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Battery and capacitor are each an indispensable 
component of electronic products in contempo-
rary human life. Many researchers devote time to 
related topics and fields. In this work, Nae-Lih Wu 
led his group to develop a new mixed pseudoca-
pacitor-battery electrode material. A metal oxide 
such as MnO2 is an electrode material famous for 
not only its low cost, natural abundance and envi-
ronmental compatibility but also its outstanding 
rate and high-capacity performance. The specific 
energy (E) of a capacitor is described with

E=1/2CΔV 2=1/2QΔV

in which C is the specific capacitance, ΔV is the 
operating voltage range, and Q is the specific 
charge-storage capacity. There are two obvious 
factors to improve the specific energy, the charge-
storage capacity and the operating potential win-
dow (OPW) of the pseudocapacitor electrodes. 
Until now, the charge-storage capacity of MnO2-
based pseudocapacitors has been limited to a 
small fraction of a one-electron transfer between 
Mn(IV) and Mn(III) ions per unit formula of 
MnO2  with OPW ≤ 1 V.1 To exceed this charge-
storage limit, new strategies that enable revers-
ible electron transfer between Mn ions of lower 
valences are required, which also means that the 
OPW must be extended to lower potentials. A 
novel design of metal-oxide pseudocapacitor 
demonstrated to widen substantially the operat-
ing potential window can store electrical energy 
by electron-charge transfer between electrode and 

electrolyte. Wu’s group designed a MnO2-SiO2 
nanostructured composite exhibiting unique 
mixed pseudocapacitance-battery behavior.2

Synchrotron powder diffraction patterns were 
measured at BL01C2. Patterns of porous Mn-Si-
O (MSO) composite show also a broad hump 
that is attributed to the SiO2 component. The 
signals of MSO are much broader than those of 
MnO2 control powder, which means that the 
average size of birnessite crystallites in the MSO 
sample is less than that in the control powder. 
Based on the Debye-Scherrer equation, the 
average crystallite size of MSO powder is 4.2 nm 
and 13.8 nm for the MnO2 control powder. For 
the MnO2 control powder, the structure changes 
from birnessite to spinel when the potential 
ranges from -1 to 1 V (shown in Figs. 1(b) and 
1(c)). In contrast, for the MSO powder, the oxide 
particles disappeared after the conditioning cycles 
between -1 and 1 V. The XRD data acquired 
before and after the conditioning cycles enabled 
two major conclusions. First, electrochemical 
reduction of birnessite leads to an irreversible 
structure transformation into a more compact 
spinel structure. Second, the interfacial binding 
between the MnO2 nanodomains and SiO2 might 
help to prevent the structure transformation and 
volume contraction. These conditions might 
form the reason that the MSO electrode retains a 
more open birnessite structure suitable for a large 
charge-storage capacity.

The cycling stability of the MSO electrode was 
measured in CV scans at 20 mVs−1. The MnO2 
control electrode lost more than 90 % capacity 
about 500 cycles, but the MSO electrode retained 
68 % stability after 5000 cycles (shown in Fig. 
2). No precipitation was observed during the 
conditioning cycles of the MSO electrode, indi-
cating no Mn2+ dissolution. These results show 
clearly that the MSO material design successively 
protects MnO2 from erosion when the electrode 
operates in a region of low potential.

The kinetic mechanism of the MSO electrode 
was investigated with the aid of Mn K-edge ab-
sorption spectroscopy in operando at BL17C1. 
In Fig. 3(a), the Mn K-edge absorption energy is 
proportional to its oxidation state. In general, the 
energy decreases with decreasing Mn valence. 
During a cathodic CV scan from -1 to 1 V, shown 
in Fig. 3(b), the absorption edge shifted toward 
smaller energy. The lack of an isosbestic point 
among all absorption spectra indicates that the 
Mn oxide domains remained single phase and 
charge transfer between Mn(IV) and Mn(III) 
proceeds through a solid-solution intercalation 
mechanism (SSI). During the anodic scan from 
-1 to -0.3 V, the absorption edge further shifted to 
smaller energy, which reveals that charge transfer 
from Mn(III) to Mn(II) is incomplete and a nega-
tive capacitance appeared during the early stage 
of the anodic scan. In the absorption spectra was 
observed an isosbestic point among data recorded 

A Mixed Pseudocapacitor-Battery Electrode with High 
Capacity and High Rate Character

Fig. 2: Specific capacity versus cycle number for MSO and MnO2 electrodes. 
[Reproduced from Ref. 2]

Fig. 1: Powder diffraction patterns: (a) mesoporous SiO2 host powder, (b) MnO2 
control (birnessite), (c) MnO2 after  conditioning cycles (spinel) between -1 and 1 V, (d) 
MSO composite powder, and e) MSO electrode after conditioning cycles between -1 
and 1 V. [Reproduced from Ref. 2]
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tion and extraction has two kinetic types, a homogeneous SSI mechanism 
and a heterogeneous TPR mechanism (shown in Fig. 4). In the SSI mecha-
nism, the inserting cations randomly enter or leave the host matrix without 
creating a new domain. In contrast, in the TPR mechanism, the inserting 
cations create distinct domains, either local or long-range.

at -1, -0.3 and 0.2 V, indicating that the cation insertion or extraction proceeds 
through a two-phase reaction mechanism (TPR).

In sum, charge transfer during charge and discharge of MnO2 pseudocapaci-
tive electrodes involves not only the adsorption and desorption of cations but 
also the insertion and extraction of cations. The mechanism of cation inser-

Fig. 3: Mn K-edge XANES analysis: (a) spectra of standard powders with varied oxidation states; (b) spectra in operando of the MSO electrode acquired during reduction from 1 to 
-1 V (dashed lines delineate the edge profiles of standard powders including, from left to right, MnO, Mn3O4 and MnO2); (c) spectra during oxidation from -1 to 0.2 V, and (d) spectra 
during oxidation from 0.2 to 1 V (dashed line indicates the initial spectrum of the electrode). [Reproduced from Ref. 2] 

Fig. 4: Charge-transfer mechanisms, two types involved in the MSO electrode. 
(a) Solid solution intercalation mechanism, (b) Two-phase reaction mechanism. 
[Reproduced from Ref. 2]

Fig. 5: EXAFS spectra of a MSO electrode acquired at three potentials, namely 1, 
-0.5 and -1 V, during a complete CV cycle between 1 and -1 V. A dashed line plots the 
spectrum of a MnO standard sample. The downward arrows locate the major signals 
of the Mn(IV)-O phase, while the upward arrows locate those of the Mn(II)-O phase. 
[Reproduced from Ref. 2]
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Fig. 1: Variations of lattice parameters (in Å) and volumes (in Å3) with corresponding x values in 
SrxCa0.993-x AlSiN3:Eu2+

0.007 (x = 0 to 0.9) through Rietveld refinements. [Reproduced from Ref. 3]

The Mn K-edge EXAFS spectrum 
acquired at 1 and -0.5 V of the MSO 
sample show two prominent signals at 
1.28 and 2.4 Å, which correspond to 
Mn-O and Mn-Mn bonds, respec-
tively. An additional signal about 1.8 
Å observed before the conditioning 
cycles is in accordance with an as-
sumption of Mn-O-Si bonding. The 
spectra indicate that the fundamental 
birnessite structure does not change 
within the potential ranges of the two 
charge-transfer mechanisms and is 
consistent with the SSI mechanism. In 
contrast, the spectrum acquired at -1 
V is within the TPR mechanism. The 
coexistence of domains of Mn oxides 
with disparate local structures is 
consistent with the TPR mechanism.

A novel strategy for material design is 
demonstrated to widen significantly 
(up to 2 V) the OPW of a MnO2-
based aqueous pseudocapacitive 
electrode and to enable consecu-
tive reversible charge transfer from 
Mn(IV) to Mn(II) over thousands of 
cycles. The material design involves 
forming spatially confined MnO2 
nanodomains of which the surfaces 
are surrounded by electrochemically 
inactive SiO2 with extensive interfacial 
Mn-O-Si binding. The resulting MSO 
electrode exhibits mixed pseudoca-
pacitor−battery behavior with high 
charge-storage capacity, which holds 
great promise for supercapacitor ap-
plications requiring large capacity and 
high energy. (Reported by Yu-Chun 
Chuang)

This report features the work of Nae-Lih 
Wu and his co-workers published in Adv. 
Energy Mater. 5, 1500772 (2015).
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Light-emitting diodes (LED) are the most important 
source of light in our daily life because of not only their 
great energy efficiency and energy consumption but 
also environmental compatibility. White LED can save, 
relative to incandescent light bulbs, approximately 70 
% of energy and lack hazardous mercury commonly 
used in luminescent tubes.1

Two ways to produce a white light LED are (I) mixing 
red, green and blue light, and (II) exciting a red phos-
phor with an ultraviolet or blue LED. Nitride phos-
phors, one type of red-emitting phosphor material, are 
known to be suitable for white LED. Such phosphors 
have also been studied extensively to increase the 
color-rendering index (CIE 1931), and the thermal or 
chemical stability.2 Cation substitution is a common 

The Scaring Strontium in a LED

Fig. 2: (a) Raman spectrum of SrxCa0.993-x AlSiN3:Eu2+ (x = 0, 0.3, 0.6 and 0.9). (b) Schematic graph of separate 
clusters in the lattice. [Reproduced from Ref. 3]

x=0.9(a) (b)

(AIN4) (SiN4)

(AI/Si)N4

Structure ordering

Structure disordering

x=0.6

600 450 300

Raman shift (cm-1)

N
or

m
ali

ze
d 

in
ten

sit
y (

a.u
.)

x=0.3

x=0

x=0

10 20 30 40 0.0 0.3 0.6 0.9

290

280

5.17

5.06

5.76

5.68

9.82

9.81

9.80

(a) (c)

(b)

x=0.9

In
ten

sit
y (

a.u
.)

2θ (degree)

v (Ang
3)

c (Ang)
b (Ang)

a(Ang)

In
ten

sit
y (

a.u
.)

x



012

A
C

T
IV

IT
Y R

EPO
RT

 2015

way to optimize photoluminescence and thermal-quenching behaviour, but the mechanisms 
are unclear in most cases.

A collaborative team led by Ru-Shi Liu (National Taiwan University), who is an expert on the 
phosphor, has reported a detailed study from a structural point of view of how cation substitu-
tion alters the structure and photoluminescence of a red-emitting phosphor.3 This report is 
published in Journal of the American Chemistry Society, 2015. In their report, the Sr-doped phos-
phor, Ca0.993-xSrx AlSiN3:Eu2+, shows a significant emission spectral shift and improved thermal 
stability. This replacement of Ca by Sr causes several modifications of structure, atomic charge 
and coordination, which eventually affect its phosphorescence. 

In this work, Rietveld refinements of synchrotron powder diffraction data, measured at 
BL01C2, show that Sr replacement causes an expanded volume of the unit cell, and also axes b 
and c due to the larger ion Sr2+ (size 1.12 Å) than Ca2+ (0.99 Å), but this replacement also affects 
the chemical bonds and geometries parallel to axis a, the distortion of the (Si/Al)N4 tetrahedral 
structure and a decreased Sr-N distance in the second nearest coordination site (Fig. 2). 

The structure of Al/SiN4 is disordered in a Sr-free sample but becomes ordered (AlN4)(SiN4) 
in Sr-containing samples because of the highly symmetric coordination sites around the Sr cen-
ter, which generates different rotation and translation interaction energies. This effect is proved 
by Raman spectroscopy. The rotation and translation interactions between the divalent site and 
the (Si/Al)4 tetrahedral framework are shown in region 350-250 cm-1 in Raman spectra (Fig. 
2). This broad line (x = 0) separates into two lines as the Sr concentration increases. Figure 2(b) 
shows the order-disorder structure of (Si/Al)4.

The Sr-replacement causes also an altered atomic charge of Eu ions. X-ray absorption spectra 
at the Eu L3-edge were measured at BL17C1 (Fig. 3). The authors found the concentration 

of Eu3+ to decrease and Eu2+ to increase in a Sr-containing sample. In this phosphor 
Ca0.993-xSrx AlSiN3:Eu2+, Eu2+ is the major emission center whereas Eu3+ is a luminescence 
killer due to a f-f transition. The size of ions Eu2+ and Eu3+ are 1.14 and 0.95 Å. Ion Sr2+ (1.12 
Å) has a size similar to that of Eu2+ (1.14 Å); both ions prefer coordination number 10. The 
Sr-containing sample thus causes some Eu3+ to become reduced to Eu2+. The changes of 
absorption lines are related to the change of axis a.

For applications, the most important properties are photoluminescence and thermal stabil-
ity (Fig. 4). Significant changes are observed as x = 0.9. Compared to Ca0.993AlSiN3:Eu2+

0.007, 
the intensity of emitted light increases more than 25 % and wavelength shifts (~ 50 nm) to 
about 600 nm. Such a shift is important to produce a white LED. The thermal stability is 
almost the same for x = 0, 0.3 and 0.6 but it is significantly improved for x = 0.9. 

In summary, Liu and his co-workers reported a detailed study of how doping with the Sr 
ion alters the local structure. The altered ionic size and coordination number influence the 
lattice and thereby induce a variation of charge. These results not only confirm the local 
structure through a subtle analytical technique but also improve phosphor properties for 
LED applications. (Reported by Yu-Chun Chuang)

This report features the work of Ru-Shi Liu and his collaborators published in J. Am. Chem. Soc. 
137, 8936 (2015).
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Fig. 3: (a) Eu L3-edge XANES spectra of 
SrxCa0.993-x AlSiN3:Eu2+

0.007 (x = 0 to 0.9). (b) Dependence of 
Eu2+/Eu3+ within the range 6970 to 6990 cm−1; the relative 
intensity of Eu2+/Eu3+ is shown in the inset. [Reproduced from 
Ref. 3]

Fig. 4: (a) Excitation (dashed lines) and emission (solid lines) 
spectra of Ca0.993-x AlSiN3:Eu2+ (x = 0, 0.3, 0.6 and 0.9). (b) 
Fitting curve for emission intensity dependent on temperature. 
[Reproduced from Ref. 3]
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With the progress of graphene research, two-
dimensional materials related to graphene attract 
wide attention in recent years. The common 
feature of these materials is that the bulk 3D crys-
tals are stacked structures, with a van der Waals 
(vdW) interaction between adjacent sheets and 
strong covalent binding within each sheet. Due 
to the nature of vdW interaction, these stacked 
2D materials are also known as vdW materials. 
These materials span a wide range from graphene 
with the simplest structure, to transition-metal 
dichalcogenides (TMD), transition-metal oxides 
and topological insulators, etc., containing diverse 
electronic structures and physical properties. 
VdW materials thereby possess diverse potential 
applications. Even more interestingly, because of 
the nature of their weak interlayer force, vdW ma-
terials are proposed to be able to stack as atomical-
ly thin LEGO to construct artificial superlattices 

with designated functionalities.1 To achieve such 
an ultimate goal, a thorough understanding of the 
intrinsic properties of vdW materials is essential.

In this regard, several research teams applied pho-
toelectron spectroscopy (PES) with synchrotron 
radiation to study the fundamental electronic and 
chemical properties of various vdW materials in 
2015.

The research team led by Forest Shih-Sen Chien 
(Tunghai University) utilized soft X-rays deliv-
ered by BL09A1 as a reducing agent for graphene 
oxide (GO), and made use of the character of 
PES, such as the sensitivity to surface and chemi-
cal states, to study the reduction dynamics of GO 
induced by soft X-rays.2 By tuning the incident 
photon energy and the sample current density 
(SCD), Chien analyzed the evolution of the C 

Towards Atomically Thick LEGO

Fig. 1: (a) Evolution of C 1s core-level areas of C−C, C−O, C=O and C-defect signals with duration of exposure under 
X-radiation at 580 eV. (b) Logarithm of area ratio of the number of C−O moieties after exposure for period t and the 
number of C−O moieties of GO as deposited; ln([C−O]t/[C−O]1), versus period of soft X-ray exposure for four SCD. 
[Reproduced from Ref. 2]

Fig. 2: Mapping of photoemission intensity of band dispersion around the K point taken at photon energies 54 and 82 eV. 
Whereas measurements at 54 eV enhance the outer band and suppress the inner band, measurements at 82 eV exhibit the 
opposite effect. [Reproduced from Ref. 3]

1s PES line shape and valence band maximum 
position of GO in detail; the evolution of car-
bon moieties upon soft X-ray irradiation and 
the deduced rate coefficients for GO reduction 
are shown in Figs. 1(a) and 1(b), respectively. 
These results indicate that the exposure to soft X-
rays resulted in the dissociation of hydroxyl and 
functional carbonyl groups and in the formation 
of trigonal C−C bonds of GO; the dependence of 
the rate of X-ray reduction on the SCD exhibiting 
the reduction was attributed to the X-rays excited 
secondary electrons emitted from substrate. In 
summary, Chien's work yields clear experimental 
evidence regarding the mechanism of the GO 
reduction with soft X-rays, which might lead to 
an efficient method for mass production of high-
quality graphene.

On the other hand, Ku-Ding Tsuei and his co-
workers from NSRRC and National University 
of Singapore tackled another aspect of graphene 
properties, the many-body effects near the 
neutrality point of bilayer graphene (BLG). The 
ideal tool to investigate such effects is with angle-
resolved photoemission spectroscopy (ARPES) 
as it probes directly BLG's band structures with 
information about both energy and momentum.

Fundamentally, a highly doped BLG behaves 
similar to an ordinary metal and is described 
with Fermi liquid theory, in undoped BLG, such 
as mechanically exfoliated BLG (ExBLG), this 
description is expected to fail; the system can be 
considered as quantum-critical, when the Fermi 
level (EF) resides at the Dirac energy (ED) and 
the system has no gap. In Tsuei’s recent work,3 
as shown in Fig. 2, using the ARPES system at 
BL21B1, they demonstrated that ExBLG on 
a Si substrate with native oxide has no gap and 
does not behave as a Fermi liquid. Tsuei's team 
observed for the first time in such charge-neutral 
BLG an electron-phonon coupling strongly 
dependent on anisotropic momentum space near 
the K-point as well as a directly observed non-Fer-
mi liquid behaviour; their observations strongly 
support the existence of 2D quantum-critical 
points at the charge-neutrality point. Further-
more, the experimental evidences indicate that the 
thickness of vdW materials strongly affects their 
electronic structure, even in the simplest form of 
graphene. This information is of great importance 
when vdW superlaatices are to be assembled.

Another family member of vdW materials that 
attracts much attention comprises TMD. Bulk 
TMDs are indirect band-gap semiconductors, 
but, interestingly, when thinned to a monolayer, 
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they become direct band-gap semiconductors, which means that their het-
erojunctions (HJ) are ideal platforms for atomic layer optoelectronic applica-
tions. Since HJ band offset is the key parameter for the design of HJ-based 
electronic or photonic devices, an accurate determination of this parameter is 
critically important.

Fig. 3: SPEM measurements on stacked MoS2/WSe2 and WSe2/MoS2 heterostructures. 
(a) Mo3d and W4f mappings for the same physical area. The right figure is an overlapped 
mapping that allows the identification of MoS2/WSe2 stacked areas. Points A and 
B indicate a typical stacking area in which XPS are recorded. (b) Spectra of selected 
isolated WSe2 and MoS2 flakes, stacked MoS2/WSe2 and WSe2/MoS2 heterostructures. 
[Reproduced from Ref. 4]

Green chemical energy is a promising source of 
energy in the pursuit of a natural environment free 
of pollution. By adopting the decomposition or 
oxidation of methanol on metallic nanocatalysts 
supported on oxides in electrochemical cells, 
the direct methanol fuel cell (DMFC) offers an 
efficient conversion to electricity and an abundant 
source of hydrogen, but the structure of a metallic 
or hetero-metallic nanocatalyst is found to play an 
important role in the electrochemical reactions in 
the design of a highly efficient cell or to improve 
the performance of DMFC operations. In 2015, 
scientists attempted to bridge the material gap 
between single metallic or core-shell nanocrystals 
(NC) and real catalysts by characterizing cata-
lytic processes on supported metal or core-shell 
nanoclusters. A research team of Meng-Fan Luo 
(National Central University) investigated the 

dependence on cluster size of supported rhodium 
(Rh) nanocatalysts in the decomposition of 
methanol. As Rh has been widely used and can be 
alloyed with primary platinum (Pt) catalysts in a 
DMFC, an investigation of the reaction mecha-
nism and the cluster size in this model system 
might shed light on the design of a highly efficient 
catalytic system. From the hetero-structural point 
of view, another team of Tsan-Yao Chen (National 
Tsing Hua University) reported the effect of the 
bimetallic core-shell structure on electrochemi-
cal oxidation of MeOH in a full-stack module of 
a DMFC. Both reports illustrate the importance 
of catalytic structures on the efficiency of the 
methanol reaction in a DMFC cell.

From their investiagation,1-4 the former team 
demonstrated the decomposition of methanol 

and methanol-d4 on Rh clusters supported on 
an ordered thin film of Al2O3/NiAl(100) under 
UHV conditions with various surface techniques 
and calculations with density-functional theory. 
To investigate the correlation between structures 
of the Rh nanocatalyst and the methanol decom-
position, the team performed advanced research 
in applying X-ray photoemission spectroscopy 
(PES) at BL09A2. In their work, the oxide-sup-
ported Rh nanocatalysts were carefully controlled 
in situ to imitate the conditions prepared in the 
NCU laboratory. To avoid contamination from 
the reactive gases in air, the research team per-
formed PES measurements in situ immediately 
after the preparation of samples.

As Fig. 1(a) shows, the C 1s PES spectra display the 
temperature dependence of the decomposition of 

How the Structure of Metallic or Bimetallic Nanocatalysts 
Affects the Reactivity of a Direct Methanol Fuel Cell 

To understand the band alignment of TMD, Chih-Kang Shih (University of 
Texas at Austin, USA) Lain-Jong Li (Academia Sinica/King Abdullah Uni-
versity of Science and Technology, Saudi Arabia) and their co-workers, em-
ployed a scanning photoelectron microscopy (SPEM) located at BL09A1, 
to study the band alignment of single layer MoS2/WSe2 heterostructure.4

Using micro-focused soft X-rays delivered from SPEM (Fig. 3), in conjunc-
tion with scanning tunnelling spectroscopy, Shih amd his collaborators de-
termined the band alignment in TMD heterostructures. A type-II alignment 
in WSe2/MoS2 with a valence band offset 0.83 ± 0.07 eV and a conduction 
band offset 0.76 ± 0.12 eV was determined. The team discovered further that 
the TMD and its supporting graphite form also a semiconductor/semimetal 
heterostructure such that a transitivity holds for heterostructures formed 
between TMD and TMD/graphite.

