel. [Reproduced from Ref. 2]
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A Functional Two-Dimensional Coordination Poly-
mer Revives Li−S Batteries 
The notorious sulfur-shuttling effect is suppressed with a functional 2D-coordination poly-
meric layer, which is a significant breakthrough in next-generation Li–S batteries.

T wo-dimensional (2D) poly-
meric layers have become a 

fascinating research topic because 
of their unique physical proper-
ties by design and their potential 
applications in sensing, catalysis 
and energy conversion. Their 
ultrathin feature also enables 
a highly efficient separation of 
gases and molecules based on a 
commonly reported size-exclusion 
mechanism. In particular, ultrathin 
2D polymeric layers are capable of 
separating gases and molecules 
based on that reported size-exclu-
sion mechanism. What is equally 
important but missing at present 
is an exploration of the 2D layers 
with charge functionality, which 
enables applications using the 
charge-exclusion principle.

In the study done by Jing-Kai 
Huang (KAUST Solar Center) and 
his co-workers, a free-standing 
2D-coordination polymer, namely, 
Zn2(benzimidazolate)2(OH)2, was 
synthesized at the air−water inter-
face, which improved the battery 
capacity and cycle performance.1 
The hydroxyl groups are stoi-
chiometrically coordinated and 
implement electrostatic charges 
in the 2D-structures, providing 
powerful functionality as a charge 
barrier. The authors applied syn-
chrotron-based grazing-incidence 
X-ray diffraction (GI-XRD) tech-
niques at TLS 23A1 to clarify the 
detailed structural information of 
layers of the zinc benzimidazolate 
coordination polymer (ZBCP) on 
water surfaces.

The GI-XRD reveals no evidence 
of a crystalline structure (Fig. 1), 

indicatng that the ZBCP layers 
might be amorphous in the in-
plane direction. Because of this 
amorphous nature, there should 
be no well defined pore structures 
within the ZBCP; the porosity 
analysis consequently showed no 
pronounced porosity in the ZBCP. 
Furthermore, the amorphous 
structure increased the tolerance 
to mechanical stress relative to a 
crystalline film, which is advan-
tageous for battery applications. 
This effect was inferred from the 
wrinkles but not cracks existing in 
the ZBCP thin film shown in SEM, 
OM and AFM images. The electro-
chemical performance of the Li−S 
battery shows that the Zn2(ben-
zimidazolate)2(OH)2 coordination 
polymer layers efficiently mitigate 
the polysulfide shuttling effects 
and greatly enhance the battery 
capacity and cycle performance.

In summary, a synthetic strategy 
was developed to grow a transfer-
able Zn-coordination 2D-polymer 
of large area, in which hydroxyl 
groups and the amphoteric zinc 
hydroxides play an active role in 

the separation or selection ac-
cording to the charge-exclusion 
principle. The charge-barrier 
feature has been integrated into 
the Li−S battery to mitigate the 
polysulfide shuttle effects by the 
electrostatic shield, greatly pro-
moting the Li−S capacity and cycle 
performance. (Reported by Yan-
Gu Lin)

This report features the work of 
Jing-Kai Huang and his co-workers 
published in ACS Nano 12, 836 
(2018).

 TLS 23A1  IASW – Small/Wide 
Angle X-ray Scattering
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Fig. 1:  (a) XRD profile with a broad amorphous halo and (b) GI-XRD profiles exhib-
iting only the crystalline peak from the sapphire substrate; these features 
indicate the non-crystalline nature of the film. [Reproduced from Ref. 1]
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Al Batteries Activated at Low Temperature 
A remarkable life > 20,000 cycles at rate 6C (charge duration 10 min) was achieved for an Al 
battery operating at low temperatures, corresponding to a battery life > 50 years if charged 
or discharged once daily.

A mong various battery techniques, the alumi-
num-ion battery has gained attention because 

of the great abundance, low cost and high safety of 
aluminum (Al). A rechargeable aluminum-ion bat-
tery (AIB) system based on reversible reduction and 
oxidation of aluminum at the Al negative electrode 

and reversible intercalation or deintercalation of chlo-
roaluminate anions at the graphite positive electrode 
has been intensively developed. Various ionic liquids 
are known to exhibit melting points well below 0 °C, 
which could be utilized to facilitate operation of the 
battery in cold conditions.

Fig. 1:  Synchrotron X-ray diffraction and battery charging in situ and operando. (a) XRD data of a graphite electrode in an alumi-
num–graphite battery in situ under charging to various voltages at -10 °C under 50 mA/g current. The voltages are in the range 
1.858–2.622 V from the bottom to the top curves. The XRD curves are displaced vertically for clarity. Adjacent curves of the 
same color were recorded along a voltage plateau (indicated at the right with a graphite staging number that is also labeled 
in the electrochemical charging curve in (b). (b) Aluminum–graphite battery-charging curve recorded simultaneously with XRD 
measurement with the corresponding graphite intercalation stages labeled along the curve. XRD data in situ in the (c) small-an-
gle and (d) larger-angle regimes showing details of the XRD peak evolutions of graphite during anion intercalation to different 
stages. The right-hand side labels are charging voltages (in volts). [Reproduced from Ref. 1]
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Bing-Joe Hwang (National Taiwan University of Sci-
ence and Technology) and his co-workers recently in-
vestigated rechargeable Al batteries composed of an 
Al negative electrode, a graphite positive electrode 
and an ionic-liquid (IL) electrolyte at temperatures 
down to -40 °C.1 The reversible battery discharge 
capacity at low temperatures could be superior to 
that at room temperature. X-ray diffraction (XRD) 
experiments operando at TPS 09A (Fig. 1) were per-
formed to probe the intercalation of chloroaluminate 
anions into the positive electrode, graphite, during 
electrochemical charging and discharging in situ of 
rechargeable aluminum batteries. These XRD data 
indicated that well defined staging and long-range or-
der exist in the anion–graphite intercalation structures.