All works describe above were aimed to elucidate the fundamental physical 
or chemical properties of vdW materials. Although we are still far from play-
ing with vdW materials as LEGO, all this accumulated knowledge definitely 
bring us closer to this ultimate goal! (Reported by Chia-Hao Chen)

This report features the works of Ming-Hui Chiu, Chih-Kang Shih, Lain-Jong Li 
and their co-workers published in Nat. Commun. 6, 7666 (2015); of Cheng-Maw 
Cheng, Ku-Ding Tsuei, Barbaros Özyilmaz and their co-workers published in Sci. 
Rep. 5, 10025 (2015); and of Chi-Yuan Lin, Shih-Sen Chien and their co-workers 
published in J. Phys. Chem. C 119, 12910 (2015).
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methanol (5.0 L) adsorbed on Rh clusters/Al2O3/NiAl(100) (1.0 ML). The 
PES C 1s spectra provide information about the species methanol/methoxy/
CO on the Rh surface at the selected annealing temperature. According to the 
C 1s signals, the formation of CO vanished about 500 K through dissociation 
and desorption. A plot of the variation of C 1s integrated intensities as a func-
tion of temperature provided an estimate of the probability of dehydrogenation 
of methanol on the Rh clusters. Figure 1(b) shows two declining lines in the 
plot. The former indicates the desorption of methanol and the latter primarily 
the desorption and dissociation of CO. The PES 
results combined with other experimental and 
computational results indicate that the methanol 
on the Rh clusters decomposed via dehydrogena-
tion to CO, which was significantly activated above 
200 K, regardless of the cluster size. In contrast, the 
production of CO and hydrogen (deuterium) per 
Rh surface site varied notably with the cluster size. 
As a result, methanol on Rh clusters decomposed 
through only one channel—dehydrogenation to 
CO. The schematic diagrams in the Fig. 2 illus-
trate the results from the DFT calculations. With 
decreasing cluster size, the activation energy for the 
scission of the O-H bond in the initial dehydroge-
nation became smaller than the activation energy 
for the competing desorption. Therefore, adsorbed 
methanol on Rh single crystals and large clusters 
prefers to desorb, whereas that on small clusters 
to undergo dehydrogenation. The mechanism 
resembles that on Rh single crystals, but differs 
from that on supported Pt and Pd nanoclusters, 
for which scission of the C-O bond serves as an 

alternative channel.

The structural stability of the nanocatalyst is also 
critical to affect the performance of the electro-
chemical reaction in a DMFC. Among the nano-
catalysts, the core–shell structure of NC displays 
the most structural stabilization from the nanome-
ter to the atomic scale. The research team of Tsan-
Yao Chen studied various structural configurations 
of alloyed RuPt and core–shell NC (RuCore–PtShell 
NC, denoted as PtS/RuC) for the electrochemical 
oxidation of MeOH in a full-stack module of a 
DMFC. To unravel the influence of the core-shell 
structure on the reactivity of DMFC, the physical 
structures of the NC were characterized with X-ray 
absorption spectroscopy at BL07A1, BL17C1, 

and SP12B1. As Figs. 3(a) and 3(b) show, the X-ray-absorption 
near-edge structure (XANES) spectra of PtS/RuC NC elucidate 
the changes of the chemical states and the atomic ordering of Pt 
and Ru atoms on NC after electrochemical reactions. Figure 3(a) 
indicates the formation of an ultra-thin Pt oxide on the outermost 
layer of freshly prepared NC. Compared to alloyed RuPt NC, 
substantially decreased HA* and increased HB* illustrate the reduc-
tion of Pt oxides in the redox reaction in MOR and DMFC work 
cycles. The Ru K-edge XANES spectrum in Fig. 3(b) indicates 
that the RuO2 core was shielded by the Pt shell capsule without 

exposure to the chemisorption of protons. The chemical state and structural 
evolution were confirmed with Fourier-transformed radial-structure functions 
for the samples at the Pt L3 and Ru K-edges in Figs. 3(c) and 3(d), respectively. 
The absence of Pt–O and Pt–Ptox signals indicates the reduction of Pt oxide. 
This conformational confinement of PtS/RuC core–shell NC enhanced the 
charge donation from the shell Pt to the core Ru, and thus improved the CO 
tolerance factor to the module durability of the DMFC.

Fig. 1: PES spectra; (a) C 1s from CH3OH (5.0 L) adsorbed 
on Rh clusters (1.0 ML) on Al 2O3/NiAl(100) at 125 K and 
annealed to selected temperatures. (b) Integrated intensities 
of C 1s spectra for methanol/methoxy/CO as a function of 
temperature. [Reproduced from Ref. 2]

Fig. 2: Formation of CO and hydrogen with optimized structures of CH3OH and its decomposition 
fragments on Rh(100) and Rh38. [Reproduced from Ref. 2]

Fig. 3: XANES spectra for NC with and without conducting MOR and DMFC work cycles for PtS/RuC NC at (a) Pt L3-
edge and (b) Ru K-edge. (c) Fourier-transformed radial-structure functions for NC at the Pt L3-edge and (d) Ru K-edge. 
[Reproduced from Ref. 4]
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Mesocrystals, materials in a new class with 
nanocrystal superstructures exhibiting directional 
or translational symmetry, have captured sig-
nificant attention in the past decade due to their 
potential for applications of catalytic, electronic, 
optical, drug-delivery and reaction-precursor ap-
plications. Because of their structural nature, the 
mesocrystals can possess unique properties and 
functionalities that are distinct from bulk or nano 
functional materials. Considerable efforts have 
been made to develop mechanisms of synthesis 
and to acquire new members of the mesocrystal 
family, such as oxide, metal and organics, as well 
as to tailor their various functionalities. In 2015, 
a research team of Ying-Hao Chu (National 
Chiao Tung University) demonstrated magnetic 
mesocrystals of several new types consisting 
of self-assembled core-shell nanocrystals or 
nanocrystals embedded in a matrix material via 
epitaxial growth. The epitaxy enables the align-
ment of orientations among nanocrystals, form-
ing building blocks of a mesocrystal to enlarge 
the playground of mesocrystals. According to 
their recent reports, this team demonstrated a 
growth method to synthesize self-organized two-
dimensional mesocrystals composed of highly 
oriented magnetic nanocrystals with assistance of 
shell materials or various matrices. The properties 
of the mesocrystals were modulated on either 

varying the core-shell structure or altering the sur-
rounding matrix. To uncover the intriguing func-
tionalities of these mesocrystals, X-ray absorption 
spectroscopy (XAS) and X-ray magnetic circular 
dichroism (XMCD) at BL11A1 were employed 
to understand the coupling mechanisms between 
core and shell materials or nanocrystal and matrix, 
which provide critical insight to tailor the physical 
properties of mesocrystals. 

Considerable efforts have been made to develop 
mechanisms of synthesis and to acquire new 
members of the mesocrystal family as well as to 
tailor their tantalizing functionalities. The chal-
lenge to grow core-shell oxide nanocrystals as 
building blocks for mesocrystals remains in the 
formation of discrete nanocrystals epitaxially on 
substrates. In Ref. 1, they employed cobalt oxide 
(CoO)-cobalt ferrite (CoxFe3-xO4, CFO) as a 
model system of self-assembled core-shell build-
ing blocks for mesocrystals. CoO is an antifer-
romagnetic (AFM) material; it can modify the 
magnetic anisotropy of ferrimagnetic CFO via in-
terfacial exchange coupling. They used BiCoO3/
BiFeO3 targets to generate CoO/Fe3O4 and Bi2O3 
species with pulsed-laser deposition (PLD). 
Fe3O4 would notably react further with CoO to 
form the CFO during the deposition. The greater 
interfacial energy of Fe3O4-STO interfaces plays 

an essential role to drive Fe3O4 to diffuse toward 
CoO cores with the aid of melted Bi2O3. After the 
deposition, the growth chamber was again evacu-
ated to remove Bi2O3, and core-shell mesocrystals 
were formed. The orientation control of core-shell 
building blocks can be achieved also with varied 
morphology and properties of mesocrystals. The 
magnetic anisotropy strongly reflects the advan-
tages of the orientation control in mesocrystal 
systems. In addition, the interface of the core-shell 
mesocrystal can be designed on varying the ratio 
of core to shell because the exchange coupling at 
the CFO-CoO interface can modify the magnetic 
anisotropy of the building blocks and thus the 
entire mesocrystal. Furthermore, the sequence of 
core-shell is another parameter to be controlled 
to tailor the properties of core-shell mesocrystals; 
CFO(core)-CoO(shell) inverse mesocrystals can 
be fabricated simply on exchanging the deposi-
tion sequence of BiCoO3 and BiFeO3.

In this work, as the crystal structures of CoO and 
CFO are similar, inter-diffusion is expected, which 
hinders the basic understanding of the mesocrys-
tal system. To provide further information, XAS-
XMCD was employed. To determine the value 
of x in CoxFe3-xO4 phases, XMCD was applied 
to determine the valence and magnetic moment 
of Fe and Co. A magnetic field ± 1 T was applied 
along the out-of-plane direction of samples and 
the Poynting vector of X-rays was 30° off the 
out-of-plane axis. Figures 1(a) and 1(b) show 
the XMCD results of the CoO and Fe3O4 core-

Figure 4 shows the configuration of PtS/RuC NC 
to illustrate the effect of the geometric confine-
ment on the local restructuring in the surface of 
the core-shell NC during MOR. Chemisorption 
of CH3OH on top of the Pt atoms (Pt–CH3O-
Hads) and subsequent decomposition of H+ from 
Pt–CH3OHads in the core-shell structure proceeds 
with a small activation energy. The residual CO 
molecule adhered at both the bridge of the PtF–
PtG sites and the hollow sites after decomposition 
of H+ from Pt–CH3OHads in the core-shell that 

elongates the bond between the CO molecule 
and the sorption sites. This bond weakening leads 
to substantial dissolution followed by a regrowth 
of hydrophilic components under mild redox 
conditions. This geometrical confinement can 
serve as a highly ordered Pt capsule to protect the 
core from the redox environment, thus improving 
the enduring stability of the NC. 

These two works not only renew our knowledge 
about the structural effects of nanocatalysts, apart 

from the well investigated phenomena of reactiv-
ity and durability, but also indicate a new direction 
to control metallic structure or the core-shell 
heterostructure, which is the key to achieve a great 
DMFC fuel cell. (Reported by Yao-Jane Hsu)

This report features the works of Meng-Fan Luo and 
his co-workers published in ACS Catalysis 5, 4726 
(2015) and of  Tsan-Yao Chen and his co-workers 
published in J. Mater. Chem. A 3, 1518 (2015).
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Fig. 4: Bimetallic models of PtS/RuC NC: Pt on RuO2 (001) “4×4 RuO2+ 32 Pt”. [Reproduced from Ref. 4]
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only mesocrystals, respectively. The result for the 
CoO core-only mesocrystal shows typical CoO 
without net magnetic moment. The result for the 
Fe3O4 core-only mesocrystal shows typical Fe3O4 
with Fe2+ in octahedral and Fe3+ in octahedral and 
tetrahedral sites. Figures 1(c) and 1(d) show the 
results for a CoO (core)-CFO (shell) mesocrys-
tal. A large magnetic moment of Co2+ was found, 

Fig. 2: (a) Co and (b) Fe L3,2-edge XMCD spectra extracted from photo-helicity of incident X-rays parallel (μ+) and anti-
parallel (μ−) to the direction of magnetization for the CFO mesocrystal in BFO, STO and SRO matrices. By simulating the 
experimental curves using a LFM model, the ratio of tetrahedral and octahedral sites for Co and Fe cations can be obtained, 
which shows an obvious redistribution between each cation and a site that is highly correlated to the stress-mediated 
structural coupling. [Reproduced from Ref. 2.]

Fig. 1: XMCD of (001)-oriented mesocrystal. (a) Co L2,3 edge of CoO core-only mesocrystal. (b) Fe L2,3 edge of Fe3O4 
core-only mesocrystal. (c) Co L2,3 edge and (d) Fe L2,3 edge of CoO(core)-CFO(shell) core-shell mesocrystal.

which is coupled ferromagnetically to Fe3+ in 
octahedral sites and antiferromagnetically to Fe3+ 
in a tetrahedral site. Fe2+ nearly disappeared. This 
fact reveals the formation of CFO with x near 
one. This result provides crucial information for 
further building a physical model to explain the 
tunable properties of the core-shell mesocrystals. 

Furthermore, the functionalities of mesocrystals 
are the collective behaviors of the composed 
nanocrystals. Tuning the intrinsic properties of 
the constituent nanocrystals is thus one essential 
factor to determine the properties of mesocrys-
tals, but the matrix, the other important part of 
the composite system, has been treated only to 
assemble nanocrystals into an array with a specific 
crystallographic orientation. Little attention has 
been paid to understand the influence of the 
matrix on the properties of these nanocrystals. 
To unveil this relation between the matrix and 
the nanocrystals, self-assembled epitaxial nano-
composites synthesized with PLD served as an 
example. In these systems, two oxide materials, 
spinels and perovskites, served as nanopillars and 
matrix, respectively. The spontaneously assem-
bled nanopillars also possessed a perfectly ordered 
crystal orientation, which can be viewed as a two-
dimensional mesocrystal system. The perovskite 
matrix can establish a compact connection with 
the spinel mesocrystal through the bridging of oc-
tahedral sites, which strongly affects the structural 
and physical properties of the mesocrystals. The 
matrix materials thus become important as they 
provide additional degrees of freedom to tailor the 
crystal orientations and physical properties of the 
mesocrystal, which cannot be observed in those 
mesocrystals within the organic or polymer matri-
ces. In Ref. 2, spinel CFO and several perovskties 
(BiFeO3 (BFO), PbTiO3 (PTO), SrTiO3 (STO), 
and SrRuO3 (SRO)) were chosen. When CFO 
and perovskite materials were codeposited on 
perovskite substrates, CFO naturally formed 
mesocrystals because of the large surface energy 
at the interface of spinel and perovskite. The CFO 
mesocrystal was found to undergo varied out-of-
plane compressive strain states when embedded 
in several commonly adopted perovskite matrices. 
The variation of the strain state in the CFO meso-
crystal also alters its magnetic properties such as 
magnetic anisotropy or the origin of the mag-
netic moment on an atomic scale. These results 
indicate that a state of increased strain of the CFO 
mesocrystal drives the variation of k12, which has 
been observed in those cases of off-stoichiometric 
CFO through the cation site-exchange of Co and 
Fe ions. There is hence expected to be a strong 
correlation between strain state and cation redis-
tribution in a CFO mesocrystal. This speculation 
was verified on performing XMCD measure-
ments; this technique is useful to understand the 
charge, site symmetry and origin of magnetic 
moments on an atomic scale. Three samples 
selected for XMCD measurement were the CFO 
mesocrystals with BFO, STO and SRO matrices, 
which represent the strain-free, medium strain, 
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Diluted magnetic semiconductors (DMS) have 
received much attention due to the possibility of 
utilizing both charge and spin degrees of freedom 
in electronic devices.1,2 To realize functional spin-
tronic devices, it is important to have full control 
of the carrier density and ferromagnetic Curie 
temperature (TC). A newly found DMS, Ba1-

xKx(Zn1-yMny)2As2 (Mn-BaZn2As2),3 is isostruc-
tural with iron-based superconductors4 of type 
“122” and has a TC up to 230 K.5 This material 
has an advantage that the charge-reservoir Ba layer 
and the ferromagnetic ZnAs layer are spatially sep-
arated, as shown in Fig. 1, which independently 
allows control of the amount of hole carriers by K 
substitution into the Ba layer and that of magnetic 

GaMnN. This effect indicates that Mn 3d orbitals 
strongly hybridize with the surrounding As 4p 
orbitals as in GaMnAs and GaMnN; the strength 
of hybridization is greater than in GaMnAs but 
weaker than in GaMnN.

To extract the local electronic structures of the 
doped Mn, they performed RPES experiments 
using photon energies at the Mn L3-edge. The 
3d partial density of states (PDOS) of a transi-
tion metal in solids was deduced on taking the 
difference of valence-band photoemission spectra 
between on-resonant and off-resonant photon 
energies. For Mn-BaZn2As2, on-resonant and 
off-resonant photon energies at Mn L3-edge are 
estimated to be 635 and 638.5 eV from Mn L3-
edge XAS, shown in Fig. 3(a). By subtracting the 
off-resonant spectra from the on-resonant spectra, 
they deduced the PDOS of Mn 3d orbitals as 
shown in Fig. 3(b). The DOS is small at EF, finite 
between -2 eV and EF, and has a maximum at -4 
eV. The deduced Mn 3d PDOS is compared with 
that of Ga0.957Mn0.043As7 in Fig. 3(c); the overall 
spectral shapes are similar. This result indicates 
that the electronic states of doped Mn are alike in 
these two DMS systems; the similarity originates 
from the same chemical valence 2+ of the Mn at-
oms and the tetrahedral coordination with the As 
4p orbitals. Holes are thus predominantly intro-
duced into the valence band composed mainly of 
As 4p states; the local magnetic moments with S 
= 5/2 are formed there in the presence of Hund’s 
coupling between electrons of the d 5 configura-
tion.

elements on substituting Mn into the ZnAs layer. 
As DMS in this series show great possibilities for 
next-generation spintronic devices, Suzuki et al.6 
investigated the electronic and magnetic struc-
tures of Mn-BaZn2As2 and compared them with 
archetypal Mn-doped DMS materials such as 
Ga1-xMnxAs.

They recorded X-ray absorption spectroscopy 
(XAS) and resonant photoemission spectros-
copy (RPES) of Ba0.7K0.3(Zn0.85Mn0.15)2As2 (Mn-
BaZn2As2) polycrystalline samples at BL11A1 
of the TLS and at BL-2C of Photon Factory, 
respectively. The samples were filed in situ before 
the measurements to ensure fresh surfaces. 

Figure 2 shows the Mn L2,3-edge XAS of Mn-
BaZn2As2 compared with those of reference 
Mn materials. The energy of the main Mn L3-
edge XAS signal shows the valence of the Mn 
atom. The main Mn L3-edge XAS signal of Mn-
BaZn2As2 is located above that of Mn metal, 
below that of LaMnO3 (Mn3+), and the same as 
of Mn2+ compounds; this result shows the Mn 
atom in Mn-BaZn2As2 to take valence 2+. The 
Mn line shape of the L2,3-edge XAS reflects the 
localized nature of Mn 3d states; as the multiplet 
structures become clearer, the Mn 3d electronic 
structures become more localized. The XAS line 
shape of Mn-BaZn2As2 is intermediate between 
those of two DMS systems, Ga0.922Mn0.078As 
(GaMnAs) and Ga0.958Mn0.042N (GaMnN). The 
shoulder structures at 640 and 643 eV are more 
pronounced than in GaMnAs and weaker than in 

and highly strained states, respectively. By apply-
ing a site simulation based on a ligand-field model, 
XMCD spectra at Fe L2,3 edges for these three 
samples (Fig. 2(a)) exhibit two negative signals 
and one positive signal, which correspond to Fe2+ 
and Fe3+ cations at octahedral (Oh) sites, and Fe3+ 
cations at tetrahedral (Td) sites, respectively. In 
addition, the sample with a SRO matrix exhibits 
a decreased intensity of signal in Fe3+ Td sites and 
an increased intensity in Fe3+ Oh sites relative to 
the other two samples, revealing that more Fe3+ 
cations prefer to occupy the Oh sites in this case. 
In contrast, XMCD spectra measured at Co L2,3 
edges (Fig. 2(b)) show a significant discrepancy 
among these three samples. Although Co XMCD 
measured from the samples with BFO and STO 
matrices showed the same line shape and were 
consistent with the reference XMCD of Co2+ at 

Oh sites, the BFO matrix possessed a much larger 
XMCD signal than the other two. The simula-
tion of the XMCD spectrum measured from the 
sample with a SRO matrix reveals a mixture of 
Co2+ cations at Td and Oh sites. The existence of 
Fe2+ Oh sites and Co2+ Td sites indicates that site 
exchange occurs in these systems because a strain 
effect or oxygen vacancies can readily break the 
symmetry and redistribute cations and charges. 
Based on the results of site simulation, the ratio of 
Fe3+ Td sites and Oh sites was obtained as ~ 0.78 
for nearly strain-free CFO, ~ 0.84 for moderately 
strained CFO and ~ 0.56 for highly strained CFO. 
The Co2+ cations occupy solely the Oh sites for 
nearly strain-free and moderately strained cases, 
which retain similar electronic structures near those 
of the CFO references. The highly strained CFO 
has a ratio of Co2+ Td sites and Oh site near one.

The work of this team delivers new concepts to 
design functional core-shell mesocrystals and stress-
mediated functionalities of mesocrystals. The results 
from XAS-XMCD were a key to reveal the insight of 
these studies. (Reported by Ying-Hao Chu)

This report features the work of Ying-Hao Chu and 
his co-workers published in Small 33, 4117 (2015) 
and Sci. Rep. 5, 12073 (2015).
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Itinerant Hole Carriers Mediate Local Magnetic Moments 

Fig. 1: Crystal structure of Mn-BaZn2As2 (structure of 
type ThCr2Si2, space group I4/mmm). [Reproduced 
from Ref. 4]
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This report features the work of Hakuto Suzuki, Atsu
shi Fujimori and their co-workers published in Phys. 
Rev. B 95, 140401(R) (2015).
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Fig. 2: Mn L2,3-edge XAS of Mn-BaZn2As2, compared 
with those of Ga0.922Mn0.078As, Ga0.958Mn0.042N, Mn 
metal, Ba(Fe0.92Mn0.08)2As2, LaMnO3, and MnO. The 
valence and local symmetry of Mn atoms are indicated 
for each compound. [Reproduced from Ref. 6]

Fig. 3: (a) On- and off-resonance photon energies are shown with arrows on Mn L3-edge XAS of Mn-BaZn2As2. (b) Mn 
3d PDOS deduced on subtracting the off-resonance spectrum (hv = 635 eV) from the on-resonance spectrum (hv = 638.5 
eV). (c) Mn 3d PDOS of Ga0.957Mn0.043As (Ref. 7) compared with that of Mn-BaZn2As2. [Reproduced from Ref. 6]

Suzuki et al. studied the electronic structures of 
Ba1-xKx(Zn1-yMny)2As2 related to Mn 3d states us-
ing XAS and RPES measurements. The Mn L2,3-
edge XAS indicate that the doped Mn atoms have 
a valence 2+ and are strongly hybridized with the 
As 4p orbitals, as in archetypical DMS GaMnAs. 
The Mn 3d PDOS obtained from RPES leads to 
the d 5 electronic configurations of Mn atoms with 
local magnetic moment S = 5/2. They concluded 
that the doped holes go into the top of the As 4p-
derived valence band and are weakly bound to 
the Mn local spins. The ferromagnetic correlation 
between the local spins mediated by the hole 
carriers induces ferromagnetism in Mn-BaZn2As2. 
(Reported by Jun Okamoto)

Topological insulators (TI) are a fascinating 
form of quantum matter that possesses a Dirac 
cone-like conducting surface state on its surfaces. 
The surface state exhibits novel properties, such 
as time-reversal protection against back- scattering 
and spin-polarized current. TI were predicted to 
have a high potential in applications of quantum 
computation. From the point of view of ex-
perimental study of TI, two key issues are how to 
determine the surface state and what characteristic 
properties the Dirac fermions possess. Several 
experimental techniques, such as angle-resolved 
photoemission spectroscopy (ARPES) and scan-
ning tunneling microscopy, have been applied to 

gain insights on these issues.

For example, an unoccupied second surface state 
(second SS) and bulk bands (BB) located above 
the first SS by 1.5 eV have been observed in Bi2Se3 
with the two-photon photoemission spectroscopy 
of ARPES measurements.1 These second SS and 
BB play important roles in TI's optical coupling and 
related optoelectronic applications. Earlier studies 
on TI with optical spectroscopy, such as second 
harmonic generation and pump-probe measure-
ments,2,3 did not clearly identify the influences of 
these second SS and BB. This is because, during the 
optical excitation there are numerous phenomena 

occur simultaneously, such as photo-electron emis-
sion, nonlinear light conversion and generation 
of hot photo-carriers. Recently, it was proposed 
that terahertz (THz) emission was suggested to 
be a potential candidate capable of examining not 
only nonlinear light conversion but also transient 
dynamics of photo-excited carriers. In the THz and 
mid-infrared spectral ranges, electric-field-resolved 
light is a practical approach, which yields abundant 
information from the materials because of the avail-
able phase information of the light.

Chien-Ming Tu and his co-workers measured the 
THz emission spectra of TI samples with varied 
doping.4 Figure 1(a) shows the schematics of their 
experiments. P-polarized 75-fs optical pump pulses, 
at wavelength 800 nm, illuminated the (111) 
surfaces of TI crystals at incident angle 45° to gener-
ate THz radiation; the emitted THz waveform 

New Features of Topological Insulators 
from Terahertz Emission Spectroscopy
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used in this work. The 
ARPES images were 
recorded at BL21B1.

Figures 2(a) and 2(b) 
show the measured 
few-cycle THz pulses 
from variously doped 
samples. In Figs. 2(c) 
and 2(d), comparison 
with X-ray diffrac-
tion results and THz 
amplitude ϕ-scan 
results shows no three-
fold symmetry in a 
THz amplitude ϕ-scan. 
The directions of the P-
polarized THz pulses 
are hence parallel to 
the surface normal of 
the samples; the P-
polarized THz pulses 
are the results of the 
transient photocurrent 
induced by optical 
pulses. Interestingly, Tu 
et al. observed a polarity 
reversal as the samples 

switched from n-type to p-type, as shown in Figs. 
2(a) and 2(b). The directions of the transient 
photo-excited current are hence anti-parallel 
near the surfaces. This phenomenon is entirely 
different from that observed in common narrow-
band-gap semiconductors, such as InAs (energy 

band gap ~0.36 eV) and InSb (energy band gap 
~0.17 eV); the diffusion current picture in InAs 
(InSb) cannot explain the polarity reversal of THz 
emission from TI with varied doping.

The recently discovered second SS and BB can 
elegantly resolve the paradox, as shown in Fig. 2(e). 
Because of the wide effective band gap (~1.5 eV) 
between the second SS and the first SS, the effective 
band gap matches the photon energy (1.55 eV at 
800 nm) of the optical pump pulse, which provides 
extra energy loss for the photo-excited carriers. 
Surface field Esurface due to band bending causes drift 
current Jdirft and results in a polarity reversal of the 
THz pulse emitted from p-type Bi2Te3.

Tu's work shows not only the band structure of 
TI is important on optical coupling but also the 
potentials of time-domain THz emission spec-
troscopy. Tu's findings also expose some interest-
ing issues for for future stueis, such as the depen-
dence on photon energy and circular dichroism. 
This work shows also the uniquenessof bringing 
laser-based and synchrotron-based spectroscopy 
together. (Reported by Cheng-Maw Cheng)

This report features the work of Chien-Ming Tu, 
Chih-Wei Luo, Cheng-Maw Cheng and their co-
workers published in Sci. Rep. 5, 14128 (2015).
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Fig. 1: (a) Schematic for THz emission from TI. P-polarized optical pulses irradiated the 
(111) surface of TI, and P-polarized THz radiation was detected after a wire-grid polarizer. 
The thick arrows denote in-plane and out-of-plane electric fields. (b)-(c) ARPES images of 
n-type Cu0.02Bi2Se3 and p-type Bi2Te3. [Reproduced from Ref. 4]

Fig. 2: (a)-(b) P-polarized THz waveform emission from n-type Cu0.02Bi2Se3 and p-type Bi2Te3 after P-polarized optical-pulse excitation. In (a), the thin red line represents the 0.015-times smaller 
P-polarized THz wave generated from n-type InAs under the same conditions. The polarity of the THz waveform from p-type Bi2Te3 is reversed from that of n-type Cu0.02Bi2Se3. (c)-(d): Plots of 
amplitude peak to peak as a function of azimuthal angle (ϕ-scan) of TI. The corresponding X-ray diffraction ϕ-scans for the (1 1 15) line for both single crystals are also shown (green). (e) Schematic 
for the influence of the second SS and BB on P-polarized THz emission from p-type Bi2Te3. BCB: bulk conduction band. BVB: bulk valence band. The second SS and BB would be responsible for 
the energy loss of the photo-excited carriers. Surface field Esurface  induced by band bending thus results also in drift current Jdirft in the narrow-band-gap materials. [Reproduced from Ref. 4]

was measured with electro-optic sampling. A wire-
grid polarizer was set to detect P-polarized THz 
radiation. Figures 1(b) and 1(c) show the APRES 
images of the used samples. Two doped samples, 
n-type Cu0.02Bi2Se3 (energy band gap ~0.3 eV) and 
p-type Bi2Te3 (energy band gap ~0.15 eV), were 
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Fig. 1: Crystal structure of Ba3V2S4O3. [Reproduced from Ref. 6]

Fig. 2: Specific resistivity as a function of temperature. Inset shows the Curie-Weiss fit, 
calculated from the inverse magnetic susceptibility χ-1 at the highest temperatures. MV 
is the magnetic moment per VIII. [Reproduced from Ref. 6]

One-dimensional materials remain an active topic of research because of 
their unique properties and potential electrical applications.1 Calvagna et 
al. reported the crystal structure of sulfide oxide Ba3V2S4O3 and the band 
structure calculations.2 This material which consists of quasi-1D vanadium 
sub-lattices was rarely suggested to be metallic. For example, the formally 
isovalent BaVS3, also containing a 1D vanadium-sulfur structure, is a well 
studied system that exhibits a metal-insulator transition.3 For insulating spin 
systems, 1D transition-metal sublattices can be of great interest to physicists, 
as Haldane gaps can be found in integer spin systems and Luttinger liquid 
phenomena in S = 1/2 systems.4,5 Transition-metal sulfide oxides are also of 
interest due to their possible applications and ability to form anionic superlat-
tices that result in atypical properties. Charge disproportionation according 
to the hard-soft acid-base (HSAB) rule is likely in superlattices with smaller 
(larger) cationic charges near softer (harder) anions. Many factors thus 
contribute to the potential interest in Ba3V2S4O3, but insufficient amounts 
of single-phase material have been synthesized. Hopkins et al.6 synthesized 
single-phase Ba3V2S4O3, studied its transport and magnetic properties and 
clarified the underlying V 3d electronic structures.

Figure 1 shows the crystal structure of Ba3V2S4O3. Face-sharing VS6 octahe-
dra construct one dimensional columns, which are separated by Ba atoms 
and VSO3 tetrahedra. These tetrahedra clearly depict the polarity of the 
crystal structure, as all tetrahedral have sulfur pointing in the same direction. 

As for the transport property, in contrast to predictions from calculations in 
previous work,2 no metallic character is observed in the measurement of re-
sistivity of BaV2S4O3, shown in Fig. 2. For the magnetic properties, BaV2S4O3 
shows paramagnetic behaviour at high temperature as inverse magnetic 
susceptibility χ-1(T) is linear, in the inset of Fig. 2. A Curie-Weiss fit of data 
measured between 300 and 750 K gives 2.77 μb per formula unit.

To clarify the underlying V 3d electronic structures of BaV2S4O3, Hopkins 
et al. measured V L2,3-edge soft X-ray absorption spectroscopy (XAS) of 
Ba3V2S4O3 at BL08B1. XAS were recorded in the total- electron-yield mode 
with photon-energy resolution 0.2 eV. Figure 3 presents V L2,3-edge XAS of 
Ba3V2S4O3 (black line). Two weak spectral features about 513.1 and 513.6 
eV bear a resemblance to those of V2O3, which means that VIII exists in the 

Mott Insulating S = 1 Magnet in Quasi-One-Dimensional 
Vanadium Sublattice

Fig. 3: Experimental V L2,3-edge XAS (black line) of Ba3V2S4O3 and calculated spectra 
(red). The calculated spectra are the summations of the edge (green dashed line), V at 
tetragonal VO3S and octahedral VS6 sites (magenta and blue lines). (a) The tetrahedral 
site is VV (magenta) and the octahedral site is VIII (blue). (b) Tetrahedral site VIII and 
octahedral site VV. (c) Both sites are VIV. In (a), the arrows indicate the typical features of 
VIII in an octahedron. [Reproduced from Ref. 6] 
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octahedral site, indicating a scenario in which VIII is in the octahedral VS6 
site and VV is in the tetragonal VSO3 site.

To confirm this mixed-valence state, they simulated the experimental 
spectrum of Ba3V2S4O3 with the well proven full-multiplet configuration-
interaction approach (red line) using XTLS 8.3 code for three coordina-
tions: (a) VIII in octahedral VIIIS6 site, VV in tetragonal VVO3S site, (b) VV in 
octahedral VVS6 site and VIII in tetragonal VIIIO3S site, and (c) both sites VIV. 
Figure 3(a) shows a satisfactory agreement between the experimental spec-
trum (black line) and the theoretical simulation (red line). For VVS6 and 
VIIIO3S, Figure 3(b) shows a disagreement of overall spectral features of the 
experimental and simulated data, especially the lower-energy double signals 
about 513.1 and 513.6 eV originating from the VIII ion in the octahedral site. 
The possibility that both octahedral and tetrahedral sites have VIV can also 
be excluded because of the disagreement of spectral features and the overall 
peak shape between the experimental results and simulation, shown in Fig. 
3(c). These results clearly confirm the coordination VIIIS6 and VVO3S, a 
perfect example of charge disproportionation according to the HSAB rule; 
VIII is found purely with sulfur, that is, a soft anion, whereas the harder 
anion oxygen coordinates only to VV. From the XAS, Ba3V2S4O3 contains 
one magnetic vanadium ion, VIII (d2, S = 1), and one diamagnetic VV (d0, S = 
0) per formula unit. The expected spin-only moment for a species with S = 
1 is 2.83 μb, which is near the value 2.77 μb estimated from a Curie-Weiss fit 
of χ-1(T) data.

Hopkins et al. synthesized a single-phase Ba3V2S4O3 powder, and investigated 
its physical properties. They clarified that vanadium in Ba3V2S4O3 takes 
charge-disproportionated VIIIS6 and VVSO3 coordination through analysis of 
XAS, which means that Ba3V2S4O3 is Mott insulating with S = 1. (Reported 
by Jun Okamoto)

This report features the work of Emily J. Hopkins, Zhiwei Hu, Liu Hao Tjeng 
and their co-workers published in Chem.-Eur. J. 21, 7938 (2015).
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Fig. 1: Powder X-ray diffraction pattern of a Cd3As2 sample (red crosses) and its Rietveld 
refinement (green curve). The inset shows the obtained diffraction patterns of single 
crystals with facets of preferred orientations along directions (112) and (even 00).

Topological insulators (TI) are new quantum materials characterized with 
a bulk insulating gap and gapless surface states protected by time-reversal 
symmetry, which is realized by band inversion induced by spin-orbit coupling 
with an odd number of Dirac cones. The topological classification of materi-
als has recently been extended to a higher dimension in the so-called three-
dimensional topological Dirac semimetal (TDS) phase. In contrast to TI, the 
TDS phase exhibits linear dispersion in all three dimensions and is protected 
by the crystalline symmetry. A TDS phase was predicted theoretically in 
Na3Bi and Cd3As2 materials and confirmed experimentally using angle-
resolved photoemission spectroscopy (ARPES). These TDS phases might, 
notably, be a 3D-Dirac semimetal of a new type due to the lack of inversion 
symmetry, which causes the lifting of the spin degeneracy of certain bands 
in the vicinity of the Dirac point, thereby raising the possibility of realizing 
the Weyl semimetal phase. The 3D Dirac semimetal has thus attracted much 
attention in physics and material science. The conduction and valence bands 
of Cd3As2 touch at the Dirac nodes in the bulk band structure, which gives 
rise to bulk Dirac fermions featuring robust topologically protected linear 
dispersion in 3D. In 2015, a research team of Fang-Cheng Chou (National 
Taiwan University) demonstrated a method of growth to obtain large plate-
like single crystals of Cd3As2 and performed various characterizations on a 
Cd3As2 single crystal to reveal its unique functionalities. 

In their work, they presented a detailed report on the self-selecting vapor 
growth technique of the crystal growth and the characterization of large and 
high-quality single crystals of Cd3As2. In particular, they generated crystals 
containing self-selected large facets of two types, namely the (112) and (even 
00) orientations. Figure 1 shows the X-ray diffraction pattern of the sample 
as grown and the refined synchrotron X-ray diffraction pattern recorded 
at BL01C2. All diffraction signals can be indexed with space group I41cd. 
A Rietveld refinement on the XRD pattern yields lattice parameters a = 
12.6512(3) Å and c = 25.4435(4) Å. The crystal structure of Cd3As2 has been 
shown to be complicated, depending strongly on the temperature of growth 
and the rate of quenching. Two space groups have been assigned to the 
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Doped Mott insulators have served as 
a rich playground for strongly correlated 
electron systems, but the physics is incom-
pletely comprehended. The complication 
results from an interplay between compet-
ing orders, such as charge, spin, orbital and 
lattice, and strong quantum fluctuations.1 
In high-TC superconductor La2-xSrxCuO4 
(LSCO), in which holes are doped into the 
antiferromagnetic (AFM) Mott insulating 
La2CuO4, unidirectional self-organized elec-
tronic stripes are induced in plane a × b of 
the crystal space.2 This intralayer coupling 
between the ordered charges and spins has 
been widely discussed; it is natural to ask 
what role the interlayer coupling between 
the charge and spin orders in separate 
planes plays in these systems.

La2-xSrxNiO4 (LSNO) has a tetragonal 
structure, shown in Fig. 1(a), and is 
isostructural with the superconducting 
cuprate LSCO. Both LSCO and LSNO 
are AFM Mott insulators in the absence 
of hole doping. While LSCO becomes a 
high-TC superconductor with hole doping 
to a small extent, LSNO remains insulat-
ing for doping levels up to 90 %.3 LSNO, 
however, shows an alternating pattern of 
AFM domains (spin stripes) separated by 
charge stripes within each two-dimensional 
NiO layer, shown in Fig. 1(b);4 the stripes 
lead to charge and spin satellite reflections 
with wave vectors QCO = (H ± 2ε, 0, L1) 
and Q SO = (H ± ε, 0, L2), in which H and L2 
are integers, L1 is odd and ε is determined 
by the hole concentration with ε ~ x. For 

Interlayer Coupling Affects the 
Growth of 2D Stripe Orders

crystals obtained with slow cooling: non-centrosymmetric 
I41cd and I41/acd with centrosymmetry. The I41cd and 
I41/acd symmetry difference is a reflection of the varied 
ordering type of CdAs4 tetrahedral units packed in a large 
unit cell of stacked fluorite-like structure with vacancies. The 
Cd3As2 crystal structure studied in this work can be satisfac-
torily indexed with space group I41cd. 

The band structure of the grown Cd3As2 single crystal was 
characterized with ARPES measurements at beam line 4.0.3 
at Advanced Light Source in Berkeley, California. Sharp 
XPS signals at binding energies EB~11 and 41 eV that cor-
respond to cadmium 4d and arsenic 3d core levels were ob-
served, confirming the chemical composition of the Cd3As2 
single crystal to be correct. Remarkably, a low-lying small 
feature that crossed the Fermi level was observed, which cor-
responds to surface bands of Cd3As2. The linearly dispersive 
upper Dirac cone is notably located at the surface Brillouin 
zone center; the Dirac point is found at binding energy 200 
meV. The spectral characterization shows a linear dispersive 
band, thus confirming the high quality of the sample. The 
surface structure of the vacuum-cleaved Cd3As2 surface was 
further explored with STM measurements. The observed 
pseudo-hexagonal nearest-neighbor lattice spacing 0.435 nm 
is near that expected for the (112) surface. Tunneling spec-
tra were subsequently recorded for this (112) surface. The 
results reveal a conductance minimum at approximately 200 
meV below the Fermi level, consistent with the energy of the 
Dirac point observed in the ARPES data. The approximately 
linear increase in conductance above this point is consistent 
also with the linearly dispersive upper Dirac cone observed 
using ARPES. Resistivity data were measured using a 
standard four-probe method. The temperature dependence 
of the resistivity shows that metallic behavior is observed 
in Cd3As2 crystals. The resistivity is nearly independent of 
temperature below T = 5 K, giving a residual resistivity in the 
range approximately 0.2–0.4 mΩ cm. The Hall resistivity is 
practically linear under a magnetic field up to 15 T with the 
Shubnikov-de Haas oscillation appearing at higher fields. 

Their work delivers large plate-like high- quality single 
crystals of Cd3As2 with large facets of (112) and (even 00) 
planes prepared with a self-selecting vapor growth method. 
The combination of ARPES, STM and transport measure-
ments revealed the unique band structure of 3D Dirac 
semimetal Cd3As2. (Reported by Ying-Hao Chu)

This report features the work of Fang-Cheng Chou and his co-
workers published in Sci. Rep. 5, 12966 (2015).
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Fig. 1: (a) Crystal structure of LSNO. (b) Schematic view of charge and spin stripes in LSNO in NiO2 
planes. The arrows represent Ni2+ ions and solid circles are the holes. Yellow and red boxes indicate the size 
of spin and charge modulations. [Reproduced from Ref. 5]
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Fig. 2: (a) Temperature dependence of the ratio of correlation lengths of the charge stripe along directions H and K. The inset shows the temperature dependence of each correlation length. (b) 
Temperature dependence of the correlation length of the charge stripe along direction L. [Reproduced from Ref. 5]

Fig. 3: Temperature dependence of (a) integrated intensity and (b) line width for CO reflection (4.66, 0, 3) (blue dots) and SO reflection (0.66, 0, 0) (red dots). (c) Real-space configurations 
of the states in regimes I and II. [Reproduced from Ref. 5]

La1.67Sr0.33NiO4 (x = 1/3), the charge and spin orders are commensurate with 
the lattice as ε is 1/3.

Studying charge and spin ordering of stripes in La1.67Sr0.33NiO4 measuring X-
ray scattering, Shu-Han Lee, Chao-Hung Du and their co-workers5 reported 
an atypical inverse order-disorder transition of charge stripes due to interlayer 
coupling of the in-plane charges and spins. They measured X-ray scattering of 
charge-ordering reflection of LSNO at BL07A1 and SP12B1; the incident 
photon energy was selected to be 10 keV. For spin-stripe reflection, they 
measured also resonant soft X-ray scattering at the Ni L3 edge at BL05B3.

Figure 2(a) shows the temperature dependence of the ratio of correlation 

lengths of the charge stripe along directions H and K in reciprocal space. On 
the basis of the temperature dependence, they divided the charge-ordered 
phase into three regions with two transition temperatures, TCO (~ 238 K) 
and T2 (~ 218 K). In regime I (T > TCO), the segregated charges are in a 
disordered and isotropic state. Upon cooling, the segregated charges form 
anisotropic charge stripes; the anisotropy displays a temperature-dependent 
behaviour in regime II (T2 < T < TCO). The anisotropy becomes eventually 
nearly constant in regime III (below T2). 

The atypical inverse order-disorder transition is observed in measurements 
of the correlation lengths of charge ordering taken along direction L in 
reciprocal space, as shown in Fig. 2(b). Cooling from high temperatures, the 
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charge correlation begins to build significantly along axis c of the crystal at 
TCO; the charge correlation length begins to increase from ξ = ~ 6 Å to 14 Å 
as temperature decreases to 230 K. At 230 K, the interlayer charge correlation 
spans over two NiO layers; it seems that a full 3D ordering would eventually 
develop, but on further decreased temperature the interlayer charge correla-
tion begins to decrease and an inverse order-disorder transition occurs. The 
interlayer charge correlation length eventually attains ξ = ~ 10 Å below T2 = 
218 K, at which both the charge and spin stripes are established. 

To consider the origin of the inverse order-disorder transition in the inter-
layer charge correlation, they compared the temperature dependence of the 
charge-ordering (CO) reflection (4.66, 0, 3) and the spin-ordering (SO) re-
flection (0.66, 0, 0). Figure 3(a) compares the temperature dependence of the 
integrated intensity of the CO and SO reflections. The weak spin-ordering 
reflection is, notably, still observable at temperature 230 K, which indicates a 
strong coupling between the charge and spin stripes. 

They compared also temperature dependence of the line width of a SO 
reflection (0.66, 0, 0) measured along direction H and that of a CO reflection 
(4.66, 0, 3) along direction L in Fig. 3(b). The former serves as a measure of 
in-plane spin order and the latter as a measure of interlayer charge correla-
tion. Although the spin-stripe transition occurs at ~ 190 K, the satellite SO 
reflection persists to a temperature as high as 230 K, indicating a dynamic 
spin fluctuation at high temperatures. The onset of the interlayer charge-
order suppression at 230 K coincides with the appearance of the in-plane 
spin-stripe order, which indicates that the in-plane spin-stripe order plays an 
important role in the inverse transition of the interlayer charge order.

Lee et al. intuitively explained the curious rise and fall of the interlayer correla-
tion as a result of two competing interactions. The interlayer charge-charge 
coupling favors the stripes in separate layers to be out of phase because the 
charge stripes repel each other, whereas the interlayer charge-spin coupling 

favours in-phase stripes because the formation of in-plane spin modulation 
causes a dissipation of the kinetic energy of the electrons. In-plane charge 
order appears first, resulting in the building of an out-of-phase interlayer 
charge correlation, but, as the in-plane spin-stripe order begins to develop, the 
interlayer charge order is suppressed. Figure 3(c) indicates the real-space con-
figurations for regimes I and II: in regime I, there exists no or weak in-plane 
charge order and correlation between layers is small; in regime II, the charge-
stripe order develops whereas the spins remain disordered. Out-of-plane 
charge correlation develops to minimize the Coulomb repulsion. In regime 
III, spin order develops and the out-of-plane charge correlation is suppressed; 
the system transforms into a three-layer stacking.