The XRD data in situ indicated electrochemically driv-
en structural evolutions from stage n to stage n – 1 (n 
= integer; a staging number corresponding to every 
n graphene layers being intercalated with a layer 
of ions) of the anion–graphite intercalation com-
pound. The results revealed a surprisingly ordered 
anion-intercalation staging behavior in the graphite 
despite the large anion size and the remarkably sta-
ble graphite structure upon repeated intercalation 
and deintercalation with the large anions. Specifically, 
electrochemical and synchrotron XRD experiments in 
situ and operando combined with theoretical mod-
eling revealed stable AlCl4

−/graphite intercalation up 
to stage 3 at low temperatures, whereas intercalation 
was reversible up to stage 4 at room temperature. 
The higher-degree intercalation of anion or graphite 

at low temperatures affords a rechargeable Al battery 
with a greater discharge voltage (up to 2.5 V, a record 
for an Al battery) and energy density.

In summary, the reversible discharge capacity of the 
battery at low temperatures was superior to that at 
room temperature because of the increased staging 
stability and the reversibility of intercalation of chlo-
roaluminate anion in graphite at low temperatures. 
Electrochemical and synchrotron XRD experiments in 
situ and operando combined with theoretical mod-
eling revealed reversible stage 3 intercalation at low 
temperatures, whereas at room temperature inter-
calation was stable up to stage 4. A remarkable cycle 
life and high rate performance were achieved for an 
Al battery operating at temperatures down to -30 °C 
and -40 °C. (Reported by Yan-Gu Lin)

This report features the work of Bing-Joe Hwang and 
his co-workers published in Proc. Natl. Acad. Sci. USA 
115, 5670 (2018). 

TPS 09A  Temporally Coherent X-ray Diffraction
•  XRD
•  Materials Science, Surface, Interface and Thin Films, 
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Rapid Reconstruction of Amorphous Nanofilms for 
Bifunctional Electrocatalysts 
A facile strategy based on rapid reconstruction of amorphous nanofilm precursors is pro-
posed for the exploration of catalysts free of precious metals.

T he development of efficient bifunctional electrodes with extraordinary mass activity and robust stability is 
an eternal, yet challenging, goal for the water-splitting process. Under conditions of operation of the oxy-

gen-evolution reaction (OER) or the hydrogen-evolution reaction (HER), some perovskite electrocatalysts were 
recently found to undergo a slow reconstruction over the surface, which transformed into an amorphous phase 
of thickness ≈ 20 nm, resulting in increased activity. For such transformation to be utilized for the development 
of new electrode materials for water splitting would be highly attractive, but several challenges must be over-
come. First, the rate of reconstruction should be significantly increased; for a conventional process reported for 
perovskite electrocatalysts, a period of several hours is required for the electrode to attain the greatest activity, 
following which an amorphous film of thickness from several to dozens of nanometers was formed on the sur-
face of the perovskite oxides. Second, charge transfer in the reconstructed electrocatalysts is a great concern, 
as most perovskite oxides are poor electric conductors near 23 oC, which might significantly retard the reaction 
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Fig. 1:  (a)–(b) SEM images of SCFP-NF after (a) OER and (b) HER at current densities 10 and -10 mA cm−2 for 2 min. The scale bars are 
200 nm and 1 μm, respectively. (c)–(d) XAS of (c) Co and (d) Fe before and after the first LSV of OER. (e)–(f) XAS of (e) Co and (f) 
Fe before and after the first LSV of HER. [Reproduced from Ref. 1]

kinetics at the electrode. Third, crystal perovskite oxides are typically prepared at high temperature with a well 
sintered bulk and surface, resulting in a small specific surface area; the mass specific activity of the perovskite 
oxides is consequently small, even after surface reconstruction.

Zongping Shao (Nanjing University of Technology) and his co-workers recently developed electrocatalysts 
without precious-metal oxides, namely, SrCo0.85Fe0.1P0.05O3−δ (SCFP), to split water with outstanding activity and 
stability based on electrochemically induced rapid reconstruction of amorphous nanofilm precursors.1 Soft 
X-ray absorption spectra (XAS) at TLS 11A1 were used to detect the initial surface electronic structures of the 
transition metals in the SCFP nanofilms. The electronic structures of Co and Fe in SCFP before and after the first 
linear-sweep voltammetry (LSV) treatments are shown in Fig 1. The initial average oxidation states for Co/Fe of 
the SCF catalyst free of P are near those in the SCFP catalyst. The oxidation states of Co altered with a different 
tendency with or without P after the OER; explicitly, the portion of Co2+ decreased in SCF but increased with the 
presence of P in SCFP (Fig. 1(c)). The retention of the P element in the SCFP nanofilms indicated that an efficient 
and stable amorphous Co-P catalyst might be generated in situ. After the HER, the Co-L2,3 XAS revealed that all 
Co ions converted into Co2+ in both SCF (blue line) and SCFP (red line) catalysts (Fig. 1(e)). The state of Fe3+ in 
SCF (blue dashed line) and SCFP (red dashed line) remained unaltered after the OER as the Fe-L2,3 XAS (Fig. 1(d)) 
show little change. The poorly resolved spectral feature for SCF and SCFP relative to that for Fe2O3 (green line) 
indicates the existence of a low local coordination, as shown in Fig. 1(d) for the YBaCo3FeO7 (magenta line) 
spectrum with a FeO4 tetrahedral coordination. The Fe-L2,3 XAS of SCF (blue line) and SCFP (red line) after HER 
in Fig. 1(f) became much sharper; the t2g and eg related signals became well resolved. This effect indicates an 
increased coordination number of Fe ions, in turn an enhanced crystal field interaction of 10 Dq, especially for 
SCFP. Because of the larger electronegativity of P, its presence can draw electrons from the metal ions; the Fe ions 
thus become more positive and attract the additional ligands from solution, to benefit the HER activity.
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In summary, a facile strategy based on rapid reconstruction of amorphous nanofilm precursors is proposed for 
the exploration of catalysts free of precious metal and with satisfactory electronic conductivity, ultrahigh activity 
and robust stability. The rapidly reconstructed SCFP bifunctional catalysts show ultrahigh mass activity and pro-
tracted operational stability, significantly over-performing precious-metal catalysts at the state of the art. (Re-
ported by Yan-Gu Lin)