Their work points to the importance of the interlayer coupling in LSNO. An 
interlayer Coulomb interaction has been argued to be crucial to understand 
an anomalous shrinking of ratio c/a of lattice parameters that correlates with 
TCO in LSNO, as well as the existence of fluctuating charge stripes that persist 
to high temperatures. In particular, the inverse order-disorder transition of the 
interlayer charge order observed in their work might provide a new direction 
to understand the dominance of the dynamical stripes in cuprates. (Reported 
by Jun Okamoto)

This report features the work of Shu-Han Lee, Chao-Hung Du and their co-
workers published in Phys. Rev. B 92, 205114 (2015).
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Aerosols, referring broadly to ultrafine particulate matter (PM) suspended 
in a gaseous medium, are found to play increasingly important roles in 
atmospheric chemistry, environmental science, public health and biomedical 
sciences in the past five years; see Fig. 1 for correlations of aerosol science 
with various associated research fields. 

Although naturally produced aerosols are essential to maintain the radiative 
balance for Earth, anthropogenic aerosols produced from various human 
activities, such as industrial processes, transport emissions and coal burn-
ing have severely disturbed the homeostasis of Earth’s environment. These 
unnaturally produced aerosols have altered the microphysics of the forma-
tion and growth of clouds, altered atmospheric photochemical processes, 
worsened air quality and caused marked adverse health effects for human 
beings. As reported by the International Agency for Research on Cancer of 
the World Health Organization (WHO), exposure to ambient fine PM in 
polluted air contributed to 3.2 million premature deaths worldwide in 2010; 
amongst them 223,000 mortalities were due to lung cancers.1 In an updated 
WHO report released in 2014, the mortalities associated with exposure to 
air pollution increased to 7 million in 2012, accounting for 1/8 of total global 
deaths. These findings stress unambiguously the facts that air pollution 
and the PM suspended therein have become the largest environmental 
factor contributing to human health risk and mortality. Among all PM 
suspended in the air, PM2.5, which is defined as PM with an aerody-
namic diameter smaller than 2.5 μm, are particularly harmful to 
human bodies. While large PM (> 2.5 μm), once inhaled might 
be removed by lung mucous and cilia, PM2.5 can penetrate 
to the alveolar, the deepest region of the lung in which occurs 
an exchange of gas between air and blood, or even enter the 
systemic circulation to cause further adverse health effects. 

Even though the correlations between PM2.5 and various 
morbidities, including pulmonary and lung diseases, cardio-
vascular diseases and cancers, have been well established from 
epidemiology studies, their pathogenic mechanisms remain 
elusive at the molecular level. The reason is mainly that our 
understanding of the fundamental physical, chemical and bio-
logical properties of PM2.5 as well as of the biomolecules that 
are vulnerable to attack by PM2.5, is insufficient. Among varied 
intrinsic characteristics, the valence-electronic structure and 
ionization energy of a substance are especially crucial as these 
properties decisively determine the chemical activities of the 
substance with other chemical species. Whereas the valence 
electronic properties of PM2.5 might depend critically on the 
size, shape, composition and internal architecture, the valence-
electronic properties of a biomolecule might also rely crucially 
on the aqueous environment in which they reside and conduct 
their biological functions, through the pronounced solvent-
solute interaction and hydrogen-bond effect.

With the objective to understand the valence- electronic 

properties of both PM2.5 and the biomolecules that are likely vulnerable to 
be affected by PM2.5, and eventually to clarify the pathogenic mechanism of 
PM2.5 in leading to various morbidities, a research team led by Chia C. Wang 
of National Sun Yat-Sen University has recently developed a novel apparatus 
to record the VUV photoelectron spectra of aerosols; this spectrometer is 
capable of measuring the valence-electronic structural properties of both 
PM2.5 and solvated biological molecules, as shown in Fig. 2.2 The VUV 
radiation generated via undulator U9, at BL21B2, served as the ionization 
source. The usage of VUV plays a determining role in the experiments on 
photoelectron spectra of aerosols as it provides a soft mechanism for ioniza-
tion, allowing the valence-level electronic structures of target aerosol species 
and their electronic evolutions to be measured, rather than the core-level 
electrons typically measured in X-ray photoelectron spectra.

In this featured work, Wang and her research team have chosen a unique 
and biologically important amino acid, cysteine (Cys), to study its valence-
electronic properties and the evolution in its aqueous aerosol form, and in 
so doing to demonstrate the strength of the newly constructed apparatus. 
Through the active thiol (-SH) group at its side chain, Cys is highly nucleo-
philic and generally plays a key role in many important redox-based biological 
processes, including mediating the signaling paths and regulating the activi-

Defeating Air Pollution: 
Unraveling the Pathogenic 
Mechanism of PM2.5

Fig. 1: Illustration of the correlations of aerosol science with several important fields.

Fig. 2: Schematic view of the aerosol VUV photoelectron spectroscopy apparatus. The polarization vector of 
SR-VUV (BL21B2) is specified. [Reproduced from Ref. 2]
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condition representing a major chemical species. The photoelectron 
spectra of Cys aqueous aerosols in the four aqueous conditions explic-
itly show distinct photoelectron band shapes, reflecting the modified 
molecular-orbital character of Cys as the local chemical environment 
varies with pH. The ionization energy of Cys in an aqueous solution 
of small pH has been determined for the first time to be 8.98 ± 0.05 eV. 
It is notable that a new spectral feature was observed at pH = 9.00 and 
12.48 with a smaller binding energy, 6.97 ± 0.05 eV, indicating that the 
negative charge on the thiolate group becomes the first electron to be 
removed upon ionization. The results reported in this featured work 
provided a new microscopic perspective to understand the nucleo-
philicity of Cys at varied pH. The authors showed that Cys loses an 
electron more easily with increasing pH, and a new ionization channel 
with a smaller energy barrier becomes open when the thiol group is 
deprotonated. As outlined in Marcus’s charge-transfer (CT) theory, 
this result implies that, when Cys is involved in a redox process, the CT 
path might be entirely altered when its local chemical environment var-
ies with pH, and accordingly the rate and efficiency of CT. The results 
illustrated in this work consequently provide valuable hints to enable 
one to understand how the biochemical activity of Cys becomes 
affected when the active and oxidizing components of PM2.5 interact 
with the highly nucleophilic Cys upon inhalation. From a more general 
perspective, this featured work provides an elegant example to demon-
strate how sensitively the valence-electronic properties of an aerosol 
can be affected by its local chemical environment.  

This novel VUV aerosol technique presents valuable and promising 
opportunities to study fundamental and important properties of both 
aerosols and solvated biological molecules in an aqueous aerosol form, 
and to address critical issues regarding PM2.5 and its related fields, 
including environmental science, atmospheric chemistry and biomedi-
cal science. We remark additionally that the authors in this featured 
work demonstrated elegantly also the power of using of the new 
approach to record photoelectron spectra of an aqueous aerosol so 
as to probe solvated species, and its advantages over the conventional 
liquid microjet technique. By overcoming the electrokinetic charging 
issue that is typically encountered in the liquid microjet technique and 
by considerably improving the spectral resolution, detailed insight 
regarding the solvated species and the aerosols can be expected to be 
unraveled via this newly developed approach. In the near future, Wang 
and her research team are planning to investigate more environmen-
tally important PM2.5, with a focus on clarifying the fundamental 

mechanisms underlying the adverse impacts of PM2.5 on human health at a 
molecular level. (Reported by Yin-Yu Lee and Chia-Chen Wang)

This report features the work of Chia-Chen Wang and her co-workers published in J. 
Phys. Chem. Lett. 6, 817 (2015).
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ties of enzymes via S-nitrosylation and thiol oxidation. Despite the biological 
significance, the valence electronic properties of Cys in aqueous environ-
ments were unavailable before this work.

In this featured work, Cys was introduced into the aqueous aerosol phase of 
size ~ 100 nm, which readily created a bulk aqueous environment on a nano-
metre scale, allowing the valence-electronic properties of Cys and its possible 
evolution with altering aqueous environments to be studied in a systemati-
cally controlled way. Because Cys exhibits three possible sites of deproton-
ation, these varied forms of protonation and deprotonation are dominant at 
varied pH values. To learn how the valence-electronic properties of Cys are 
affected by the altering local chemical environments or by the varying nature 
of its charged status, Prof. Wang and coworkers measured VUV photoelec-
tron spectra of Cys aqueous aerosols at selected values pH = 1.00 (Fig. 3(a)), 
4.90 (Fig. 3(b)), 9.00 (Fig. 3(c)) and 12.48 (Fig. 3(d)) at 25 eV, with each pH 

Fig. 3: VUV photoelectron spectra of Cys aqueous aerosols at four chosen pH conditions 
measured at 25 eV. A. pH =1.00, B. pH = 4.90, C. pH = 9.00 and D. pH = 12.48. Symbols: 
experiment, -■-; Cys ns’, green curve; Cys ns, orange curve; Cys nO, violet curve; Cys nN, blue 
curve; condensed water, cyan curve; gaseus water (only partial), grey curve; cumulative curve, 
pink curve. [Reproduced from Ref. 2]
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Diborane molecules are composed of two boron atomic centers and 
multiple hydrogen atoms, hence represented as B2Hx. The structures of 
diborane species are still controversial. The normally existing B2H6 contains 
two bridging B-H-B bonds and four terminal B-H bonds in the calculated 
most stable conformation; gaseous samples show also a central B-B bond. 
Other B2Hx might be synthesized in collisions of H2 and boron atoms but no 
neutral diboron hydride species with less than six H atoms and a bridging B-
H-B bond has been experimentally observed. 

Bing-Ming Cheng and his co-workers dispersed B2H6 in neon on a KBr 

Molecules are composed of atoms and 
chemical bonds. To control a chemical reaction, 
breaking and forming specific chemical bonds is 
a key aspect. The use of photons to control the 
cleavage of a selected chemical bond in a compli-
cated molecule remains a challenge in chemistry. 
Photochemists traditionally vary the ratios of 
cleavages of chemical bonds on tuning mono-
chromatic radiation, typically in the ultraviolet 
region, to the energies of excited states of precur-
sor molecules, but the selectivity is limited. This 

window at 3 K. They utilized the advantages of synchrotron radiation at 
BL21A2 to direct the vacuum-ultraviolet light onto the neon surface with 
wavelengths varied from 115 nm to 220 nm.1 With excitation energies at 
light wavelengths 200 nm and 220 nm, a product was identified with infrared 
absorption spectra to be B2H2, previously detected elsewhere. On decreasing 
the wavelength of VUV light to 180 nm, many IR absorption features of other 
products appeared, as partly shown in Fig. 1. The structures observed by 
others failed to fit these new absorption signals, so diborane molecules of an 
entirely new structure should have been synthesized. 

Cheng and his co-workers carefully undertook new quantum-chemical calcu-
lations of the harmonic and anharmonic vibrational motions to calculate the 
wavenumbers and intensities of each vibrational mode for various conform-
ers. They eventually recognized the vibrational characteristics of neutral B2H4 
with two bridging B-H-B bonds and two terminal B-H bonds that satisfac-
torily fit the newly observed absorption features of the synthesized diborane 
species. The calculated structure of B2H4 is shown in Fig. 2. 

There are two major boron isotopes in nature, 11B and 10B; the boron atoms 
in B2H4 could hence be 10B10B or 10B11B or 11B11B. As the atomic masses differ, 
the vibrational frequencies also vary. In Fig. 1, some vibrational modes for all 
10B10BH4, 10B11BH4 and 11B11BH4 were observed. To confirm the structure of the 
new species, neutral B2H4, Cheng replaced the hydrogen atoms with deuterium 
atoms. Both the absorption spectra and the calculated vibrational energies of 
B2D4 conform to the calculated structure shown in Fig. 2. On that basis they as-
signed this new species as diborane(4). Because the infrared absorption features 
appear with vacuum-ultraviolet photons of wavelength 180 nm, the photolysis 
threshold to synthesize diborane(4) is about 6.6 eV. Although the detailed 
process of the dissociation and synthesis is still unrevealed, the new species is 
definitely formed from the precursor with vacuum-ultraviolet light as confirmed 
with infrared spectra. (Reported by Chen-Lin Liu)

This report features the work of Bing-Ming Cheng and his co-workers published in 
Chem. Sci. 6, 6872 (2015).
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Fig. 1: Infrared absorption of B2H4 in modes ν2, ν8 and ν10, (a) from photolysis of B2H6/Ne 
= 1/1000 at 3 K upon excitation at 122.6 nm and (b) from simulations. Some assignments 
are indicated.

Fig. 2: Calculated structure of B2H4.

Synthesis of a New Structure B2H4 from B2H6

Highly Selective Dissociation of Peptide Bonds

method has been extended on combining infrared 
and ultraviolet photons and using vibrationally 
mediated photodissociation to control further the 
breakage of a chemical bond for small polyatomic 
molecules. An optimally shaped, strong-field laser 
pulse provides another method to control the 
cleavage of a specific chemical bond; shaping the 
pulse is a complicated process that has so far been 
applied to only few molecules.

A third method utilizes the near-edge X-ray 

absorption of core electrons, in which the energy 
of a photon to excite a particular atom is sensitive 
to that atomic chemical environment. On tuning 
the X-ray wavelength to the K-edge absorption 
of atoms of a particular element, one might excite 
selectively that specific atomic entity. Such selec-
tive excitation can be specific to either an element 
or a site of the same element. An X-ray absorption 
corresponds to an excitation from the 1s orbital 
of this particular atom to an empty valence orbital 
or to direct ionization. One major channel after 

H10B11BH(ν3)

H11B10BH(ν3)

11B10BH4(ν10)
10B11BH4(ν8)Ab

sro
ba

nc
e

In
ten

sit
y (

a.u
.)

Wavenumber (cm-1)

10B11BH4(ν8)

11B10BH4(ν10)

10B2H4(ν10)

10B2H4(ν10)

11B2H4(ν10)

11B2H4(ν2)

11B2H4(ν2)

11B2H4(ν8)

11B2H4(ν8)

11B2H4(ν10)

H11B11BH(ν3)

H11B11BH(ν3)

0.12
0.10
0.08
0.06
0.04
0.02
0.00

1.0

0.8

0.6

0.4

0.2

0.0

2750 2720 2690 2660 2010 2000 1990 1980

(a)

(b)

174.8°

1.170 Å 1.459 Å 1.170 Å

1.352 Å83.8°

65.3°



030

A
C

T
IV

IT
Y R

EPO
RT

 2015

excitation is Auger decay, an ejection of one or two electrons, followed by 
dissociation. If the excitation energy remains localized near an initially excited 
atom, the chemical bonds around the excited atom might break readily.1 
Element-selective or site-selective bond breaking following core-level excita-
tion has been observed for molecules on a surface and in the gaseous phase, 
but the branching ratios (or selectivity) of these site-specific or bond-specific 
dissociation are typically small.

Chen-Lin Liu and his co-workers discerned the possibility to break specific 
chemical bonds via core excitation of a specific location of a molecule. They 

Fig. 1: Mass spectra of three isotopic species of N-methylformamide excited at C 1s → π*.3

Fig. 2: Branching ratios of the dominant products of N-methylformamide following 1s → π* transitions at the (a) C K-edge, (b) N K-edge, and (c) O K-edge.3
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built at BL05B1 a new end-station composed of an orthogonal acceleration 
reflectron time-of-flight mass spectrometer, matrix-assisted laser desorption 
and ionization, hemispherical energy analyser, etc. They observed some 
obviously enhanced products following specific core excitation for some 
aromatic molecules, such as phenol, but no intuitive relation between a 
location of excitation and breaking bonds was confirmed.2 They thought that 
the reason might be that it is necessary to break two chemical bonds for the 
cyclic structure. They would apply the phenomenon of specific dissociation 
to bio-molecules for possible structural characterization. Two molecules, 
N-methylformamide and N-methylacetamide, were chosen as models of 
peptide molecules, as the OC–N bond has the same structure as the peptide 
bond in peptides connecting various amino acids.3

Shown in Fig. 1(a) is the mass spectrum of N-methylformamide excited at the 
C K-edge. The ratio of mass to charge of the dominant products is 27 – 30 u. 
To distinguish whether they are products from a specific dissociation, their 
branching ratios were drawn as in Fig. 2. The products with m/z = 28 u have 
larger branching ratios following 1s → π* transitions at the C, N, and O K-edges. 
The branching ratio was enhanced from 20 % to 35 % at N and O K-edges, so 
confirming the product from a specific dissociation. Tracing the mechanisms 
of specific dissociation, they performed the same experiments for isotopically 
substituted molecules, producing the mass spectra shown in Figs. 1(b) and 
1(c). The branching ratios of all dissociation channels of all products were also 
calculated clearly. The major compositions of each product are thus listed above 
the signals in Fig. 1. Furthermore, the major dissociation mechanism of the en-
hanced product with m/z = 28 u was found to be breakage of the OC–N bond 
with branching ratios as great as 59, 71 and 61 % at the C, N, and O K-edges, 
respectively. Liu undertook the same experiments with another peptide model, 
N-methylacetamide, with similar results, which confirmed this specific breaking 
of the peptide bond. Applying this phenomenon to peptides, the mass spectra 
will show ideally the compositions as easily as of amino acids. This condition 
might simplify the analysis and make structural identification more accurate. 
(Reported by Chen-Lin Liu)

This report features the work of Chen-Lin Liu and his co-workers published in J. 
Phys. Chem. A 119, 6195 (2015).
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 2015 Photonic crystals, such as butterfly wings, 
opals and bird feathers, are commonly observed 
in nature. They all exhibit fantastic and shiny 
colors that cannot be acquired on simply mixing 
pigments. This effect is attributed to the arrange-
ments of long-range order of the self-assembled 
microstructures on a sub-micrometer scale. 
Because of the ordered arrays with varied refrac-
tive indexes, visible light traveling through such 
microstructures might encounter an inhibiting 
band that causes visible light to be reflected out, 
namely a photonic band gap. For light transport 
in photonic crystals with structures of long-range 
order, multiple Bragg reflections result in compli-
cated photonic band gaps between photonic band 
structures, providing opportunities to control the 
light propagation. Many frontier and practical ap-
plications such as optical communication, highly 
reflecting materials, laser cavities and display 
pixels have been proposed. Biomimetic of nature, 
photonic crystals have drawn intensive attention 
of scientists. In 2015, a research team of Yeo-Wan 
Chiang (National Sun Yat-Sen University) report-
ed an efficient and convenient means to fabricate 
polymeric photonic crystals of large microdomain 
through “bottom-up” methods, in particular from 
the self-assembly of block copolymers (BCP). 
They discovered an interesting red- and blue-
shifting reflectance with stimulus-responsive 
and reversible optical properties in these BCP 
photonic thin films. 

According to their recent reports,1,2 this team de-
veloped a facile, rapid and robust self-assembled 
technique to fabricate one-dimensional photonic 
crystal thin films of large area from polystyrene-
block-polyisoprene (PS-PI) BCP of large molecu-

lar mass and featuring highly oriented lamellar 
microstructures. They found that unique red- 
and blue-shift reflective bands depending on 
solvatochromism could be produced in films 
of PS-PI BCP gels using a non-selective neutral 
solvent as an external stimulus. As the internal 
microstructures have size hundreds of nanome-
ters, it is impractical to determine the morphol-
ogy and packing structure of the microdomains 
using a regular microscopy and light-scattering 
methods. To investigate the mechanism of the 
color change of the photonic gel films associated 
with the microstructural orientation and solvent 
concentration, Chiang and co-workers hence con-
ducted advanced ultra-small-angle X-ray scattering 
(USAXS) and grazing-incidence ultra-small-
angle X-ray scattering at BL23A1. With a well 
controlled beam quality via 
careful calibration of the 
size, direction and intensity 
of the beam, information 
about the internal micro-
structures of size hundreds 
of nanometers in a visible 
photonic crystal became 
resolved in the ultra-small 
angle region, in which 
the distance between the 
sample and the 2D detec-
tor is 5 m, much larger than 
that in typical SAXS.

Microphase-separated 
morphologies of the 
PS-PI BCP as cast with 
molecular mass large but 
variable were then exam-

Biomimetic of Nature: Stimulus-
Responsive Structural Coloration in 
Polymeric Photonic Crystals

Fig. 1: TEM micrographs and 1-D USAXS profiles of photonic PS-PI BCP. (a) 
PS/PI-260/278, (b) PS/PI-340/363 and (c) PS/PI-505/520 BCP. [Reproduced 
from Ref. 1]

Fig. 2: Time-dependent optical photographs and corresponding reflectivity profiles for shear-aligned (a) PS/PI-260/278, (b) PS/PI-340/363, and (c) PS/PI-505/520 BCP photonic 
gel films. Here t0 denotes the initial time of measurement of the reflectance after shearing. [Reproduced from Ref. 1]
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ined with a transmission electron microscope 
(TEM) and USAXS. The TEM micrographs 
show well ordered lamellar microstructures in 
PS/PI-260/278, PS/PI-340/363 and PS/PI-
505/520 BCP (Figs. 1(a)-1(c)). In Fig. 1(d), the 
USAXS profiles show reflections at relative q* 
ratios 1:2:3, confirming the formation of lamellar 
microstructures in these PS-PI BCP. A progressive 
shift of the first reflection maximum to smaller 
q also indicates an extension of the long periods 
with increasing BCP molecular mass. In general, 
the reflective color from a one-dimensional 
(1D) photonic crystal depends strongly upon 
the microstructural spacing. Accordingly, as the 
long period of the BCP lamellar microstructures 
expands, the wavelength of reflective electromag-
netic waves also increases because of the increased 
optical thickness. Notably, the initially clear PS-PI 
solution (i.e., a homogeneous disordered phase) 
transforms into a colorful PS-PI gel phase after 
solution casting (see insets in Fig. 1). The appear-
ance of color depends on the concentration and 
molecular mass of the PS-PI BCP.

For practical applications, a highly aligned BCP 
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photonic film is critical and necessary. For instance, with varied viewing angles, 
one can see varied coloration of butterfly wings or opals, i.e., reflective light of var-
ied wavelength because of distinct structural orientations. This team performed a 
facile process, oscillatory shearing, to generate 1D BCP photonic crystals of large 
area with highly aligned microstructures, which can give more uniform reflec-
tance with narrow bandwidth. After shearing, the optical properties of the BCP 
photonic gels were examined with a spectrometer microscope equipped with an 
optical spectrometer. In Fig. 2, the shear-aligned PS-PI BCP photonic gel films 
all exhibit uniform and strongly reflective colors over the entire area in the state 
as sheared (to). Most interestingly, the time-dependent reflectivity spectra show 
that the red-shift reflective bands are obtained first and blue-shift reflective bands 
arise subsequently during the evaporation of the solvent or with elapsed time. The 
reason is a consequence of the variation of the BCP lamellar long period resulting 
from the competition between the swelling due to increased segregation strength 
and the contraction due to solvent evaporation for the BCP long period. 

Through the observation of reflective colors for the PS-PI BCP gels, the effect of 
molecular mass on the reflected wavelength is also significant. With increasing 
molecular mass, reflective bands are found at longer wavelength. As observed, the 
maximum positions of the reflective bands for shear-aligned PS/PI-505/520, PS/
PI-340/363 and PS/PI-260/278 are 666, 509 and 460 nm. Interestingly, these 
PS-PI BCP films can still exhibit uniform reflective colors for the entire area even 
though time is protracted (t = t0 + 120 h), indicating that highly aligned lamellar mi-
crostructures of large area are preserved after evaporation of the solvent. The cross-
sectional TEM micrograph and anisotropic 2D USAXS pattern confirmed the 
long-range and highly aligned lamellar microstructures to be oriented parallel to the 
shear direction (Fig. 3(a)), which differs significantly from the disoriented lamellar 
morphology in the unsheared sample (Fig. 3(b)). As a result, PS-PI BCP photonic 
crystals of large area can be implemented using an oscillatory shear stress. 

Taking advantage of the photo-induced cross-linking characteristics of PS and PI 
blocks toward UV irradiation, a well defined photopatterned thin- film photonic 
crystal can be generated via masking. The exposed region can exhibit either a 
lower red-shift reflectivity or an unresponsiveness toward an external stimulus 
(i.e., solvent) through control of its duration of exposure to UV irradiation. This 
approach appears to be a facile and efficient means to design patterns for stimulus-
responsive thin-film photonic reflectors. (Reported by We-Tsung Chuang) 

This report features the work of Yeo-Wan Chiang, Edwin L. Thomas and their co-
workers published in Macromolecues 48, 4004 (2015).
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Fig. 3: Cross-sectional TEM micrographs of shear-aligned PS/PI-340/363 films 
after complete evaporation of the solvent. The inset shows the corresponding USAXS 
pattern. [Reproduced from Ref. 1]

Recent work in National Tsing Hua University yielded the results 
of the first study on charged lipid-exchange kinetics using novel disc-
shaped bicelles (lipid bilayer micelles). Lipid transport and lipid 
exchange are important biological processes to maintain the lipid 
composition. Defects in lipid trafficking and an incorrect lipid distribu-
tion in membranes can result in severe disease, but knowledge of lipid 
transport or exchange kinetics is limited; it is essential to understand 
the lipid-exchange mechanisms. The movement of lipids among 
various bilayers is diversified. Intra-bilayer lipid transfer includes lateral 
diffusion and flip-flop between the two leaflets of the bilayer. For 
inter-bilayer lipid exchange, several paths include monomer diffusion 
through the aqueous phase, inverse flip-flop via transient contact, lateral 
diffusion when hemifusion occurs and direct insertion. Several factors 
are also found to affect significantly the lipid-exchange kinetics, such as 
concentration, temperature, ionic strength and lipid species, as well as 
the presence of other molecules.

In conventional experiments, the lipid exchange is monitored using 
vesicles or supported lipid bilayers. Using time-resolved neutron scatter-
ing with deuterated lipids, the evolution of scattering intensity due to the 
exchange of the protonated and deuterated lipids between the originally 
protonated and deuterated vesicles can reveal the lipid exchange and flip-
flop kinetics. Apart from investigating the movement of zwitterionic lip-
ids using neutron scattering, the present work with time-resolved small-
angle X-ray scattering (SAXS) that monitors the structural evolution 
of mixed oppositely charged bicelle complexes extracts only the inter-
bilayer exchange of charged lipids. Because of the symmetric structure 
of the disc bilayer, the effect of flip-flop on the lipid exchange becomes 
eliminated. Unlike using vesicles, the planar structure of the disc bilayer 
also eliminates the effect of curvature on the lipid-exchange kinetics. The 
disc-shaped bicelles of diameter about 20 nm are large enough to mimic 
the lipid membrane, which is ideal for study of the lipid-exchange kinet-
ics. The bicelles can be doped with charged lipids to control their surface 
charge density for study of the charged-lipid exchange kinetics. 

When the prepared bicelles of equal concentration but oppositely 
charged were mixed at equal volume, they immediately formed one-
dimensionally stacked bicelle aggregates, with the positively charged 
and negatively charged bicelles in alternating order; the solution 
became slightly opaque. Figure 1 shows transmission electron micro-
scope (TEM) images of 15 % charged cationic and anionic bicelles, 
before mixing and the mixture of cationic and anionic bicelles a few 
minutes after mixing. The anionic and cationic bicelles are doped with 
1,2-dipalmitoyl-sn-glycero-3-phospho-(10-rac-glycerol) (DPPG) or 
cationic cholesterol 3b-[N-(N0,N0-dimethylaminoethane)-carbam-
oyl] (DC-cholesterol) respectively. The bicelles in the aggregate are in 
close contact with each other because of the strong electrostatic attrac-
tion between the oppositely charged bicelles. The exchange of charged 
lipids between the oppositely charged bicelles gradually decreases the 
net bicelle surface charge density and weakens the electrostatic attrac-

Charged Lipid Exchange 
Between Oppositely 
Charged Bicelles

(a) (b)

1μm 1μm
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tion between the oppositely charged bicelles; 
as a result, the bicelle stacks become shorter. 
The bicelles in a stack also become less tightly 
bound, resulting in an increasing d-spacing (repeat 
distance of the bicelles in the stack). Eventually, 
all bicelles become free isolated bicelles with a net 
charge about zero. The dissociation of the bicelle 
stacks is detectable with SAXS. The SAXS profiles 
showed that the lamellar diffraction peaks of the 
bicelle stacks gradually disappear into the form 
factor structure of isolated free bicelles. Figure 
1 shows the SAXS profiles for the case of 15 % 
doping charge at several intervals together with 
schematics of the structural evolution. 

By carefully model-fitting the SAXS profiles, the 
number of stacked layers, d-spacing of bicelles in 
the stack and the fraction of free bicelles can all be 
derived, as shown in Fig. 2. The number of stacked 
layers decreases with increasing time because 
of the gradual neutralization of the bicelles. The 
d-spacing gradually increases with time, which 
indicates that the average water gap between 
bicelles in the stack gradually becomes larger due 
to the weakening electrostatic attraction between 

Fig. 1: Top: TEM images and photos of both negatively and positively charged bicelles 
(15 % charge doping with DPPG and DC-cholesterol, respectively) before mixing, and 
the mixture a few minutes after mixing. Bottom: Time-resolved SAXS profiles from 
a mixture of oppositely charged bicelles as a function of the interval after mixing. The 
schematic of structural evolution is shown also to illustrate the gradual dissociation of 
the bicelle stacks into free bicelles as a result of gradual neutralization of the charged 
bicelles due to exchanging the charged lipids. [Reproduced from Ref. 3]

Fig. 2: Plots of deduced d-spacing, mean bicelle stack number and fraction of free 
bicelles as a function of time after mixing. [Reproduced from Ref. 3]

the oppositely charged bicelles in contact. The 
fraction of free bicelles gradually increases as the 
bicelle stacks gradually dissociate. The exchange 
of charged lipids was found to possess exchange 
kinetics of two kinds; a rapid mode dominates at 
the beginning and a slow mode succeeds at a later 
stage. Initially, at a large density of surface charge 
with almost no free water layer, only bound water, 
between the bicelles in the stack, rapid exchange 
dominates. At a later stage with a smaller surface-
charge density and wider water gaps, with a free 
water layer between the bicelles in close contact, 
slow exchange ensues. Such two-stage exchange 
kinetics has here been observed in lipid bilayer 
systems for the first time. Exchange modes of 
these two kinds fit well with the lipid exchange 
models of transient hemi-fusion for the rapid 
mode and monomer exchange through the aque-
ous phase (the free water layer) for the slow mode. 
The hemi-fusion is a much more rapid process; 
its time scale is tens of minutes. The monomer 
exchange mode would have a much longer time 
scale of order hours as the lipids must first escape 
from the bilayer, then diffuse through the water 
phase and enter the other bicelles again. Both 

the water gap with or without a free water layer 
and electrostatic interactions are critical factors 
to determine the charged-lipid exchange kinetics 
between lipid membranes in close contact. The 
present observations can be useful for under-
standing mechanisms of membrane fusion and 
lipid exchange during vesicle collisions. This work 
could be extended to include the role of proteins 
in inducing membrane fusion, at which proteins 
are thought to decrease the distance between two 
bilayers during vesicle contact. The bicelle interac-
tions investigated here should also be useful in 
applying bicelles to study various membrane 
interactions with antimicrobial peptides and amy-
loid peptides. (Reported by We-Tsung Chuang)

This report features the work of Po-Wei Yang, Tsang-
Lang Lin and U-Ser Jeng published in Soft Matter 
11, 2237 (2015). 
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sensitive carrier activities tune the piezo-electric 
property? Can a local piezopotential control bulk 
piezo-tronic devices? What are the kinetics? 

E-Wen Huang (National Chiao Tung University), 
Wei-Tsung Chuang (NSRRC), and Yu-Hsiang 
Hsu (National Taiwan University) developed a 
new method to answer the aforementioned ques-
tions.2 

They applied, in situ, X-ray diffraction experiments 
at BL01C2 for SWLS - X-ray powder diffrac-
tion and BL13A1 for SW60 - X-ray scattering. 
The team works closely with Chung-Kai Chang 
of BL01C2 and Ming-Tao Lee of BL13A1. 
The major diffraction signals corresponding to 
photoconductive nano particles and piezoelectric 
polymer, respectively, are identified with greater 
energy at BL01C2. The advanced detector of 
BL13A1 enables the team to resolve timely the 
kinetics. 

They systematically investigated the micro-struc-
tural-photon responses of this piezo-phototronic 
material subjected to external voltages at a lattice 
level. Figure 2(a) shows a conceptual experi-
mental setup. Their results reveal the correlation 

Fig. 1: Conceptual ideas to blend (a) photo-conductive nano titanium oxide 
(TiOPc) particles with (b) semi-crystalline poly(vinylidene fluoride-co-
trifluoroethylene) piezoelectric polymer (PVDF-TrFE) for (c) PVDF-TrFE 
+ TiOPc composite. [Reproduced from Ref. 2]

Fig. 2: X-ray diffraction experiments in situ: (a) visible light source; (b) power supply; (c) 
illuminated sample; (d) diffraction rings; (e) light-modulating TiOPc light absorbance spectra; (f ) 
distortion of PVDF-TrFE lattice corresponding to piezoelectricity. [Reproduced from Ref. 2]

A newly developed smart and soft material, 
composed of photoconductive nano particles and 
a piezoelectric polymer, is designed for three-way 
piezo-phototronic applications. 

The utilization of ferroelectric properties of 
polymers has attracted much interest because of 
their flexibility, which enables portable electro-
mechanical applications, such as tactile sensors, 
non-volatile memories and actuators. Moreover, 
piezoelectric polymers facilitate mass production, 
and are compatible with standard moulding and 
lamination.  

To design this newly-developed three-way piezo-
phototronic system, shown in Fig. 1, Wen-Ching 
Ko (Industrial Technology Research Institute) 
and his Ph.D. adviser Prof. Chih-Kung Lee (Na-
tional Taiwan University) examined the piezo-
phototronic effect. They developed a technique 
to apply a piezopotential to modulate the carrier 
activities and to adjust the performance of opto-
electronic devices.1

To improve the sensitivity and light emission of 
piezo-phototronics, it is important to understand 
the underlying mechanisms. Can the photo-

Developing Piezophototronic Materials 
for a Lab-on-a-Chip and Wearable 
Electronic Systems

between microstructure and bulk performance. 

The team demonstrated that the bulk photon-in-
duced piezoelectric responses under illumination 
are nearly twice those in conditions without light 
energy. The direct comparisons are shown in Fig. 
3(a) for P(VDF-TrFE) without TiOPc and Fig. 
3(b) for (VDF-TrFE) with TiOPc, respectively. In 
Fig. 3, the two ordinate axes show lattice informa-
tion on the left and bulk responses on the right. 
The blue stars denote the lattice strain on the b-
axis; the red stars indicate the results of bulk strain 
(d33). The solid and empty stars are data measured 
with and without illumination, respectively.

Qualitatively, in Fig. 3(a), both bulk and lattice 
strains of samples without TiOPc are not influ-
enced by illumination with visible light. In Fig. 
3(b), in contrast there is a significant effect on 
subjection to visible illumination in both lattice 
and bulk levels. Further, both bulk and lattice 
strains of P(VDF-TrFE) without TiOPc are 
greater than those of P(VDF-TrFE) with TiOPc. 

The bulk piezoelectric responses of P(VDF-
TrFE) with TiOPc are decreased on the addition 
of TiOPc nano-particles, which implies a weaker 
piezoelectric effect, but, when this sample is 
illuminated, the bulk piezoelectric responses of 
P(VDF-TrFE) with TiOPc become twice those 
without light. The lattice responses shown in 
Fig. 3(b) (solid ● vs. empty ○ blue circles) are 
much greater than that of the bulk responses, d33, 
(solid ● vs. empty ○ red circles) subjected to 
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illumination. The reason is that a bulk specimen containing TiOPc has no 
piezoelectric effect. 

We followed the method of Huang et al.3 to estimate the effective dielectric 
evolution based on the lattice response; the normalized dielectric values 
are shown in Fig. 4. A lattice-level decay was found during the initial stage of 
charging, which differs from a linearly increased bulk strain subjected to an 
applied voltage.

These experimental findings allow us to tune and to control a piezopotential-
induced strain for bio-related applications. With further improvement in the 
composite fabrication, the piezo-phototronic effect can be tailored. In view 

Fig. 3: (a) Macro with light (✭), macro without light (✩), b-axis lattice with light 
(✭), and b-axis lattice without light (✩), strain evolution of P(VDF-TrFE) subjected 
to an applied voltage; (b) macro with light (●), macro without light (○), b-axis lattice 
with light (●), and b-axis lattice without light (○) strain evolution of P(VDF-TrFE)/
TiOPc subjected to an applied voltage. [Reproduced from Ref. 2]

Fig. 4: Normalized lattice-dielectric evolution subjected to applied voltage: (a) P(VDF-
TrFE) with TiOPc with light (●) and without light (○); (b) P(VDF-TrFE) without 
TiOPc with light (✭) and without light (✩). [Reproduced from Ref. 2]

of the flexible soft piezo-phototronics, the present results demonstrate the 
potential of composites in this new class for photon-modulated piezoelec-
tronics. (Reported by We-Tsung Chuang)

This report features the work of E-Wen Huang, Yu-Hsiang Hsu, Wei-Tsung 
Chuang, Wen-Ching Ko, Chih-Kung Lee and their co-workers published in Adv. 
Mater. 27, 7728 (2015).
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bioengineering”. 

It is known that the expressed ratio of two pro-
teins (spidroins), called Major ampullate Spidroin 
1 (MaSp1) and Major ampullate Spidroin 2 
(MaSp2), can influence MA silk mechanical 
properties, and the spidroins expressed can vary 
according to a spider’s nutritional uptake. For 

Spider major ampullate (MA) silk has excep-
tional strength (gram-for-gram greater than 
steel), extensibility, and toughness (gram-for-
gram greater than Kevlar®). It is produced within 
an aqueous solution at room temperature and is 
biocompatible. Hence the commercialization of a 
biomimic system to spin fibers that resemble the 
natural properties of MA silk is the “holy grail of 

How Do Spinning Processes Affect Nano-Scale Silk 
Properties in Nutritiously Stressed Spiders?

instance, spiders on protein poor diets generally 
downregulate their expression of MaSp2. The 
reason for this is thought to be because MaSp2 is 
more metabolically expensive to synthesize than 
MaSp1. However, because of the complexities of 
silk spinning, changes in MaSp1 and/or MaSp2 
expression alone are not necessarily enough to 
influence MA silk mechanical properties.1 Thus 
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Fig. 1: Representative X-ray diffraction profiles of M silk of N. pilipes that was (a) fed 
the protein rich (P) solution and (b) deprived of protein (NP). (c) Mean ± s.e. relative 
crystalline intensity ratio for the (0 2 0) and (2 1 0) reflection vectors for silk from 
spiders fed either a protein rich (P) or protein deprived (NP) solution. [Reproduced 
from Ref. 2]

Fig. 2: Three representative stress-strain curves of native state Nephila pilipes MA silk 
from pre-treatment (PT), protein fed (P) and protein deprived (NP) spiders (1, 2 and 
3) and typical supercontracted (or “ground state”; GS) silks of protein-fed and protein 
deprived spiders. [Reproduced from Ref. 2]
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the mechanisms by which MA silk mechanical properties are affected when the 
nutritional intake of a spider changes has been, until recently, uncertain.

In an article recently published in Biomacromolecules Sean Blamires and 
colleagues from Australia, Taiwan and the USA systematically tested the influ-
ence of spidroin expression and nano-structural variations as a consequence 
of spinning processes on silk mechanics when the giant wood spiders, Nephila 
pilipes were fed or denied protein.2 Upon completing the feeding experiments 
at Tunghai University, silk was extracted from the spider’s spinnerets using a 
mechanical spool and subjected to amino acid analysis using reverse phase 
liquid chromatography, native state (i.e. dry) mechanical testing at the Indus-

trial Technology Research Institute, supercontraction (i.e. wet) mechanical 
tests at the University of Akron (USA), and wide-angle X-ray diffraction 
analyses at BL01C2. 

The shift in amino acid compositions found in the silks of spiders under 
the two diets suggested there was down-regulation of MaSp2. However, 
there was no correlation between proline composition, an amino acid only 
present in MaSp2, and any mechanical property other than the silk’s capacity 
to shrink when wet. Thus, MaSp2 down-regulation does not explain any of 
the variability in mechanical properties found. Figures 1(a) and 1(b) show 
representative wide-angle X-ray diffraction profiles of N. pilipes silks across 
the two experimental treatments. Further analysis of the wide-angle X-ray 
diffraction data showed greater relative crystalline intensities (I020/I210) in the 
silks of the protein fed spiders (Fig. 1(c)). There was also evidence of a greater 
amorphous halo in the silks of the protein fed spiders. 

Since supercontracting silks in water removes protein alignment in amor-
phous region,3 the supercontraction mechanical tests were done to test the 
influence of amorphous protein chain alignment on the variations in native 
state mechanical properties found between treatments. Since the mechani-
cal properties did not differ between the silks of spiders on the two feeding 
treatments when in a supercontracted state but they did when in a native 
state (Fig. 2), it was concluded that variations to protein chain alignments in 
the amorphous region had a greater influence over silk mechanical property 
variations than did any nano-scale variations in the crystalline region. The 
study effectively showed that processes acting during spinning influence 
amorphous alignment and crystalline density at nano-scales and these have 
a greater influence over silk mechanical properties in nutritiously stressed 
spiders. 

This study significantly enhances our understanding of the mechanisms by 
which MA silk mechanical properties change when a spider’s nutritional 
intake changes, thus advancing knowledge about how spider silks are spun 
and how they achieve their desirable properties. Such findings take us closer 
to the goal of developing biomimic systems to spin fibers that resemble natu-
ral MA silk. (Reported by Sean J. Blamires, University of New South Wales, 
Australia)

This report features the work of Sean Blamires, I-Min Tso and their co-workers 
published in Biomacromolecules 16, 1218 (2015).
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In the ParABS (partition system of ParA, ParB and parS) bacterial chromo-
some-partitioning system, ParB spreads along the chromosomal DNA by 
binding at specific parS and non-specific DNA sites to form a high-order 
partition complex.1-3 This partition complex is required for the loading of 
SMC onto the chromosomal DNA. In addition, ParB can interact with ParA 
and stimulate its ATPase activity.4 This nucleoid-adaptor complex, ParA-
ParB-parS, is used to promote chromosome segregation.5 In the Helicobacter 
pylori, ParABS system consists of HpSoj (ParA), HpSpo0J (ParB) and parS 
DNA.6 In 2015, a research team of Yuh-Ju Sun (National Tsing Hua Uni-
versity) solved a new crystal structure of the Ct-HpSpo0J-parS complex. 
The team reported that Ct-HpSpo0J folds into an elongated structure that 
includes a flexible N-terminal domain for ParB spreading and a conserved 
DNA-binding domain for specific parS binding. Importantly, Ct-HpSpo0J 
undertakes multiple protein-protein interactions with neighboring molecules 
through the N-terminal domain and forms an oligomer. 

Insight into Bridging and Condensing DNA for Chromosome 
Partitioning

According to previous reports,1-6 the ParB spreading was studied with biochem-
ical data, but the detailed mechanism is still unclear. To realize the molecular-
level story, that team used techniques of biological crystallography, including 
X-ray diffraction at BL13B1, BL13C1 and BL15A1, and small-angle X-ray 
scattering (SAXS) at BL23A1. In their work, a Ct-HpSpo0J-parS complex 
crystal was grown from a precipitant solution (PEG 8000 14–16 % and Li2SO4 
450–525 mM) within 3–7 days. The X-ray diffraction data of the Ct-HpSpo0J-
parS complex crystal were collected to resolution 3.1 Å. The SAXS data for the 
full-length HpSpo0J (3 mg mL-1) were collected at 20 °C. The primary data 
were reduced with an in-house program at BL23A1 and the processed data 
were analyzed using the ATSAS package software.

According to this work,7 shown in Fig. 1, the oligomeric structure of the Ct-
HpSpo0J-parS complex is formed by four Ct-HpSpo0J molecules (chains A, B, 
C and D) binding with four parS molecules (Fig. 1(a)). This oligomer might 
mimic a high-order complex in the ParABS system to promote ParB spread-
ing. In the Ct-HpSpo0J-parS complex, molecules A and B form a crosswise 
dimer using adjacent molecular interactions via N-terminal domain residues 
(Fig. 1(b)). At the residue level, they found that residues of α3 and α4 in 
molecules A interact with Arg89 of chain B. There are also several hydrogen 
bonds formed between Met114/Arg115 (α3) and Ser143 (α4) of molecule 
A and Arg89 of molecule B (Fig. 1(c)). Glu150 (α5) of molecule A forms a 
salt bridge with conserved Arg49 of molecule B. These hydrophilic interac-
tions might be essential for the formation of the AB dimer. This team found 
that molecules A and C use transverse molecular interactions in their N-
terminal domains to form a bridging dimer (Fig. 1(d)). At the residue level, 
they observed that a hydrogen bond forms between the side chain and main 
chain of Arg89 in molecules A and C, respectively. Gln62 (α1) of molecule A 
interacts with Arg89 of molecule C; molecule A Gln71 (loop α1-β1) interacts 
with chain C Val73 (Fig. 1(e)). They observed that the ParB dimers interact 
with adjacent and transverse interactions through the N-terminal domain to 
spread along and to bridge the chromosomal DNA.