This report features the work of Zongping Shao and his co-workers published in Adv. Mater. 30, 1804333 (2018).

TLS 11A1  BM – (Dragon) MCD, XAS
•  MCD, PES, XPS, XAS
•  Condensed-matter Physics, Materials Science
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(2018).

Neutrons See the Mechanism of an Energy Materi-
al Without Destroying the Component
The advantages of neutrons as a probe are utilized, i.e. with sensitivity to Li and the ability to 
penetrate through the battery as a whole. Neutron diffraction has served in an investigation 
of the structural changes of the anode and cathode materials, with the focus on the former, 
that take place during charging and discharging.

T wo mainstream advanced-energy storage sys-
tems are well known and are under development 

for end-user applications. Lithium-ion secondary 
batteries (LIB) have already become practical as small 
power supplies for devices such as mobile telephones 
and notebook computers, but for large power sup-
plies, such as grid energy storage, the weight of the 
material that increases cost, environmental impact 
and cost performance, becomes the top priority 
instead of energy density. One candidate for the 
next generation of secondary batteries that has been 
proposed to meet this demand for large-scale energy 
storage is the sodium-ion secondary battery (SIB), 
that uses sodium instead of lithium as the charge 
carrier.1 

For this application, there is no doubt that safety 
during discharging and efficiency upon charging are 
the most urgent issues for the lithium-ion batteries, 
especially at low temperature. Investigations of the 
phenomena on an atomic scale are essential for a 
full understanding of the processes during battery 
operation. Also, batteries are operated within a broad 
temperature range, both below and above room 
temperature, and temperature change affects the 
performance and safety limits. Li-plating, i.e. forma-

tion of lithium metal on the graphite anode, severely 
degrades the performance of the battery, including 
loss of capacity, increased impedance, slowed activity 
and accelerated aging. Neutron diffraction has been 
used to investigate the structural changes of the 
anode and cathode materials, with the focus on the 
former, that occur during charging and discharging.2 
Chun-Ming Wu (NSRRC) utilized the advantages of 
neutrons as a probe, i.e. the sensitivity to Li and an 
ability to penetrate through the battery as a whole, to 
undertake an nvestigation in operando on an LIB of 
18650 type at and below ambient temperature with 
the first Taiwan cold-triple axis spectrometer ─ SIKA 
at OPAL, ANSTO.3 

Figure 1 shows the temporal evolution of neutron 
diffraction patterns over scattering angle 2θ in the 
range 35° to 42° in monitoring the LiCx from the LiC6 
phase transition to the graphite phase for the dis-
charging or the opposite transition for the charging 
state at varied temperature. The five stages in Fig. 1 
show the substantial loss of capacity at low tempera-
ture, especially at -20 oC at which the capacity was 
found to decrease to 229.5 mAh, which is one sev-
enth that at ambient temperature (stage 1). Stage 4 
at ambient temperature was tested to verify whether 
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Fig. 1:  Temporal evolution of neutron-diffraction patterns collected for a 18650 cell with the NMC cathode corresponding to the state 
of charging (voltage) at five stages of temperature and current rates: (1) discharge phase (CC), (2) is the charge phase (CC) and 
(3) is the relaxation phase (CV) in the battery operation. [Reproduced from Ref. 3]

the battery returns to the original state, i.e. the rate 
of Li extraction and recovery of capacity after cooling 
the battery to -20 oC. The data indicated that the bat-
tery showed only a negligible memory effect, ~3%, as 
discussed in the article.

A concept similar to the neutron technique was con-
ducted by Chia-Ching Chang (National University of 
Taiwan) who investigated the Na+ ion deintercalation 
in the charging stage of the first cycle. As shown in 
Fig. 2 and 3, the lattice spacing of (002) (d200) ex-
panded from 4.755 to 4.806 Å with cell voltage from 
2.0 to ~3.9 V. On increasing voltage further to 4.3 V, 
d200 maintained 4.806 Å. A plateau of lattice spacing 
between 3.9 and 4.3 V implies a large energy barrier 
for the diffusion of Na+ ions. During charging, the 
polarization curve shows a profile similar to that of a 
distribution of diffusion-controlled ion concentration 
in a solid-state crystal, with capacity increasing from 
0 to 300 mA h. In this curve, an inflection point for 
different slopes of a plot for capacity vs voltage was 
found, implying an interface for the ion diffusion 
barrier at 3.9 V.4

Chang’s group observed a region of slow exchange 
from Na+ to defect site, in the decreased capacity to 
voltage slope at a voltage greater than 3.9 V. In this 
voltage range, a slight decrease of d102 from 2.420 to 

Fig. 2:  Neutron diffraction results in operando and the corre-
sponding polarization curve of a 18650 cell operating 
between 2.0 and 4.5 V during charging. [Reproduced 
from Ref. 4]

2.418 Å resembled a local compression or distortion 
in lattice planes intersecting with plane (002). An 
expansion might be attributed to a local distortion 
mostly at Fe sites. On increasing the cell voltage to 4.5 
V, d002 expanded to 4.825 Å. In this stage d102 shifted 
back to its original width, revealing a relaxation of the 
local distortion upon the completion of ion diffusion 
channels in NFMO. According to the neutron diffrac-
tion in operando conducted by Echidna in ANSTO, 
the scenarios for Na+ deintercalation behavior in the 
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Fig. 3:  Neutron-diffraction pattern in operando of a NFMO cathode in a 18650 
cell operating from 2.0 to 4.5 V. [Reproduced from Ref. 4]

NFMO crystal with respect to voltage change in the 
SIB charging process include (1) Na+ ions relocating 
from lattice points to ion channels from 2.0 to 3.9 
V. In this stage, Na+ ions tend to accumulate in the 
lattice planes perpendicular to axis c as revealed by 
expansion of d002 from 4.755 to 4.806 Å. In this event, 
Na+ intercalation generated a lateral expansion in 
plane (002) and thus compressed the lattice spacing 
of intersecting lattice planes (i.e., (102)). (2) from 
3.9 to 4.3 V, the capacity increased from 133 to 267 
mAh. In the absence of d000 expansion, Na+ relocation 
occurred without generating additional distortion 
in planes (002) and was mainly in ion channels. In-
creasing voltage further from 4.3 to 4.5 V slightly 
expanded d002 to 4.825 Å, which accounts for further 
Na+ intercalation and a structural alignment in the ion 
channels. In this event, expansion of d102 (i.e., relax-
ation of lateral strain in ion channels) to its original 
value complementary explains the interplays of lattice 
strains between intersecting lattice planes from 3.9 to 
4.5 V. We cross-referred the obtained results also with 
X-ray absorption spectra and X-ray diffraction. Our re-
sults reveal that the local structural distortion appears 
at Fe sites bit is absent at Mn sites of NFMO crystals 
in the first charging process. After 100 cycles, the 
transformation of octahedral to tetragonal symmetry 
proves a chemical interaction of Fe sites in the NFMO 
crystal. Such a transformation can be attributed to a 
formation of amorphous NaFeOx structures, but the 
Mn sites showed a greater affinity for Na+ storage 
relative to the Fe sites and maintained their local 
symmetry unaltered, hence suppressing the capacity 
reversibility in a SIB. (Reported by Chun-Ming Wu)

This report features the work of Chun-Ming Wu, Chia-
Ching Chang and their collaborators, published in (1) 
Physica B: Condensed Matter 551, 305 (2018), and (2) 
J. Phys. Chem. C 122(24), 12623 (2018).

ANSTO-CG4 SIKA – Cold Neutron Triple-axis Spec-
trometer 

ANSTO-TG1 ECHIDNA – High-resolution Powder 
Diffractometer

•  Elastic/Inelastic Neutron Scattering, Neutron Pow-
der Diffraction

•  Single Crystal, Superconductivity, Magnetism, Ener-
gy Materials, Material Structure
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T he issues of the environmental and earth sciences 
are generally strongly related to the interactions 

among four fundamental components for life, includ-
ing the solid Earth, living organisms, air and water, 
and the geomagnetic polarity reversal of the Earth. 
Scientists combine interdisciplinary knowledge and 
methods drawn from geology, physics, chemistry and 
biology to discover the solution of environmental 
problems induced by the consequences of natural 
and anthropogenic activity. A synchrotron facility 
can now provide an integrated and interdisciplinary 
approach. Ever since purpose-built synchrotron-based 
X-ray beamlines and an infrared beamline were 
constructed in the 1990s at Taiwan Light Source 
(TLS), several dedicated X-ray beamlines at Taiwan 
Photon Source (TPS) were subsequently completed 
and opened to public access since 2016 to provide 
semi-coherent and ultra-bright light sources for 
elemental analysis, element oxidation states and 
time-resolved spectral information of transient inter-
mediate states in situ in the course of chemical reac-
tions, X-ray fluorescence analysis, ultra-high laterally 
resolved chemical mapping and 3D-tomographic 
imaging with nanoscale resolution, chemical analysis 
of functional groups and chemical imaging.

The dedicated endstations for synchrotron-based 
X-ray absorption spectroscopy (XAS) at TPS 44A, a 
transmission X-ray microscope (TXM) at TLS 01B1, 
SWLS-X-ray absorption spectroscopy at TLS 01C1, 
X-ray absorption spectroscopy for XANES and EXAFS 
at TLS 17C1 and a FTIR microspectrometer at TLS 
14A1 have become popular techniques with inter-
disciplinary capability to resolve particular elements 
or functional groups and to provide phase-contrast 
3D-tomographic imaging for environmental materi-
als. (by Yao-Chang Lee)

Environ-
mental  
and Earth  
Sciences
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Rethinking Anaerobic Arsenic(III) Oxidation
Microorganisms play a key role in the redox transformation of arsenic (As) in aquifers. Under 
anaerobic conditions, more toxic As(III) species are typically predominant over As(V). X-ray ab-
sorption spectra show, however, that nitrate respirers can oxidize As(III) to As(V) using nitrate 
as an electron acceptor instead of oxygen within anaerobic landfills. This As(III) oxidation by 
nitrate respirers is beneficial for As immobilization in situ and to diminish the health risk of 
drinking elevated As groundwater.