As shown in Fig. 2, they utilized SAXS to investigate further the full-length 
HpSpo0J. From the SAXS data, a low-resolution non-globular molecular 
envelope of HpSpo0J was determined with calculations ab initio. After fitting 
the C-terminal domain of P1 ParB (gray) into the Y-shaped envelope, the 
HpSpo0J (green and purple) were fitted into the two arms. The Y-shaped 
full-length HpSpo0J utilizes its N-terminal domain for neighboring molecu-
lar interactions and to dimerize via its C-terminal domains to stabilize this 
structure.

According to their crystal structure and SAXS solution data, they proposed 
a ParB spreading model (Fig. 3). In this model, all three domains of the ParB 
take part cooperatively for molecular spreading. The DNA-binding domain 
binds to a specific parS site at a chromosome. The C-terminal domain of 
ParB dimerizes with a vicinage to maintain the ParB-parS complex. The 
flexible N-terminal domain provides diverse protein-protein interactions. 
The ParB dimers interact by adjacent and transverse interactions through the 
N-terminal domain to spread along and to bridge the chromosomal DNA, 
horizontally and vertically.

Fig. 1: (a) Ct-HpSpo0J-parS complex. Four Ct-HpSpo0J molecules (A/green, B/
magenta, C/orange, and D/cyan) and four parS DNA (yellow) form as a tetramer. (b) 
Adjacent interactions at the AB dimer. (c) Key residue interactions (89RRLR92) at the 
AB dimer. (d) Transverse interactions at the AC dimer. (e) Key residue interactions 
(89RRLR92) at the AC dimer. [Reproduced from Ref. 7]
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This work showed the structural details of the complex and combined with 
results from SAXS to provide a mechanism to mimic ParB spreading in 
the chromosome partition system. This significant work not only provides 
structural evidence how ParB spreads along the chromosomal DNA by parS 
binding in the bacterial chromosome partitioning system but also renews our 
knowledge about how ParB bridges DNA to condense the chromosome dur-
ing the chromosome segregation. (Reported by Chun-Jung Chen)

This report features the work of Yuh-Ju Sun, Bo-Wei Chen and their co-workers 
published in Proc. Natl. Acad. Sci. USA 112, 6613 (2015).

Fig. 3: The C-terminal dimerization (in white spheres), the DNA-binding (in green 
rectangles) and the flexible N-terminal domains (in green spheres) of ParB are shown. 
ParB binds chromosomal DNA at specific parS sites (in red) or non-specific sites 
(in gray). Multiple ParB molecules spread along the chromosomal DNA through 
the N-terminal domain by adjacent interactions (boxed in magenta) and transverse 
interactions (boxed in orange). [Reproduced from Ref. 7]
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Complicated Designs of Dinosaur Teeth: 
Functions and Protective Mechanisms

Fig. 1: Microanatomy of ziphodont teeth with (a, b, c, e) and without (d and f ) deep folds. (a) Drawing of a skull of 
a carnivorous dinosaur. (b) Sagittal thin sections through distal (left) and mesial (right) carinae. (c and e) Denticles 
of ziphodont teeth of an indeterminate phytosaur (c) and Carcharodontosaurus saharicus (e), under SEM (left) and in 
thin section (right). (d) Structure of a carina, lacking denticles, on a tooth of Smilodon sp. (f ) Denticles of Hadrosaurid. 
Abbreviations: dej, dentine-enamel junction; e, enamel; if, interdental fold; is, interdental sulcus; pd, primary dentine. 
[Reproduced from Ref. 1]

From the evolutionary point of view, the rela-
tionship between dietary habits and tooth mor-
phology was thought to be strongly correlated. 
The dinosaur fossil teeth could be a suitable tissue 
fossil for investigation of mechanical functions 
and evolutionary progresses of dinosaur teeth, and 
it could provide novel information on the feeding 
habits, possible habitats and living environments 
of dinosaurs.

Two papers based wholly and partly on experi-
mental and simulation results from the NSRRC 
reported on the evolution, function and self-
protection of dinosaur teeth based on the analysis 
of the native components and nanostructures of 
the teeth of dinosaurs using scanning electron 
microscopy (SEM), synchrotron-based Fourier 
transform infrared spectroscopy,1 and synchro-
tron-based transmission X-ray microscopy2 at the 
BL14A1 and BL01B1 beamlines.

The drawing of a skull and sections of a tooth 
shown in Figs. 1(a) and 1(b) belong to a typical 
archosaur. When magnified manyfold, one can 
see that the tooth features serrated edges (also 
called ziphodonty) along different carinae (keel-

90°
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Fig. 2: The SAXS model of full-length 
HpSpo0J is shown as a dimer. The N-terminal 
and DNA-binding domain of the two 
HpSpo0J molecules are colored separately 
in green and magenta. Their C-terminal 
domains are shown as a dimer and colored in 
grey. [Reproduced from Ref. 7]
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shaped ridges on a tooth) for it to catch and tear preys. The interdental folds 
appear in the dentine at the bottom of the individual interdental sulcus as 
shown in Fig. 1(b).

According to a previous histological inspection of ziphodonty, the inner 
end of an interdental fold was misinterpreted as a void and being coined an 
“ampulla” due to its bulbous shape. It was hypothesized that ampullae might 
play a crucial role in reducing the possibility of damage to the denticles, 
projections that form the serrated edge on a tooth, by releasing stresses on 
them during feeding. Deep interdental folds were considered to be a crucial 
characteristic of ziphodont teeth of theropods which doesn’t appear in other 
taxa (Figs.1(c) to 1(f )).

Interestingly, the deep folds are present also in the unerupted teeth of
Gorgosaurus and Allosaurus (Figs. 2(a) and 2(d)). Comparison of the deep 
folds in the erupted teeth with those of the unerupted teeth shows that the 
shape of folds between them is similar, but no clear layer of sclerotic dentine 
was observed in the latter (Figs. 2(b) and 2(c)).

Models of tooth functionality and wear have suggested that ziphodont thero-
pod teeth were efficient in “puncture and pull” feeding, thereby introducing 
tension on the distal carina and compression on the mesial carina, necessitat-
ing a hollow “ampulla” only on the distal carina to prevent catastrophic break-
age of the tooth. However, interdental folds are present on both the mesial 
and distal carinae of erupted and unerupted teeth in all theropods examined, 
and the development of these structures began before the tooth had erupted 
into the oral cavity. Moreover, the “ampulla” is not a hollow structure that 
might function as a “kerf and drill”, but is globular mantle dentine deposited 
at each interdental fold. The authors therefore rejected the hypothesis that 
these structures were epigenetically formed with use of the tooth to counter 
tensional forces and stop tooth breakage. Instead, they proposed that the 
development of the deep folding increased the depth of the denticles within 
the tooth, likely strengthening each denticle, creating a tooth microanatomy 
unique to theropods.

Thirteen types of 
dinosaurs (eight for 
saurischian dinosaurs 
and five for ornithis-
chian dinosaurs) were 
investigated to differen-
tiate their interior tooth 
microstructures among 
selected dinosaurs. 
The major difference 
between the two 
groups is the mantle 
dentine (MD) with 
interglobular porous 
spaces (IGS), which 
appear in all sauris-
chian dinosaurs, but 
not in ornithischian 
dinosaurs (Fig. 3). The 
authors considered the 
hypocalcified tissue 

of the MD, being softer than the enamel and the dentine, likely to enhance 
the overall tooth elasticity, even though the precise function of the MD is 
still elusive. Because of its softer property, the MD might serve as a shock 
absorber for dissipating stress on teeth and preventing tooth cracks in the 
enamel from extending to the dentine. In addition, the IGS, which is a sub-
zone within the MD, might provide stress shielding for the tooth to secure 
its longevity, owing to IGS’s unique structure.

To test further the hypothesis, the authors investigated the mechanical func-
tions of the MD and IGS structures inside a typical long and sharp sauris-
chian tooth using finite-element analysis. The simulation results strongly 
supported the hypothesis and showed that the randomly distributed IGS 
structures could redistribute stress on the enamel, preventing the intense 
stress from propagating to the weaker bulk dentine and causing tooth 
fracture (Fig. 4). The soft MD with IGS structures thus functioned as a pro-
tective buffer, which was capable of shielding the tooth from the destructive 
lateral forces.

Fig. 2: Microanatomy of unerupted and erupted teeth. (a) Denticles of an unerupted 
tooth of cf. Gorgosaurus sp. with deep folds. (b) A sagittal thin section of an interdental 
fold with sclerotic dentine in an erupted Carcharodontosaurus saharicus tooth. (c) A thin 
section of an interdental fold without sclerotic dentine in an unerupted cf. Gorgosaurus 
sp. tooth. (d) Denticles of an unerupted tooth of Allosaurus fragilis with deep folds. 
Abbreviations: gd, globular dentine; if, interdental fold; is, interdental sulcus; pd, primary 
dentine; sd, sclerotic dentine. [Reproduced from Ref. 1]
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Fig. 3: Internal tooth microstructures of various dinosaur genera within a comparative phylogenetic framework. (a) Extant Caiman Crocodilus. 
(b) Phytosaur. (c) Yunnanosaurus. (d) Diplodocus. (e) Dilophosaurus. (f ) Spinosaurus. (g) Carcharodontosaurus. (h) Dromaeosaurus. (i) Tarbosaurus. (j) 
Tyrannosaurus. (k) Edmontosaurus. (l) Shantungosaurus. (m) Saurolophus. (n) Pachycephalosaurus, and (o) Triceratops. Asterisks indicate enamel cracks. 
Black and white arrows point to the enamel tufts (ET) and the periodic features of a long enamel spindle (LES), respectively. Abbreviations: IGS, 
interglobular porous space structure; ES, enamel spindle. Mantle dentine and dentine are colored translucent green and yellow, respectively. The 
enamel is uncolored. [Reproduced from Ref. 2]
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From the evolutionary point of view, the MD-IGS 
structures might be much more suitable for long 
and sharp saurischian hunting teeth because these 
structures function like a damper, which means 
that they could protect the teeth from breakage 
while the latter are tearing at large preys. (Reported 
by Kai-Dee Lee and Chun-Hsiang Huang)

This report features the works of Yao-Chang Lee, 
Robert R. Reisz, and their co-workers published 
in Sci. Rep. 5, 12338 (2015), and of Chun-Chieh 
Wang , Robert R. Reisz, and their co-workers 
published in Sci. Rep. 5, 15202 (2015).

References

1. K. S. Brink, R. R. Reisz, A. R. H. LeBlanc, R. S. 
Chang, Y. C. Lee, C. C. Chiang, T. Huang, and D. C. 
Evans, Sci. Rep. 5, 12338 (2015).

2. C. C. Wang, Y. F. Song, S. R. Song, Q. Ji, C. C. Chi-
ang, Q. Meng, H. Li, K. Hsiao, Y. C. Lu, B. Y. Shew, T. 
Huang, and R. R. Reisz, Sci. Rep. 5, 15202 (2015). 

Fig. 1: Overall structure of the YopO-actin complex. (a)  Two views of the structure (front and top). YopO consists of a GDI domain (shown in red) and a kinase domain (blue). 
Catalytic residue D267 is displayed as magenta spheres. (b) Surface representation. Based on the topology, the two binding sites and one active site are clearly located in separate places 
on YopO. [Reproduced from Ref. 1]

How Do Pathogenic Bacteria Disable the 
Host Immune System in Phagocytosis?

host cell membranes and to subvert the phago-
cytic cells. YopO, one such effector, can interfere 
with actin cytoskeleton to inactivate phagocytosis. 

To unmask the important molecular mechanisms 
behind this phenomenon, Robert C. Robinson 
and his co-workers solved the structure of the 
complex of Y. enterocolitica YopO with actin using 
BL13B1.1 The crystal structure of YopO-actin 
showed that the actin molecule is sandwiched 
between the GDI and kinase domains of YopO 
(Fig. 1(a)). The Rac1 and actin binding sites 
on the GDI domain and the active site on the 
kinase domain are found in three separate areas, 
indicating that these interactions might occur 

(a) (b)Kinase
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Fig. 4: Two-dimensional multi-tissue mechanical simulations of a long and sharp saurischian tooth. (a) Lingual view. (a’) 
Mesial or distal view. (a’’) Mesh structure of the tooth model generated by the finite-element analysis software. Black, blue 
and red arrows show the directions of the applied external forces. (b-d) A force acts on the apex of a saurischian tooth, 
which consists of various dental compositions near the dentine-enamel junction (DEJ). (b’-d’) A net force acts normally 
on the whole enamel surface of a saurischian tooth, which includes various dental compositions near the DEJ. (b”-d”) A 
force acts on the lingual or labial surface of a saurischian tooth, which consists of various dental compositions near the DEJ. 
Abbreviations: E, enamel; BD, bulk dentine; MD, mantle dentine. [Reproduced from Ref. 2]
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Phagocytosis, performed by an organism’s im-
mune system, is a crucial mechanism to remove 
pathogens and cell debris. This mechanism 
is triggered by actin polymerization, which is 
orchestrated by various actin-regulating proteins 
such as CapG, gelsolin, diaphanous, WASP, WIP 
and VASP. Disrupting the expression or function 
of these proteins impairs phagocytosis in macro-
phages, as supported by previous studies. In the 
fourteenth century, a highly contagious pathogen, 

Y. pestis, caused the outbreak and spread of the 
bubonic plague, resulting in about 30–60 % death 
of the European population.

For a pathogen to survive in a host organism, 
halting the process of actin assembly is a common 
and useful strategy. In this regard, the pathogenic 
Yersinia species attacks a host immune system 
through the type-III secretion systems to inject 
bacterial effector proteins across the bacterial and 
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simultaneously (Fig. 1(b)). In addition, activation of the kinase 
is induced upon actin binding, which provides stabilizing 
interactions with the catalytic loop.

Regarding the sequestration of actin monomers, Fig. 2(a) 
indicates that the formation of the actin filament2 is disrupted 
through steric hindrance upon YopO binding. In addition, bio-
chemical analyses by spectrofluorimetry and autophosphory-
lation both indicated that 2-μm YopO WT and nRac (with 
mutation at the Rac-interaction interface of YopO) can almost 
eliminate actin polymerization and perform autophosphoryla-
tion (Figs. 2(b) and 2(c)). Subsequently, all mutants have a 
similar period for elution in a gel-filtration chromatograph. The 
structural folds of these mutants are thus expected to be correct 
(Fig. 2(d)).

According to a previous report by the authors, many actin-
binding proteins bind to subdomain 1 or 3 of actin.3 As shown 
in Figs. 3(a)-3(c), four actin-regulating proteins, including 
profilin, the G-actin-binding domain of VASP, the gelsolin do-
main 1-34 and the WH2 motif, might form ternary complexes 
with YopO and actin without steric conflict. According to Fig. 
1(b), the catalytic cavity of the kinase domain is nearer actin. 
The authors thus speculated that YopO-bound actin might 
serve as a bait to recruit kinase substrates for phosphorylation. 
This phosphorylation assay in vitro supports the hypothesis 
in that all actin-binding proteins were phosphorylated except 
CapG and Twf1 (Fig. 3(d)). Taken together, the data indicated 
that the YopO-bound actin prevents polymerization because 
of the severe steric clash, while the actin-regulating proteins are 
recruited and phosphorylated by YopO.

In summary, the authors proposed a model to impede the actin 
dynamics with three parallel paths to disable phagocytosis by 
(i) suppressing signal transduction using sequestration of Rac 
and Rho, both contributing to mediate the actin assembly for 
a phagocytic cup, (ii) blocking polymerization at the host-
pathogen contact interface via sequestration of actin, and (iii) 
down-regulating polymerization through phosphorylation of 
actin-binding proteins (Fig. 4). In a nutshell, Y. enterocolitica has 
developed its own way with YopO to survive the host immune 
system. (Reported by Chun-Hsiang Huang)

This report features the work of Robert C. Robinson and his 
colleagues published in Nature Struct. Mol. Biol. 22, 248 (2015).
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Fig. 2: Mechanism of actin-monomer sequestration. (a)  Incompetent actin polymerization indicated 
by superimposition of the YopO-actin complex on the actin filament. (b) Pyrene-actin polymerization 
assay. (c) Autophosphorylation assay. (d) Size-exclusion chromatograms of WT YopO and mutants. 
[Reproduced from Ref. 1]

Fig. 3: Interaction and phosphorylation of actin-binding proteins. (a)  The binding sites of profilin and 
GAB domain of VASP are shown in yellow and red, respectively. (b) The binding site of gelsolin domain 
1–3 is shown in green. (c) The binding site of WH2 is shown in ocher. (d) Phosphorylation of actin-
binding proteins by YopO. Red asterisks indicate the molecular weights of the substrates. [Reproduced 
from Ref. 1]
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Fig. 4: Model for disabling actin polymerization by YopO. P, phosphorylation; Rac/Rho, Rac and/or 
Rho. [Reproduced from Ref. 1]
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Fig. 1: Analysis of plasmid purified from six AHPND and four non-AHPND strains. (a) Lanes 1-6 contained separate 
AHPND-causing strains and lanes 7-10 contained separate non-AHPND strains. “M” denotes the marker lane. (b) 
Southern blot hybridization with AP2. Asterisks indicate the target plasmid bands. [Reproduced from Ref. 3]

Fig. 2: Characterization of PirABvp toxins. (a)  Western blot indicated the absence of PirAvp and PirBvp proteins in the broth of a V. parahaemolyticus culture. (b) Western blot detected no 
PirAvp and PirBvp in the ΔpirABvp strain. (c) Virulence assay. Student t test (**p < 0.005) stands for significant differences conducted with unpaired Student. (d) Histological examination. 
Abnormal cells (arrows) and normal cells (broken cells). [Reproduced from Ref. 3]
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Predicament of the Cultured Shrimp Industry: An Emergent 
Bacterial Disease Causes Substantial Economic Losses

A severe emerging contagious disease has 
recently caused the massive death of shrimp 
larvae and tremendous economic losses in the 
shrimp aquaculture industry, calculated roughly to 
be more than USD 1 billion per year. The newly 
emergent shrimp epidemic, acute hepatopancre-
atic necrosis disease (AHPND, first reported in 
China in 2009), has become widespread; the  
affected area encompasses southeast Asia 
(Vietnam, Malaysia and Thailand) and Central 
America (Mexico).

According to previous work,1 AHPND is caused 
by a specific strain of opportunistic marine 
bacterium Vibrio parahaemolyticus; the character-
istic symptoms are commonly observed as an 
atrophied pale hepatopancreas combined with 
an empty stomach and midgut. In a later report 
in 2014,2 a 70-kpb extrachromosomal plasmid 
(pVA1) was found in all AHPND-causing strains 
of V. parahaemolyticus but not in the non-AHPND 
strains, through use of the next-generation 
sequencing  technique to analyze three virulent 
strains and one nonvirulent strain. In addition, 
pVA1 contains two toxin genes, PirAvp and PirBvp, 
which encode homologues of the insecticidal 
Photorhabdus insect-related (Pir) binary toxin. The 
pathogenesis of AHPND has, until now, not been 
elucidated.

Attempting to test the unique sequences of the 
AHPND-causing strains, a research team led 
by Chu-Fang Lo purified varied plasmids from 
various AHPND and non-AHPND strains 
for analysis. In Fig. 1(a), the authors show that 
extrachromosomal plasmids from one to five 
were observable in the AHPND-causing strains. 
Among these, one plasmid of size ~ 70 kbp was 

detected using Southern blot with an AHPND-
specific probe (AP2) (Fig. 1(b)). Figure 1 hence 
indicates that AHPND virulence in V. parahaemo-
lyticus was bestowed by a common plasmid; this 
APHND-associated plasmid was named pVA1.

According to previous reports, even though 
AHPND produces massive sloughing of HP cells 
into HP tubule lumina, there is, curiously, no sign 
of bacterial colonization in the lesion areas during 
the initial and acute stages of the disease. The 
authors thus speculated that the necrotic effects 
are likely caused by a pVA1-encoded Pirvp toxin 
in a secreted form. The authors then detected 
the secreted PirAvp and PirBvp of 12 and 50 
kDa, respectively, in the culture medium of 
AHPND-causing V. parahaemolyticus using 
Western blot (Fig. 2(a)). In parallel with the 
above experiment, the authors made two con-
structs, deletion (ΔpirABvp AHPND-causing 
V. parahaemolyticus) and complementation 

mutants (ΔpirABvp + pirABvp), and confirmed 
that the former mutant did not express PirAvp and 
PirBvp (Fig. 2(b)). The subsequent virulence assay 
and histological examination clearly indicated 
that ΔpirABvp significantly decreased cumulative 
mortality and presented no AHPND-like histopa-
thology, but both effects were restored on adding 
the complementation mutant (Figs. 2(c) and 
2(d)). The characteristic symptoms of AHPND 
are hence caused mainly by the PirABvp toxin.

To investigate further which component, either 
PirAvp, PirBvp, or the PirABvp complex, is the 
dominant part for the cytotoxicity, the authors 
performed a reverse gavage experiment in which 
the shrimp were challenged with the recombinant 
PirAvp and PirBvp (rPirAvp and rPirBvp) purified 
from themselves or from E. coli BL21. Figures 
3(a) and 3(b) clearly indicate that an obviously 
increased mortality was caused only by a mixture 
of the rPirAvp and rPirBvp toxins, no matter which 
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Fig. 3: Results of per os challenge. (a) and (b) BSA and BL21 (pET21b) were used as a negative control. Meaningful differences were measured with unpaired Student t test (**p < 0.005). 
[Reproduced from Ref. 3]

Fig. 4: Structural comparison and proposed mechanism. (a) Left: structural 
comparison of PirAvp (magenta) with domain III of Cry (yellow), which shows an 
rmsd 3.2 Å for 88 matched Cα atoms. Right: structural comparison of PirBvp (magenta) 
with domains I and II of Cry (yellow), which shows an rmsd 2.8 Å for 320 matched 
Cα atoms. These structures clearly superimpose well. (b) Left: the three-domain Cry 
structure, solved by Grochulski et al. (PDB ID code: 1CIY).4 Right: a putative PirABvp 
heterodimer, constructed based on the architecture of Cry. [Reproduced from Ref. 3]

system of expression was used.