D uring recent decades various treatment tech-
niques have been extensively studied to remove 

As from groundwater.1 As a consequence, As-bearing 
solid residuals in a significant amount are generated 
and disposed in landfills, in which the speciation and 
fate of As are generally determined by ubiquitous 
microbes in the aquifer. A series of bacteria have 
been isolated and employed to transform As(III) to 
As(V) for its remediation, because As(V) is much more 
strongly adsorbed on minerals than As(III). Consid-
ering the ubiquitous existence of As(III)-oxidizing 
bacteria in groundwater, these indigenous bacteria in 
groundwater could affect the speciation of adsorbed 
As in filters. In the subsurface under anoxic condi-
tions, large nitrate concentrations generally restrain 
the release of As through the nitrate-dependent 
bacterial oxidation of As(III), but the impact of indig-
enous nitrate respirers in groundwater on the oxida-
tion of As(III) in filters and of the subsequent landfill 
of the As-laden materials remains unclear.     

Conceptually, the oxidation of As(III) is rooted at the 
microbe-arsenic-interface reaction. That situation 
is exactly what Chuan-Yong Jing (Chinese Academy 

Fig. 1:  (a) Variation of As(III) composition and (b) As K-edge XANES spectra on spent GTiO2 during simulated anaerobic landfill using 
LCF analysis. Experimental spectra of XANES are displayed as dashed lines. (c) Schematic diagram showing that nitrate respirers 
anaerobically oxidized As(III) to As(V) using nitrate as a terminal electron acceptor. [Reproduced from Ref. 2]

of Sciences) and his team studied to investigate the 
As(III) oxidation on granular TiO2 (GTiO2) with ni-
trate-dependent indigenous bacteria.2 Collaborating 
with Ting-Shan Chan (NSRRC), Jing’s team acquired 
As K-edge X-ray absorption near-edge-structure 
(XANES) spectra at TLS 01C1 at cryogenic tempera-
ture (77 K) under ultra-high vacuum conditions, 
which precluded sample damage from X-ray-induced 
As(III) oxidation on TiO2. NaAsO2 and Na2HAsO4·7H2O 
served as references for As(III) and As(V), respectively. 

Figure 1 illustrates the As K-edge XANES spectra 
taken from samples of three treatments, including 
geogenic groundwater (GGW), GGW amended with 
10 mg/L nitrate (GGW+NO3

-) and simulated ground-
water (SGW) in GTiO2 filters. The standards As(III) 
and As(V) exhibited disparate signals centred about 
11,870 and 11,874 eV, respectively, which result from 
transitions from 1s states to 4p states. The transfor-
mation of As(III) to As(V) on TiO2 under indigenous ni-
trate respirers in groundwater was identified by their 
signal shift. With linear-combination fitting (LCF), the 
results shown in Fig. 1(a) demonstrate that, at the 
beginning of anaerobic incubation after filtration 
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(t = 0 d), As(III) on spent GTiO2 for SGW (black), GGW (blue) and 
GGW+NO3

- (red) were 87%, 71% and 71%, respectively. During 
the 10-d anaerobic landfill simulation, the As(III) content in SGW 
remained roughly constant from 87% at day 0 to 83% on day 10, 
showing no significant redox transformation of As species. In con-
trast, the content of As(III) in GGW decreased from 71% to 64% on 
day 4 and to 46% on day 10. Interestingly, the fraction of As(III) in 
GGW+ O3

- showed a larger decrease from 71% to 38% on day 4, 
and to 25% on day 10. This observation indicates that some indig-
enous microbial species in the groundwater oxidized As(III) using 
nitrate as an electron acceptor in the absence of oxygen. 

Iron species that are widely distributed in groundwater can im-
pact As(III) oxidation. To identify their effect on As(III) oxidation, 
Jing’s team also collected Fe K-edge XANES spectra at cryogenic 
temperature (77 K) at TLS 01C1. As Fig. 2 shows, the retained Fe 
on GTiO2 was dominated by amorphous iron(III) arsenate (amFeAs 
O4) (67–69%), ferrihydrite (24–26%), and a small proportion of 
goethite (5–8%). The Fe phase showed no change during incu-
bation for 10 d under anaerobic conditions, which indicates that 
oxidation of adsorbed As(III) was unrelated to Fe.

Arsenic biogeochemistry in groundwater aquifers is determined 
predominantly by ubiquitous microbes. The XAS results provided 
solid evidence that As(III)-oxidizing microorganisms depended on 
the reduction of nitrate rather than oxygen in the groundwater. 
In groundwater systems, a suitable electron acceptor for microbial 
As(III) oxidation is restrained by the redox chemistry of all terminal 
electron acceptors. The succession of the electron-accepting pro-
cess for As(III) oxidation generally follows the order oxygen, nitrate, 
manganese, iron, sulfate and methanogenesis. In an oxygen-limit-
ed aquifer, nitrate therefore becomes first respired by microorgan-
isms as the ecologically significant oxidant for anaerobic As(III) oxi-
dation to As(V), which has a greater adsorption affinity for minerals 
in soil. The microbial-mediated As(III) oxidation by nitrate is bene-
ficial for As immobilization in situ in groundwater and diminishes 
the health risk of As from groundwater to local residents.

In summary, Jing used XAS measurements to reveal that the As(III) 
adsorbed in spent filters is oxidized to As(V) in the presence of 
nitrate without oxygen. This work highlights that the presence of 
nitrate improves microbial As(III) oxidation in groundwater and 
facilitates immobilization of As in situ on spent adsorptive media 
under anaerobic conditions. (Reported by Ting-Shan Chan)

This report features the work of Chuan-Yong Jing and his collabora-
tors published in Chemosphere 196, 223 (2018).

TLS 01C1  SWLS-X-ray Absorption Spectroscopy 
•  XANES
•  Environmental Science, Chemistry, Surface

Fig. 2:  Iron K-edge XANES spectra on spent 
GTiO2 in columns during simulated 
anaerobic landfill. Experimental spectra 
are displayed as dashed lines. The solid 
lines are the LCF results. [Reproduced 
from Ref. 2]

The photo of the research team taken at TLS 
01C1 – (left to right) Ting-Shan Chan (NSRRC), 
Chuan-Yong Jing (RCEES, CAS), and Jin-Li Cui 
(RCEES, CAS).
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Evolving O2 (OER) Cleans Waste Water
It was evident that a CoOx/Co-black composite electrode can accumulate reactive oxygen 
species (ROS) and other oxidants for the treatment of latrine wastewater that was collected 
on the Caltech campus….

X-ray absorption spectra (XAS), X-ray photoelectron spectra (XPS) 
and electron paramagnetic resonance (EPR) spectra of Co-black 

indicate that bulk oxygen vacancies (Oν) are the primary source of an 
enhanced conductivity. A CoOx/Co-black composite electrode was 
found to be active for the electrochemical production of reactive ox-
ygen species (ROS) and other oxidants (i.e., reactive chlorine species 
(RCS)) for the treatment of waste water.

TiO2 has long been recognized as a stable and reusable photo-cat-
alyst for water splitting and pollution control, but it is an inefficient 
anode material in the absence of photo-activation because of its 
poor electron conductivity. To overcome this limitation, conductive 
TiO2 nanotube array electrodes in a series have been developed. 

Conductive TiO2 nanotube arrays (NTA) either blue or black in ap-
pearance have been reported. Both electrochemical and thermal 
reduction promote the formation of Ti3+ sites and adjacent oxygen 
vacancies (Oν) in TiO2. The idea essentially is to fill the Ov by oxidizing 
Ti3+ via adsorbed oxygen species. Conductive NTA electrodes are 
known to have satisfactory electrochemical oxidation activity.1,2 The 
concentration of oxygen vacancies (Oν) decreases in the order black 
(22%) > blue (17%) > pristine NTA (12%). XPS analyses also found 
that Co doping results in a significantly decreased Ti oxidation state 
in Co-black NTA and creates more surficial Ov (25%) (Fig. 1 and 
2(a)). 

Fig. 1:  X-ray photoelectron spectra of 
(a) Ti 2p and (b) Co 2p orbitals 
[Reproduced from Ref. 3]

Fig. 2:  (a) Deconvolution analyses of O 1s X-ray photoelectron spectra; (b) Co K-edge XAS (insert: enlarged view of pre-edge 
structure). [Reproduced from Ref. 3]
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Michael R. Hoffmann (California 
Institute of Technology) collabo-
rating with Sofia Ya Hsuan Liou 
(National Taiwan University), syn-
thesized cobalt-doped black-TiO2 
nanotube array (Co-black NTA) 
electrodes and showed that this 
electrochemical system exhibits 
a smaller OER (oxygen evolution 
reaction) over-potential (352 mV) 
than a dimensionally stable IrO2 
anode (DSA) (434 mV) electrode, 
and was stable for more than 200 
h of continuous operation in a 
NaClO4 electrolyte at 10 mA cm−2.3

The oxidation state and coordina-
tion environment of the Co dop-
ant were further investigated with 
XAS. The Co K-edge XAS were 
recorded at TLS 17C1. The absorp-
tion edge of Co-black overlaps 
with that of CoO, indicating that 
the surficial Co ions of Co-black 
are identified as Co2+ (Fig. 2(b)). 
The overall Co K-edge profile of 
Co-black also clearly revealed 
differences in the coordination 
structure from that of oxide par-
ticles. In particular, the pre-edge 
signals of Co-black corresponding 
to 1s−3d electronic transitions are 
present in an Oh configuration, un-
like CoO and Co3O4.4 Given that no 
CoOx particulates were found with 
both SEM and TEM, Co2+ in Co-
black is hence atomically doped 
into the lattice of TiO2, adopting 
the same Oh configuration.

Furthermore, the coordination 
structure of Co2+ remains intact 
after electrolysis for 100 h, as 
indicated by the unchanged Co 
K-edge profiles of Co-black before 
and after use (Fig. 2(b)). With all 
these observations combined, the 
authors suggest that Co2+ is ef-
fectively immobilized on NTA and 
its reduced valence state results 

not from H2 reduction but from a 
strong Co−TiO2 interaction.

The Co−TiO2 interaction is strong 
enough to prevent Co leaching at 
circum-neutral pH. Co-black was 
hence further applied to treat 
latrine wastewater that was col-
lected on the Caltech campus in 
a prototype solar-toilet system.5,6 
The results indicate that Co-black 
outperforms the IrO2 DSA through 
its greater CER activity (Fig. 3(a)). 
As expected, the chemical-ox-
ygen-demand (COD) removal 
capability of Co-black is superior 
to that of IrO2 DSA and C-DSA 
(commercialized IrO2 DSA) (Fig. 
3(b)). The effluent after 8 h of 
treatment appears clear and suit-
able for non-potable water reuse 
(Fig. 3(c)). In conclusion, this work 
demonstrated that cobalt-doped 
black TiO2 nanotubes serving as a 
stable anode for oxygen evolution 
can be effective for electrochem-
ical treatment of waste water. 
(Reported by Steve S.-F. Yu, Aca-
demia Sinica)

This report features the work of 
Michael R. Hoffmann, Ya Hsuan 
Liou and their collaborators pub-
lished in ACS Catal. 8, 4278 (2018).