To understand the molecular mechanisms, the authors solved the crystal 
structures of PirAvp and PirBvp using BL13B1 and BL13C1.3 Upon structural 
comparison, it was elucidated that the structures of PirAvp and PirBvp align well 
with the domain III (which is thought to be related to receptor recognition 
and membrane insertion), and the domains I (pore-forming activity) and II 
(receptor binding) of Bacillus Cry insecticidal toxin-like protein, respectively. 
Even so, the sequence identity between them is quite small (< 10 %) (Fig. 
4(a)). This structural similarity showed that the putative PirABvp heterodimer 
might share a similar mode of action. Taken together, the authors proposed 
that the PirABvp toxins might trigger the larval epithelium midgut cell death 
through a Cry insecticidal toxin-like mechanism, including receptor binding, 
oligomerization and pore forming (Fig. 4(b)). (Reported by Chun-Hsiang 
Huang)

This report features the work of Chu-Fang Lo and her co-workers published in 
PNAS 112,10798 (2015).
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mortality at the larval stage among diverse species (warm- and cold-water 
fish) or even across species from marine to freshwater fish in the aquaculture 
industry. The grouper nervous necrosis virus (GNNV) belongs to genus 
betanodavirs and is the constant appearance of the infectious diseases such 
as VNN. Notably, GNNV following VNN is a major factor that limited the 
expansion of the grouper fish culture in Taiwan (Fig. 1).

To investigate the structure of T = 3 GNNV at atomic resolution, Chun-
Jung Chen, Nai-Chi Chen, Masato Yoshimura from Life Science Group of 

the NSRRC, together with their research team pursued 
the huge and complicated structures of GNNV-LP in 
various forms using SP12B2, SP44XU, BL13C1 and 
BL15A1. The crystals of GNNV-LP with the size of 0.3 
x 0.1 x 0.1 mm3 were used for this study, and the mor-
phology of GNNV-LP with negative-stained EM images 
reveal a T = 3 capsid of diameter 30 ~ 35 nm (Figs. 2(a) 
and 2(b)).

The overall topological structure of the GNNV capsid 
protein (CP) consists of the N-terminal arm (N-arm) 
(residues 34−51), the shell domain (S-domain) (residues 
52−213), the link region (residues 214−220) and the 
protrusion domain (P-domain) (residues 221−338) 
(Fig. 2(c)). Sixty trimeric S-domains participate in inter-
subunit contacts, forming a continuous thin shell of the 
capsid with an empty inner cavity. Three neighboring P-
domains per iASU embrace one another at quasi three-
fold (Q3) axes to form 60 protrusions on the particle 
surface (Fig. 2(d)).3

For the investigation of biological functions of each 
domain of GNNV CP, they first speculated that the N-
ARM (N-terminal arginine-rich motif ) or P-domain 
of GNNV-LP might act as a major molecular switch in 
regulating T = 3 or T = 1 particle assembly. To address 
this issue, they constructed two sub-clones, including (i) 
the delta-P-domain mutant (residues 35−217) and (ii) 
the N-ARM deletion mutant (residues 35−338), and de-

In many countries aquaculture, such as cultivation of marine fish and prawns, 
is a major global economic activity. In fact, Taiwan, an island surrounded 
by sea, is one of the major distant water fisheries and aquaculture 
producers in the world. In terms of production and value, 
aquaculture has long been far ahead of offshore and 
coastal fisheries combined, and has been just sec-
ond to distant water fisheries.1 Today, aquaculture 
in Taiwan, including island and marine cultures, 
is well correlated with the Taiwanese economy and 
society, such as income generation, food source 
and food supply. Furthermore, several species, such 
as oyster, farmed fish and grass carp, have long been 
reared as important food sources in Taiwan. Cur-
rently, the major farmed fish include milkfish, tilapia, 
grouper and prawn with an export economic importance in Taiwan,1 but 
viral disease in Taiwan has a major impact on aquaculture since fish farming 
became a significant commercial entity in this century.

Alpha-nodaviruses and beta-nodaviruses are major genera in family Nodaviri-
dae.2 Alphanodaviruses infect primarily insects, and betanodaviruses are also 
called nervous necrosis viruses (NNV) because they cause an acute syn-
drome of viral nervous necrosis (VNN). VNN is a serious syndrome disease 
that causes viral encephalopathy or retinopathy, and is responsible for great 

Structure of the Deadly Grouper Fish Virus is Revealed

Fig. 2: Crystal and EM images and overall structure of GNNV-LP. (a) Crystal image of T = 3 GNNV-LP. (b) 
A representative negative-stained EM image of purified GNNV-LPs. (c) A ribbon presentation and topological 
diagram of subunit C of GNNV-LP. (d) Surface domain-colored diagram (left) and central cavity (right) 
representations of T = 3 GNNV-LP. [Reproduced from Ref. 3]
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Fig. 1: Orange-spotted Grouper fish and GNNV virus.
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Fig. 3: Diagram showing the putative self-assembly of the T = 1 and T = 3 GNNV 
capsids. (a) Capsid assembly mechanism of T = 1 delta-P-domain mutant. (b) 
The P-domain and Ca2+ ions (yellow spheres) encode information that controls 
trimerization of the GNNV CP for the putative pentameric and hexameric trimers. The 
N-ARM guides the assembly of the complete T = 3 capsid. [Reproduced from Ref. 3] 

Discovery of a Bacterial Antigenic Loop and a New Detox 
Mechanism for Typhoid Treatment

Salmonella Typhi (S. Typhi), a genus of rod-shaped Gram-negative bacte-
ria, infects humans and is a causative agent of typhoid fever, known also as 
enteric fever, a potentially fatal disease that causes multi-systemic illness. In 
total, ~ 21 million new cases of typhoid fever and over 200,000 deaths occur 
worldwide annually. Even in a developed country such as USA, ~ 6000 new 
cases of typhoid fever occur each year. Typhoid fever can be typically treated 
with antibiotics, but drug-resistant S. Typhi is an emerging severe problem for 
treatment. At present, the principal method for the diagnosis of typhoid fever 
is TYPHIDOT, a rapid immunoassay test to detect IgM and IgG antibodies 
against outer-membrane protein ST50 of S. Typhi. 

ST50, an outer-membrane protein with molecular mass ~ 50 kDa, is a 
tripartite member of the resistance-nodulation-cell division (RND) efflux 
systems.1-5 The tripartite efflux pumps are able to transport diverse substrates, 
including metal ions, dyes, detergents, antibiotics and protein toxins, from the 
cytoplasm to the external medium of the microorganism. During transport of 
these substrates, two putative gates – the extracellular loops and the periplas-
mic entrance – located at the two ends of these outer-membrane proteins, 

play important roles in passing substrates across the periplasmic space and the 
outer membrane. However, the mechanisms of opening and closing of the 
two gates, including how the switching is controlled, are not fully understood.  

To identify the immunogenic site of ST50 and to investigate the detox mech-
anism of this antigenic outer-membrane protein, Chun-Jung Chen (NSRRC) 
and Hong-Hsiang Guan (NSRRC) together with their international research 
team overexpressed ST50 from Salmonella enterica serovar Typhi in E. coli 
and determined its structure at resolution 2.98 Å using X-ray crystallography 
at SP12B2, SP44XU, BL13C1 and BL15A1. A detailed structural com-
parison of ST50 with other homologues allowed scientists to delineate the 
immuno-dominant site of ST50 and to elucidate the mechanism of substrate 
efflux.

A functional trimer is formed through interactions of the interprotomer H7/
(adjacent H2, H4) coiled-coil and the antiparallel β-sheet S5/(adjacent 
S1) in one asymmetric unit. The non-crystallographic three-fold symmetry 
allows three protomers of ST50 to exhibit crucial structural variations. ST50 
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Dimer

Trimer

+Ca
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termined their structures. In the delta-P-domain mutant, sixty copies of the S-
domain assemble with interactions of icosahedral two-fold (I2), icosahedral 
three-fold (I3) and icosahedral five-fold (I5) symmetries into a T = 1 subviral 
particle of diameter ~190 Å. Compared with the full-length GNNV CP and 
the N-ARM deletion mutant, only the T = 1 delta-P-domain mutant might 
exhibit the dimeric capsomer formation in the assembly (Fig. 3(a)).

Furthermore, the N-ARM deletion mutant also forms a T = 1 capsid of diam-
eter ~240 Å. Therefore the disordered N-ARM might be a critical structural 
feature of a molecular switch to control particle assembly. Interestingly, these 
results indicate that the P-domain might play a major role in promoting 
trimerization of the GNNV CP in the initial assembly of the T = 3 GNNV 
and the T = 1 N-ARM deletion mutant in a Ca2+ environment (Fig. 3(b)).

In summary, this work provides the first and the important structural insight 
into the genus betanodavirus GNNV. Despite conservation of a viral genome 
encoding three major proteins and a compatible geometry of the T = 3 ar-
chitecture in family Nodaviridae, the structure of GNNV-LP obtained in this 
work allows scientists to delineate the key structural components that trigger 
the oligomerization and stabilize the capsid assembly. Furthermore, structural 
mapping of the GNNV P-domain might be useful for the development of 
vaccine strategies in the fish aquaculture industry. (Reported by Chun-Jung 
Chen)

This report features the work of Chun-Jung Chen, Nai-Chi Chen, Masato 
Yoshimura and their co-workers published in PLoS Pathog. 11, e1005203 
(2015).
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with four and six residues more than those of TolC and ST50, respectively, oc-
cluding the β-domain by resting over the channel entrance. (II) Type L2, found 
in ST50 and TolC, possesses a longer L2 loop, with four and seven residues 
more than those of Oprm and VceC, respectively, occluding the β-domain 
by resting over the upper side of the channel entrance. The proteins of type 
II adopt a conformation of the β-domain that is more open than that in the 
proteins of type I. (III) The open type, such as CusC, adopts a completely open 
form of the β-domain with shorter L1 and L2 loops (Figs. 2(a) and 2(b)). The 
multidrug efflux OMP seems to utilize only the longer loop of the two extracel-
lular loops to occlude the transmembrane β-domain. The space of the channel 
entrance is inadequate to accommodate two long loops together. The long L2 
loop might thus be critical for substrate efflux in ST50. 

Conservation of the amino-acid sequence of extracellular loops among ST50, 
TolC, Oprm and VceC is much lower than that of other regions, except for 
the equatorial domain. With the large structural variations and extracellular 
accessibilities, the extracellular loops, short L1 (a.a. 53–60) and long L2 (a.a. 
262–276) of ST50, are the most likely recognition sites by the antibody in 
typhoid patients. The two loop regions are exposed mainly to the extracel-
lular medium, targets that can elicit an antibody from the host, but both L1 
in ST50 and TolC share the same primary sequence (Fig. 2(a)) and adopt 
similar structural conformations, indicating that the L2 loop might have 
the specificity to play an important role in antibody recognition and be the 
immuno-dominant site in ST50. In addition, based on ELISA experiments in 
previous work, denatured ST50 possesses a reactivity against sera of typhoid 
patients, indicating that the discontinuous amino-acid sequences of ST50 
are less crucial for antibody binding, whereas the linear amino-acid sequence 
of ST50 might serve as an epitope for paratope binding. The immuno-
dominant site of ST50 could hence be independent of conformation. These 
analyses indicate that the linear amino-acid sequence of L2 in ST50 might be 
a primary candidate for the development of an optimized diagnostic antigen 
or a new drug target for typhoid fever.

Based on the structure of ST50, in a complex with β-OG, determined in 
this work (Fig. 3), a comparison of related structures, and the proposed iris-
like gating mechanism at the periplasmic entrance, they suggest a detox 
mechanism for substrate efflux (Fig. 4). In stage I of the model, the partially 
open conformation of L2 limits substrates in the extracellular medium from 
flowing into the periplasmic space; the periplasmic entrance is in the closed 
resting state. In stage II, the efflux substrate binds to the compatible inner-
membrane transporter of ST50; ST50 interacts with its membrane fusion 
protein (MFP) in the periplasmic space and the compatible inner-membrane 
protein (IMP) to form a tripartite functional efflux pump. In stage III, the 
substrate can be accepted at the D-cage in the periplasmic entrance of ST50 

Fig. 2: Extracellular loops of three types of the RND pumps. (a) Sequence alignments 
of extracellular loop 1 (L1) and extracellular loop 2 (L2) for five proteins of the RND 
family. (b) VceC (cyan) and Oprm (brown) are classified as type I. ST50 (green) and 
TolC (blue) are as type II. CusC (purple) is as type III. [Reproduced from Ref. 6]
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Fig. 3: The cartoon view perpendicular to the membrane (the left figure) shows that 
the detergent β–OG blocks the periplasmic entrance of ST50. The hydrogen bonds 
between the polar head of β –OG and D368 of ST50 are labeled with black dashes. 
[Reproduced from Ref. 6]

Fig. 1: Overall architecture of trimeric ST50. (a) The cartoon view is perpendicular 
to the trimeric three-fold axis. (b) A view of ST50 from the extracellular medium. L2 
denotes extracellular loop 2 (a.a. 262 to 276) between S4 and S5. (c) A view of ST50 
from the cytoplasmic membrane. The secondary structures in the equatorial domain are 
labelled. [Reproduced from Ref. 6]
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possesses an α-helical barrel domain (α-domain), a membrane-embedded 
β-barrel domain (β-domain) and an equatorial domain of mixed α/
β-structures (Fig. 1(a)). The α-domain, with a tunnel of length 100 Å across 
the periplasmic space, comprises 12 long helices of which H7/H8 form the 
α-helical inner coiled-coil and H3/H4 form the outer coiled-coil in each 
protomer. The β-domain, a transmembrane channel of length approximately 
40 Å, consists of 12 β-strands of which S1-S2 form the antiparallel β-sheet 
with a short extracellular loop (L1), and S4-S5 form the antiparallel β-sheet 
with a long extracellular loop (L2) in each protomer (Fig. 1(b)). The equato-
rial domain surrounding the middle of the periplasmic tunnel (Fig. 1(c)) 
contains the N-terminal region from residues 1 to 14 and residues 187 to 220, 
including S3 (residues 193–196) and H5 (209–219), and the C-terminal 
region (402–425) in protomers A and B and (402 to 433) in protomer C. 
The N-terminal region contains H1 (3–13); the C-terminal region contains 
H9 (406–414) and S6 (417–421) in each protomer.

A structural comparison of tripartite pumps of outer-membrane proteins 
(OMPs) allows classification of the extracellular loops into three distinct types 
(Fig. 2(b)): (I) type L1, found in Oprm and VceC, possesses a longer L1 loop 
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Klebsiella pneumoniae Antimicrobial Drug 
Resistance: Transcriptional Regulation by 
Response Regulator PmrA

Klebsiella pneumoniae is an enteric gram-negative 
bacillus and primary K. pneumoniae liver abscess; 
its septic metastatic complications have emerged 
as one of the most common community-acquired 
bacterial diseases in Taiwan in the past three 
decades. K. pneumoniae has replaced Streptococ-
cus pneumoniae as the leading pathogen of adult 
community-acquired bacterial meningitis in 
Taiwan and has emerged worldwide as a major 
cause of bacteremia and drug-resistant infection. A 
new report1 found bacteria resistant to polymyxin, 
an antimicrobial drug used when all other treat-
ments had failed. The resistance spread between 
a range of bacterial strains and species, including 
E. coli, K. pneumoniae and Pseudomonas aeruginosa. 
To combat diseases associated with polymyxin-
resistant bacteria infection, we must understand 
better the mechanism according to which bacteria 
acquire enhanced resistance to polymyxin.

The PmrA/PmrB two-component system is a 
major regulator of genes for lipopolysaccharide 
modification in the outer membrane of bacteria 
that increases the bacterial resistance to poly-
myxin and other host-derived antimicrobial 
peptides. It consists of a transmembrane histi-
dine kinase, PmrB, and a cytoplasmic response 
regulator, PmrA. When PmrB senses stimuli, 
it autophosphorylates at a His residue, creating 
an active phosphoryl group that is transferred 
to the conserved Asp residue on PmrA to elicit 
adaptive responses. Response regulator PmrA 

contains an N-terminal receiver domain (REC) 
and a C-terminal DNA-binding domain (DBD). 
Phosphorylation of PmrA leads to the forma-
tion of a head-to-head REC dimer mediated by 
the α4-β5-α5 interface.2 Dimerization of REC 
then brings two DBD into close proximity for 
recognition of two tandem-repeat half-sites on 
the promoter3 to activate the transcription of 
downstream genes. 

Narayanan et al. recently presented the crystal 
structure of full-length KdpE in a complex with 
its cognate DNA.4 For the active-like confor-
mation of the KdpE dimer in the complex, the 
two protomers are asymmetric with only the 
upstream protomer (the protomer bound to the 
upstream DNA) containing a substantial REC-
DBD interface, which is stabilized by interactions 
that involve seven residues and five water mol-
ecules. Structure-function studies show that the 
interface is necessary for transcription activation 
and might apply to other response regulators that 
act as transcription factors.

To understand the mechanism of PmrA-
activated gene expressions that lead to antibiotic 
resistance, a joint research team of Chinpan 
Chen and Chwan-Deng Hsiao determined the 
crystal structure of the PmrA-DNA complex (Fig. 
1) at resolution 3.2 Å, which also reveals an REC-
DBD interface with eleven H-bond interactions 
and these diffraction data are collected using 

Fig. 1: X-ray crystal structure of PmrA-DNA complex. (a) The upstream protomer that recognizes a half-1 site is 
denoted PmrA-1, the downstream protomer PmrA-2. The REC and DBD of PmrA-1 are in blue and cyan, and PmrA-
2 in dark green and green, respectively. The side chains that interact with bases are shown as sticks. (b) REC-DBD 
interface in PmrA-1. Extensive H-bond contacts are connected with yellow dotted lines. [Reproduced from Ref. 5]
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from its inner-membrane cognate partner, even 
when ST50 adopts a closed resting conformation, 
as a small detergent olecule β-OG was observed 
at the D-cage in the structure. Another possibility 
is that the transfer and receipt of substrates via the 
D-cage from other single-component efflux trans-
porters occurs on the inner membrane, such as 
a major facilitator and small-molecule-resistance 
superfamily rather than compatible tripartite 
IMP. The observation of a detergent substrate in 
the D-cage of the closed periplasmic entrance 
might support these two possible processes. In 
stage IV, ST50 begins an efflux movement. The 
periplasmic entrance is opened with an iris-like 
mechanism upon breaking the hydrogen bond 
network near the periplasmic entrance; the sub-
strate is subsequently released from the D-cage. 
The cognate MFP of ST50 might trigger the iris-
like movement of the periplasmic entrance; the 
substrate subsequently moves through the outer-
membrane channel via the open extracellular 
loops into the extracellular medium.  The detox 
mechanism could be utilized to develop future 
broad-spectrum antibiotics to treat emerging 
evolved multidrug-resistant bacteria. (Reported 
by Chun-Jung Chen)

This report features the work of Chun-Jung Chen, 
Hong-Hsiang Guan and their co-workers published 
in Sci. Rep. 13, 16641 (2015).
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Fig. 4: Four stages of substrate efflux of the ST50 pump. 
The black diamonds denote small efflux substrates and 
the red star represents the D-cage, comprising three sets 
of Asp368 and Asp371 residues on three protomers.
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BL15A15 and SP44XU. Importantly, this inter-
face differs from that in the KdpE-DNA complex 
structure.

To characterize the conformation of this unique 
REC-DBD interface in solution, they recorded 
NMR spectra of the PmrA-DNA complex. The 
NMR assignment of PmrA in the DNA-bound 
state (Fig. 2) shows that the residues in the asym-
metric DBD-DBD and DBD-DNA interfaces 
exhibit two sets of resonances, indicating that  
the asymmetric DBD-DBD and DBD-DNA 
interfaces between two PmrA molecules in a 
complex with DNA can be observed with NMR. 
The REC residues that are involved in the REC-
DBD interface exhibit, however, only one set of 
NMR signals. It is highly possible that the REC-
DBD interface identified in the crystal structure 
of the complex is too transient to reveal a second 
set of NMR signals in solution. 

Yuan-Chao Lou then performed a series of 
methyl-TROSY CPMG relaxation dispersion 
experiments to characterize the slow motions 
(time scale microsecond to millisecond) on 
PmrA in the presence of DNA. Methyl groups 
experiencing slow motions on the time scale show 
a modified effective rate of relaxation, R2,eff, mea-
sured as a function of the frequency of refocusing 
pulses vCPMG (Fig. 3(a)). The relaxation dispersion 
profiles of the REC-DBD interface methyl groups 
further fitted globally reveal a single exchange 
with pA and pB populations 11 % and 89 % (± 8 %), 
respectively, and kex = 560 ± 49 s-1 (Fig. 3(b)). This 
result demonstrates that a transient formation of 
a REC-DBD interface is detected in solution for 
PmrA in complex with DNA.

To establish whether the formation of an exten-
sive REC-DBD interface is important for the 
recognition of the promoter and for activation of 
the transcription, they performed fluorescence 
polarization experiments in vitro (Fig. 4(a)) to 
measure the binding affinities between PmrA 
variants and fluorescently labeled DNA as well 
as β-galactosidase reporter assay in vivo (Fig. 
4(b)) to monitor the transcription activity of all 
protein constructs.  The replacement of residues 
involved in DNA recognition by alanine signifi-
cantly decreases the DNA binding affinity and hence eliminates the activity 
in transcription. The alterations in the REC-DBD interface residues mostly 
do not significantly interfere with their activities in promoter recognition and 
transcription activation. These analyses show that the formation of a REC-
DBD interface is not crucial to activate downstream gene transcription.