TLS 17C1  W200 – EXAFS
•  XANES
•  Environmental Science
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Fig. 1:  Palaeomagnetic record for Sanxing stalagmite SX11 at 107–91 ka. (a) In-
clination record with 230Th ages and 2s errors. Horizontal dashed lines are 
inclinations for a geocentric axial dipole field at the site. Yellow and blue 
bars, respectively, denote regional normal and reversed polarity palaeose-
cular variation ranges. Inclination data points for secular variation ranges 
of normal and reversed polarity are labelled with black and red squares, 
respectively; data outside the normal range of palaeosecular variation are 
indicated with hollow squares. Two excursions, PB1 and PB2, are indicat-
ed in the magnetostratigraphic column. (b) Relative declination record. 
[Reproduced from Ref. 1]

The Earth’s Polarity Can Flip Within a Hundred Years
Geomagnetic polarity reversal occurred frequently in the history of the Earth. Lacking high-
ly sensitive magnetic archives and dating technologies, the details of the reversal transition 
are poorly understood. With highly sensitive magnetic archives and dating technologies 
combined with a non-destructive high-resolution synchrotron X-ray microscope, rapid geo-
magnetic oscillations and centennial polarity reversal events during geomagnetic excursion 
100,000 years ago have been discovered inside a stalagmite.    

O ver the past century, the inten-
sity of the Earth’s magnetic field 

has decreased 10–15%, which might 
constitute possible pre-evidence for 
geomagnetic polarity reversal. The 
transition duration and detailed pro-
cess of a reversal event have remained 
unclear because of the absence of 
highly sensitive magnetic archives 
and dating techniques. Chuan-Chou 
Shen (National Taiwan University) and 
Yu-Min Chou (Southern University of 
Science and Technology), combined 
leading-edge U-Th radioisotopic dat-
ing with precision of a few decades 
and highly sensitive palaeomagnetic 
analysis of magnetic minerals in a 
stalagmite with a non-destructive 
synchrotron X-ray microscope with 
high spatial resolution; the results 
reveal details of repeated asymmetric 
inter-hemispheric polarity oscillations 
with durations from centuries to mil-
lennia,1 as shown in Fig. 1. The unique 
saw-tooth polarity oscillation behavior 
was named a Chou Oscillation ac-
cording to the common word in the 
two corresponding author’s names. A 
surprisingly abrupt centennial rever-
sal transition 98,000 years ago that 
occurred in just 144 ± 58 years is also 
shown in Fig. 1; this event was ten 
times as rapid than was previously thought. 

In this work, the magnetic minerals embedded inside 
a stalagmite were precisely positioned with difficulty 
and hard to be studied using other destructive tech-
niques, such as an electron microscope. The authors 
used a synchrotron transmission X-ray microscope 
(TXM, TLS 01B1) and white X-ray microscope (WXM, 
TLS 01A1) for the imaging and positioning of the 
magnetic minerals embedded inside the stalagmite, 
non-destructively. The fracture shape of the magnet-
ic minerals embedded inside the stalagmite provides 

important evidence to clarify the source of the mag-
netic minerals, which was from detritus of the topsoil 
or rock, but not authigenically neoformed after the 
deposition. The magnetic minerals inside the stalag-
mite can thereby record the geomagnetic history with 
great precision. 

In summary, geomagnetics play a crucial role to pro-
tect life on earth from the attack of high-energy parti-
cles from outer space. If the geomagnetic polarity can 
reverse so quickly, such an abrupt event occurring in 
the future could disturb animal navigation and radio 
communications, and damage satellites, electronic 
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power systems and the global internet 
system. The variation of geomagnetic 
polarity is worth noting; the behavior 
can hence be well understood accord-
ing to the paleo-records inside a stalag-
mite using this new diagnostic method. 
(Reported by Chun-Chieh Wang)

This report features the work of Ch-
uan-Chou Shen, Yu-Min Chou and their 
co-workers published in Proc. Natl. 
Acad. Sci. USA 115, 8913 (2018).

TLS 01A1  SWLS – White X-ray
TLS 01B1  SWLS – X-ray Microscopy
•  TXM, WXM
•  Geo-sciences

Reference
1. Y.-M. Chou, X. Jiang, Q. Liu, H.-M. Hu, 

C.-C. Wu, J. Liu, Z. Jiang, T.-Q. Lee, C. 
-C. Wang, Y.-F. Song, C.-C. Chiang, L. 
Tan, M. A. Lone, Y. Pan, R. Zhu, Y. He, 
Y.-C. Chou, A.-H. Tan, A. P. Roberts, 
X. Zhao, C.-C. Shen, Proc. Natl. Acad. 
Sci. USA 115, 8913 (2018).

Fig. 2:  Images obtained using a synchrotron white X-ray microscope (WXM, TLS 
01A1), transmission optical microscope (TOM) and a transmission X-ray 
microscope (TXM, TLS 01B1) for the Sanxing stalagmite SX11. (a) WXM 
image of a thin stalagmite section obtained at 530–550 mm depth. (b) 
TOM image at 535 mm (dashed-line area in (a)). (c) TXM absorption and 
phase-contrast images obtained at the m01 zone of (b). Dense particles 
could be detrital magnetic minerals (dark spot/area in absorption images) 
with grain sizes 0.1 to tens of µm. [Reproduced from Ref. 1]

Synchrotron-Based FTIR Microspectroscopy Prom-
ises a Non-Destructive Measurement in Situ of 
Organic Carbon in Soil to Solve an Environmental 
Problem
As global awareness of environmental protection increases, this issue of environmental con-
cern is attracting global attention and becoming more serious. Luo et al. are the first team 
to elucidate spectral evidence of the roles of organic carbon moieties present in the sorption 
of non-ionic organic compounds in soils using synchrotron-based Fourier-transform infrared 
(SR-FTIR) microspectroscopy without chemical pre-treatment and extraction of soil samples. 

H uman activities introduce nitro-aromatic compounds into the environment as a result of the synthesis of 
many and diverse products, such as dyes, pesticides, polymers and explosives; the environment on which 

our life relies would be the final destination, especially soil and sediment. Non-ionic organic compounds (NOC) 
that play a crucial role in soils and sediments in adsorbing organic carbon (OC) involve a main environmental 
process, including the interactions of soil-sediment environments with human activities and the regions of the 
surface. To understand the role of sorption of NOC in various environmental processes is hence crucial for a pre-
diction of their environmental fate. So far, the organic carbon moieties as the sorptive target of non-ionic organic 
compounds such as nitro-aromatic compounds in soils is puzzling because of the extremely complicated com-
positions of soil matrices. Current studies on the sorption mechanisms rely mainly on conventional batch exper-
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Fig. 2:  Presentation of infrared spectral 2D-distributed nitro-, C-functional groups and illite O-H in black soil (thin section) using SR-
FTIR microspectroscopy. The field of view of the examined sample is 100 × 120 mm2. The intensity of each line height of charac-
teristic absorption of chemical moieties is scaled according to a color scale at the right. [Reproduced from Ref. 1]

Fig. 1:  (a) Visible image of a soil thin section (left), and SR-FTIR spectral images of color overlays of chemical images of aromatic C 
(green) and NO2 (red) in mDNB-spiked brown soil (right). (b) Infrared spectra of standard nitro-aromatic compounds in mD-
NB-spiked soils. [Reproduced from Ref. 1]

iments. The team led by Lei Luo (Chinese Academy of Sciences) utilized SR-FTIR microspectroscopy for probing 
nitro-aromatic compounds in soils with varying hydrophobicity and their associations with aliphatic and aromatic 
organic carbon moieties. Non-destructive analysis is one of characteristics of SR-FTIR microspectroscopy, which 
provides a spectral analysis and chemical image with ultra-high lateral resolution at diffraction-limited wave-
length in the mid-infrared range for a tiny sample, about 10 × 10 mm2. 

Luo elucidates spectral evidence of the existing roles of organic carbon moieties in the sorption of non-ionic 
organic compounds in soils, using SR-FTIR microspectroscopy in situ to provide 2D-distributed chemical imag-
es without chemical pretreatment and extraction of soil samples, as illustrated in Fig. 1.1 Chemical images of a 
soil sample were established for nitro (-NO2), aromatic C, carboxylic C (C=O), aliphatic C and clay mineral (O-H) 
groups based on the heights of spectral lines at 1536, 1613, 1730, 2922 and 3621/ 3695 cm-1, respectively, as 
shown in Fig. 2, which present both nitro groups and OC moieties to exhibit an uneven distribution within the 
soil. Although distinct in terms of OC content and clay mineral types, all soil samples showed similar 2D-distrib-
uted line heights of the nitro group and OC species and clay minerals (nO-H stretching vibration at 3621 cm-1 
from illite for black and brown soils and at 3695 cm-1 from kaolinite for red soil). Specifically, the nitro-aromatic 
compounds and aromatic moieties (νC=C stretching vibration at 1613 cm-1) showed similar 2D-distribution spec-
tral imaging patterns in the soils, revealing that the local number of densities of nitro groups and aromatic C 
correlate strongly with each other within the soils. 
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In summary, this application marks the first time that SR-FTIR microspectroscopy in situ are employed at TLS 
14A1 to disclose the 2D-distributed nitro-aromatic compounds in soil samples, in an investigation of the cor-
relation with OC moieties in soils. Microspectral evidence supports the perspective that 2D-distributed NOC are 
associated intimately with aromatic C among components of natural soils, especially with highly hydrophobic 
compounds. The SR-FTIR microspectroscopy in situ present a promising potential to elucidate the interaction 
between organic carbon moieties and the contaminants of geo- and bio-samples based on investigations in situ 
with the lateral resolution on a micrometer scale, which might enable further exploration of reaction mecha-
nisms of organic carbon and organic contaminants during environmental processes. SR-FTIR microspectroscopy 
in situ especially provide a non-destructive analysis so as to maintain soil samples under pristine conditions, to 
validate the difference in the binding domains between aromatic C and aliphatic C, and to construct a relation 
between the 2D-distributed infrared absorbance of NOC and various OC moieties in natural soil samples. And 
the result revealed that nitro-aromatic compounds and organic carbon moieties were unevenly distributed with-
in the soils and the lateral distribution of nitro-moieties was intimately correlated with that of aromatic-carbon 
moieties (C=C). Based on these findings, Luo suggested that the aromatic-carbon moieties of organic carbon in 
soil should play a key role to trap nitro-aromatic compounds in these soils; in contrast, neither nitro groups nor 
aromatic carbon showed a close relation with aliphatic carbon (C-H) in the distribution of soil samples. This work 
can answer effectively the question of the role of OC moieties as binding domains for NOC in soils. (Reported by 
Yao-Chang Lee)

This report features the work of Lei Luo and his collaborators published in Sci. Total Environ. 624, 210 (2018).

TLS 14A1  BM – IR Microscopy 
•  FTIR Microspectroscopy
•  Environmental Science, Chemistry, Surface

Reference 
1. L. Luo, J. Lv, Z. Chen, Sci. Total Environ. 624, 210 (2018).