From their model docking the PmrA-DNA complex structure with the E. 
coli RNA polymerase σ70 holoenzyme, the σ4 domain of σ70 recognizes 

the DBD-DBD interface (Fig. 5(a)); the REC-DBD interdomain dynam-
ics can help PmrA seek the most suitable conformation to interact with the 
RNA polymerase holoenzyme (Fig. 5(b)) to activate the downstream gene 
transcription. These results enhance insight into the regulatory mechanism 
in a response regulator and might be further applicable in the development of 
drugs against antibiotic-resistant pathogens. (Reported by Yuan-Chao Lou, 
Academia Sinica)

Fig. 3: Slow dynamics probed by methyl-TROSY CPMG relaxation dispersion. (a) The dispersion data measured 
at 600 MHz (open circles) and 850 MHz (filled triangles) are shown for methyl groups of Val136 (red) and Leu216 
(blue). Lines show individual fits to a two-site exchange. (b) The methyl groups that exhibit slow dynamics detected 
by relaxation dispersion data are indicated with colored spheres, to show the amount of exchange rate constants (kex), 
derived from fitting of relaxation dispersion profiles. [Reproduced from Ref. 5]

Fig. 4: Promoter recognition and transcription activity. (a) The bindings between PmrA variants and DNA measured 
by fluorescence polarization experiments are fitted with a one-site binding model. (b) β-galactosidase reporter assay in K. 
pneumoniae carrying the plasmid that expresses PmrA variants and the reporter plasmid that contains the pbgP promoter 
in front of the lacZ gene. The β-galactosidase assay in cells that carry WT-PmrA plasmid but without the addition 
of IPTG is denoted non-WT, which represents the production of β-galactosidase induced by endogenous PmrA. 
[Reproduced from Ref. 5]
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Fig. 2: NMR investigation of the PmrA-DNA complex. (a) Overlaid 2D 1H, 15N TROSY-HSQC spectra acquired from 
PmrA in the absence (black) and presence of DNA (red). The residues that show amide resonances in the DNA-bound 
state in two sets are boxed with blue dotted rectangles and those involved in the REC-DBD interface are labelled in green 
(b) All residues with two resonance signals are mapped on the structure (in red), showing that they are located mainly 
within the DBD-DBD and DBD-DNA interfaces. [Reproduced from Ref. 5]
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Fig. 5: Docking model of PmrA-DNA-RNA polymerase σ70 holoenzyme complex. (a) The REC of PmrA-1 is 
indicated in magenta, PmrA-2 orange and DNA yellow. Surface charge distributions of two DBD show the acidic 
patches. The basic patches on σ4 of σ70 (green) are shown in sticks. (b) Top view of the model with two α-subunits of 
RNAPH in pink and cyan and others in grey, showing that, with a stable REC-DBD interface, only the REC on PmrA-
1 can interact with the RNAPH, but, if the REC dimer is connected to DBD with flexible linkers, the dimer can tumble 
freely and find the best orientation to interact extensively with RNAPH. [Reproduced from Ref. 5]
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This report features the work of Yuan-Chao Lou, 
Chinpan Chan and their co-workers published in 
Nat. Commun. 13, 8838 (2015).
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Cobalt Activates Oxygen Evolution

a catalyst in situ might provide a powerful means 
to elucidate fundamental processes in an OER 
catalyst and eventually lead to a novel design 
principle.

In Chen’s first work, a single-crystal Co3O4 nano-
cube underlaid with a thin CoO layer resulted in a 
high-performance and highly stable electrocatalyst 
for the oxygen evolution reaction.1 The strategy 
was to incorporate a surface layer well adapted 
to the active phases of the catalytic metal centers 
to enhance the stability of the electrocatalysts. A 
grazing-angle X-ray diffraction approach in situ in 
a liquid environment was achieved to determine 
the atomic structure of the catalyst surface in am-
bient conditions, especially for gas evolution (high 
potential region). Figure 1(a) depicts the current 
density as a function of applied voltage, and is 
color-coded together with diffracted intensities 
recorded using synchrotron light at energy 12 keV. 
At an early stage (before O2 evolution), the main 
reflexes were attributed to the fluorine-doped tin-
oxide substrate and the spinel-type Co3O4 phases. 
No CoO phase was observed, indicating that 
the CoO layer was too thin to diffract the light 

Fig. 1: (a) Contour plots of  grazing-angle X-ray diffraction signals in situ  of a Co3O4@CoO SC in an aqueous solution 
containing KOH and Na2SO4. The lower curves show the measured current density in both cases. (b) Contour plots of 
grazing-angle X-ray diffraction signals of a Co3O4@CoO SC in an alkaline aqueous solution in situ under switching of 
voltage (between 2.0 and 0.1 V versus RHE). (c) Voltage-dependent Fourier-transform EXAFS of a Co3O4@CoO single-
crystal cube in an alkaline aqueous solution containing KOH and in a liquid cell in situ. [Reproduced from Ref. 1]

Much effort has been devoted to investigate 
electrochemically the ion of the oxygen-evolution 
reaction (OER) in pursuit of sustainable and ef-
ficient energy conversion and storage. The inherent 
sluggish kinetics of the four-electron transfer make 
OER a key step for energy-conversion and energy-
storage devices including cells for water electrolysis 
and for photoelectrochemical splitting of water, 
and rechargeable metal-air batteries. To overcome 
this rate-limiting step, extensive research has been 
dedicated to develop efficient OER electrocatalysts 
with high activity and small overpotential. Recent 
reports of highly economic and efficient electro-
chemical catalysts have significantly advanced this 
technology, but the largest challenge concerning 
the reliability of the catalyst remains unconquered. 
A major reason for the slow progress of reliable 
catalysts in the OER is that the electrocatalyst bears 
most charge carriers during the harsh oxidation 
because the OER normally occurs under a large 
anodic potential. A highly stable electrocatalyst 
must effectively transfer charge carriers to the OER 
electrocatalyst/electrolyte interface but retain 
a sufficient amount of oxidized species during 
anodization. To shed light on such complicated 
surface reactions, a tool to allow the observation of 
the active phase of metal centers under anodization 
in situ was required.

The oxygen evolution activity of electrocatalysts 
depends strongly on corresponding surface struc-
tures and adsorption energies of intermediates 
on metal-oxide surfaces. In general, the surface 
structure can affect the activity of an electro-
catalyst and surface states can be further altered 
on introducing foreign elements, which leads 
to a considerably decreased overpotential and 
therefore increased activity during the OER. In 
practical conditions, the reactions of OER involve 
only a several-nanometer region of the catalyst 
surface, and studies within this limited region in 
situ are essential and extremely challenging. Hao-
Ming Chen (National Taiwan University), Hwo-
Shuenn Sheu (NSRRC) and Ting-Shan Chan 
(NSRRC) developed cooperatively the measure-
ment of synchrotron-based X-ray spectroscopy in 
situ at BL01C1 and BL01C2 to track the atomic-
scale structural changes on the surface of an 
electrode during OER in liquid conditions. They 
employed a Co3O4 nanocube underlaid with a 
thin CoO layer and Ni-Co oxide nanosheets as 
two kinds of OER electrocatalysts.1,2 The devel-
opment to study and to investigate the surface of 
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source (a few atomic layers). At a higher voltage, 
accompanying the formation of β-CoOOH on 
the surface of the electrode, the electrodes began 
to evolve oxygen gas in both alkaline and neutral 
conditions. This effect indicated that the CoO 
layer was converted into a more active phase 
with increasing applied potential. When the ap-
plied voltage was further increased, a new phase, 
α-CoOOH, was observed. 

Both alkaline and neutral conditions demon-
strated a similar phenomenon in which OER was 
strongly correlated with the formation of metal 
oxyhydroxide. This evidence was direct for the 
formation of metal oxyhydroxide during greater 
evolution oxygen gas in a liquid environment 
in situ. Notably, the CoO layer functioned as an 
adapting junction between the electrolyte and 
the catalyst to ease the strain in the nanocrystal 
substrates when the active phases were formed. 
As shown in Fig. 1(b), when the applied potential 
was cycled between + 2.0 and + 0.1 V (versus 
RHE; reversible hydrogen electrode), the X-
ray diffraction approach in situ showed that this 
junction layer altered its structure reversibly 
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between metal oxyhydroxide and amorphous 
phases. This observation revealed that this skin 
junction adapted reversibly to the environment 
(applied potential) and the condition change 
during catalytic reaction, consequently protect-
ing the underlying catalyst (for example, Co3O4) 
anodizing from an applied bias.

Moreover, X-ray absorption in a liquid environ-
ment in situ with a small throughput current (below 
+ 1.7 V versus RHE) was recorded; the extended X-
ray absorption fine structure spectra (EXAFS) of 
Co3O4@CoO single-crystal cubes are depicted in 
Fig. 1(c). The first peak at 1.5 Å and the second and 
third peaks at 2.5 and 3.1 Å are assigned respectively 
to the single scattering paths of the closest oxygen 
(that is, Co-O) and the second/third neighboring 
cobalt metals (that is, Co-Co) surrounding the 
absorbing Co atoms. The Co-O distance (1.5 Å) 
is typical for a Co3O4 normal spinel-type structure; 
the first Co-Co distance (2.5 Å) is typical for a Co 
(III)-Co bond with octahedrally coordinated Co 
atoms in a normal spinel structure. The second dis-
tance 3.1 Å is attributed to Co (II)-Co bonds with 
tetrahedrally coordinated Co atoms. These results 
are consistent with the results determined for the 
spinel structure of Co3O4. Notably, a new peak was 
observed at 3.8 Å when an increased potential + 1.7 
V (versus RHE) was applied to a Co3O4@CoO 

single-crystal cube electrode. The peak is attributed 
to the formation of a cobalt oxyhydroxide phase on 
the surface of the Co3O4 single-crystal cubes, thus 
leading to a new scattering path of Co-O from the 
cobalt oxyhydroxide phase. The CoOOH layer 
formed from Co3O4 nanocubes without cover-
ing the CoO skin was characteristic of a rough 
nature. Unlike Co3O4 nanocubes, the CoOOH 
layer formed from Co3O4 nanocubes with cover-
ing of the CoO skin exhibited a continuous and 
uniform surface. This observation is attributed to 
the presence of a CoO skin layer, whereas directly 
anodizing Co ions on a Co3O4 nanocube surface 
resulted in a remarkably rough layer. A strong cor-
relation existing between O2 gas evolution and the 
active metal centers with the oxyhydroxide phase 
was concluded using the voltage-dependent X-
ray diffraction/absorption approach in situ. More 
importantly, this junction layer can reversibly adapt 
its structure to accommodate harsh conditions or 
an environment without breaking the underlying 
scaffold.

Another experiment was performed to construct 
Ni-Co oxide hierarchical nanosheets (NCO-
HNS), delivering stable current density 10 mA 
cm-2 at overpotential 0.34 V for OER.2 To realize 
the real active site for OER in the present Ni-Co 
hierarchical nanostructures, the oxidation states 

of the NCO-HNS were monitored using X-ray- 
absorption near-edge structure (XANES) during 
oxidation in situ in alkaline media. The XANES 
of Ni K-edge spectra of the NCO-HNS electrode 
with and without applied bias in NaOH (1 M) 
is plotted in Fig. 2(a). The X-ray-absorption 
near-edge structure results exhibit a continu-
ously increasing energy of the absorption edge 
from 8350.2 to 8350.7 eV during water oxida-
tion, which is consistent with the general overall 
electrochemical scenario for the formation of 
NiOOH, resulting in a modification of the edge 
features related to the variation of the Ni-O local 
environment. The edge position shift (~ 0.5 eV) 
was accompanied with a considerably decreased 
intensity of the white line. This decrease of the 
white-line intensity of XANES indicated that 
the crystal evolved into a distorted octahedral 
structure upon oxidation. Co K-edge (~ 7729.3 
eV) XANES of NCO-HNS in situ is shown in Fig. 
2(b). Surprisingly, the X-ray-absorption near-edge 
structure spectra reveal that the features of the 
Co-K edge absorption spectra and the intensity of 
the white line were not obviously affected by the 
applied potential, indicating that Co remained as a 
mixture of Co(II)/Co(III) during the OER. 

To realize further the roles of Ni and Co cations 
during OER, the EXAFS oscillations of a NCO-
HNS electrode, as depicted in Figs. 2(c) and 
2(d), were analyzed to clarify the local structural 
variations around the Ni and Co sites in the 
NCO-HNS structure. Interatomic distances were 
smaller because Fourier transform (FT) spectra 
were not phase-corrected. As shown in Fig. 2(c), 
the first peak at 1.5 Å and the second peak at 2.5 
Å are attributed to the single scattering paths of 
Ni-O and the nearest- neighbor transition metals 
around absorbing Ni atoms, respectively. There 
was, notably, only one FT peak in a single scat-
tering path from the nearest- neighbor transition 
metals, indicating that Ni cations were located 
in a tetrahedral site surrounded by coordinated 
oxygen. In contrast, as shown in Fig. 2(d), three 
FT peaks were present in EXAFS of the Co K-
edge for a NCO-HNS electrode. In addition to 
the first peak at 1.5 Å from a single-scattering path 
of Co-O, the second peak at 2.5 Å and third FT 
peak at 3.0 Å  result from the single-scattering path 
of nearest- neighbor transition metals around Co 
cations. 

This phenomenon occurred because of the presence 
of a scattering transition metal around Co at two 
distances, indicating that Co cations were located 
in an octahedral site of coordinated oxygen, as the 
octahedrally coordinated cations had two bond 

Fig. 2: Normalized (a) Ni K-edge and (b) Co K-edge XANES for NCO-HNS electrode in situ with and without an 
applied bias in NaOH solution (1 M). EXAFS oscillations extracted from (c) Ni K-edge and (d) Co K-edge EXAFS for 
NCO-HNS with and without applied bias in situ in NaOH solution (1 M). (e) Structural geometry model of NCO-
NHS. [Reproduced from Ref. 2]
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distances (interatomic distances) from a surrounding 
transition metal in an octahedral site and a tetrahedral 
site. Once a desired bias was applied at a NCO-HNS 
electrode, the second FT peak from single-scattering 
of Ni-Co path decreased relative to the unbiased 
condition (Fig. 2(c); Ni K-edge), which could be 
attributed to the partial oxidation of Ni cations, and 
further revealed the observation from X-ray-absorp-
tion near-edge structure of the Ni K-edge. In terms of 
Co cations, there was no considerable change with 
and without applied potential, which indicates that 
Ni cations acted as more active roles than Co cations 
in OER. Nevertheless, the role of Co on the surface 
of NCO-HNS during water oxidation cannot be 
totally excluded as a more active property of the Ni 
cation might result from a local environment gener-
ated by coordinated Co cations and oxygen anions. 
Furthermore, Co oxide might also act as a scaffold to 
provide a conductive matrix for charge carriers. The 
X-ray absorption spectral data revealed that enriched 
Ni3+ on the surface of NCO-HNS was consequently, 
more active than Co to initiate the formation of 
NiOOH and was responsible for most redox sites 
acting for OH- adsorption in an alkaline solution, 
which was critical to enhance OER.

In summary, their observations demonstrated a 
strong correlation between the initialization of 
oxygen evolution and the formation of an active 
metal-oxide phase. The X-ray technique in situ 
provides a powerful tool to investigate the phase 
of a surface-active metal centre in electrocatalysis 
and can be potentially applied to probe other 
catalytic systems. In practical applications, solar 
splitting of water or artificial photosynthetic 
devices can be achieved through integration of a 
reliable catalytic system with a photovoltaic solar 
cell, which captures radiant energy to generate 
a sufficient driving force for H2/O2 generation. 
(Reported by Yan-Gu Lin)

This report features the work of Hao-Ming Chen 
and his co-workers published in Nat. Commun. 6, 
8106 (2015) and Adv. Energy Mater. 5, 1500091 
(2015).

References

1. C. W. Tung, Y. Y. Hsu, Y. P. Shen, Y. Zheng, T. S. 
Chan, H. S. Sheu, Y. C. Cheng, and H. M. Chen, Nat. 
Commun. 6, 8106 (2015).

2. H. Y. Wang, Y. Y. Hsu, R. Chen, T. S. Chan, H. M. 
Chen, and B. Liu, Adv. Energy Mater. 5, 1500091 
(2015).

Iron Titanate Kicks Off the 
Photogenerated Hole

Hematite is an effective photocatalyst for solar oxidation of water because of its favorable optical 
band gap (2.1−2.2 eV), low cost, abundance, and chemical stability in an oxidative environment. Its 
practical performance for solar water oxidation is, however, still poor owing to various factors such 
as improper band-edge position, poor conductivity, poor reaction kinetics of oxygen evolution, and 
short hole-diffusion length (2−4 nm). Many efforts have been made to improve the performance of 
hematite photoelectrodes. Ti-based treatments have also been widely used and effective methods 
to improve the performance of hematite photoanodes. Ti-based coating on hematite was shown to 
enhance effectively the performance with an obvious cathodic shift of the onset potential and an 
increased photocurrent. Ti-doping in hematite via various approaches such as atomic-layer deposition, 
deposition annealing or sol-flame 
synthesis, has also been widely used 
to improve the performance of 
hematite by increasing photocur-
rent and decreasing onset potential. 
Numerous mechanisms have been 
proposed to explain the effect of Ti-
based treatments. Among them, Ti 
substitution of Fe in hematite (the 
formation of FeTiO3 with Fe2+) with 
improved donor density has been 
widely reported, but the improved 
photoactivity of Ti incorporation 
in hematite could be not simply 
attributed to the enhanced conduc-
tivity. Meanwhile, no Fe2+ signal was 
found in various Ti-treated hematite 
nanostructures. Mechanism of a Ti-
based treatment was hence still an 
open question. 

Xuhui Sun (Soochow University, 
China), Jun Zhong (Soochow 
University, China) and Shuit-Tong 
Lee (Soochow University, China) 
recorded cooperatively synchro-
tron-based soft X-ray absorption 
spectroscopy (XAS) at BL20A1 to 
explore the electronic structure and 
chemical state of hematite nano-
structures before and after Ti treat-
ment.1 XAS implies the excitation of 
electrons from a core level to local 
and partial empty states, which is an 
effective tool to probe the electronic 
states of complicated materials. Two 
Ti treatments of hematite were used 
in their work; FeOOH on a FTO 
substrate was prepared with a hy-
drothermal method. One type of Ti 
treatment was to evaporate a TiCl4 
solution on the surface of FeOOH 

Fig. 1: (a) O K-edge XAS of pristine and Ti-treated (2 s) hematite 
nanostructures compared with spectra of rutile TiO2, anatase TiO2 
and Fe2TiO5. The difference spectrum between the pristine and Ti-
treated hematite is also shown. (b) Ti L-edge XAS of Ti-treated (2 
and 40 s) hematite nanostructures compared with the spectra of 
rutile TiO2, anatase TiO2, and Fe2TiO5. (c) Ti L-edge XAS of HF-Ti-
treated (30 s) hematite nanostructures compared with the spectrum 
of Fe2TiO5. [Reproduced from Ref. 1]
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with subsequent annealing (labeled as Ti-treated hematite). The other way 
was a HF-assisted Ti treatment on immersing FeOOH into a Ti-dissolved 
HF solution with subsequent annealing (labeled as HF-Ti-treated hematite).

Figures 1(a) and 1(b) show O K-edge and Ti L-edge XAS of pristine and 
Ti-treated samples, respectively. In Fig. 1(a) the O K-edge spectrum of the 
pristine sample exhibits three separate prepeaks (A1-A3) and two main 
peaks (B1 and B2). Prepeaks A1 and A2 were attributed to typical hematite 
features related to transitions to antibonding O 2p states hybridized with Fe 
3d states. Main peaks B1 and B2 were assigned to oxygen 2p states hybridized 
with Fe 4s and 4p states. An additional peak A3 was also observed, which 
might be attributed to carbon contamination. The spectrum of Ti-treated 
hematite showed features similar to those of pristine hematite, but the peak 
intensities differed from those of pristine hematite because of the Ti-based 
coating layer. To clarify the electronic structure of the coating layer, they 
show a magnified difference spectrum (Ti-treated hematite minus pristine 
hematite, with the spectrum of Ti-treated hematite normalized to ensure 
that the difference spectrum had no negative value) and compared it with 
some reference spectra in Fig. 1(a). The difference spectrum clearly showed 
a similar spectral shape to that of rutile and anatase TiO2 with two prepeaks 
(C1 and C2) and four peaks labeled D1-D4 at higher energies. Although the 
difference spectrum resembled that of rutile and anatase TiO2, it was not the 
same as either of them: D3 was more intense than D4, similar to that of rutile 
TiO2, whereas the intense peak D1 showed a similar shape to that of anatase 
TiO2. The intense D1 peak could also be from Fe2TiO5 (shown as a reference 
spectrum), but, because of the strong influence from hematite underneath at 
the O K-edge, it is difficult to identify the composition of the Ti-based coat-
ing layer from only the difference spectrum.

The Ti L-edge XAS signal came from only the coating layer of the sample 
and could be used to identify the composition. The Ti L-edge spectra of Ti-
treated hematite and some reference samples are shown in Fig. 1(b). The 
reference spectra of rutile and anatase TiO2 show clear main peaks A-D. Peaks 
A and B (B1 and B2) were attributed to Ti L3-edge features, whereas peaks C 
and D (D1 and D2) were attributed to Ti L2-edge features. For both Ti L2 and 
L3 edges, the crystal-field splitting of the 3d band produced t2g (peaks A and C) 
and eg (peaks B and D) subbands. It is also worth noting that, for both rutile 
and anatase TiO2, the eg-related peaks (B and D) split further into two peaks, 
as shown in Fig. 1(b), labeled B1, B2, D1 and D2. The splitting of peak D into 
D1 and D2 was poorly resolved because of the lifetime-related broadening 
of the L2 edge. The Ti-treated (2 s) hematite sample showed a spectral shape 
similar to that of rutile or anatase TiO2, but doublet peaks B1 and B2 disap-
peared and a single peak was located between B1 and B2 in the Ti-treated (2 
s) sample. This indicates that the Ti-based coating layer (2 s) on hematite was 
neither rutile nor anatase TiO2. Interestingly, the spectrum of the Ti-treated 
(2 s) hematite was almost identical to that of Fe2TiO5 except for a differ-
ent intensity of peak A; in particular, a single peak B appeared at the center 
between peaks B1 and B2. The resemblance of the two spectra indicates that 
the coating has the Fe2TiO5 structure, In recent reports, amorphous TiO2 was 
also suggested to be an effective component for solar oxidation of water in Ti-
treated hematite. Although amorphous TiO2 also had a single peak B without 
the doublet structure of B1 and B2 according to previous XAS results, the 
energy of peak B for amorphous TiO2 was located closer to peak B1. This is 
significantly different from their result, where peak B is located at the energy 
between peaks B1 and B2. The data strongly indicate that the coating layer on 
hematite has Fe2TiO5 structure.

In the Ti-treated process with TiCl4, TiO2 could be formed on FeOOH 
during the exposure, but, further annealing at a temperature beyond 500 °C 
might introduce a Fe2TiO5 structure when TiO2 reacted with hematite. The 
surface layer of Fe2TiO5 formed a heterojunction structure with hematite due 
to a favorable band structure. Figure 2(a) shows the compositions in Ti-treated 
hematite. The band structures of Fe2TiO5 and hematite are shown also in Fig. 
2(b). The band gap of the Fe2TiO5 sample was estimated as about 2.0 eV by 
UV-visible spectrum. Ultraviolet photoelectron spectroscopy were used to 
measure the top of the valence band (VB, about -6.31 eV compared to the 
vacuum level). The band structure of their Fe2TiO5 sample was thus obtained 
in Fig. 2(b) (0 V vs RHE equals -4.5 V vs vacuum). The top of the VB of Fe-

2TiO5 was clearly higher than that of hematite, which favored the hole trans-
port from hematite to Fe2TiO5 and a decreased photoexcited hole accumula-
tion on the surface of hematite. The performance was thus improved with 
the heterostructure of Fe2TiO5 and hematite. The formation of the Fe2TiO5-
hematite heterostructure might also explain the thickness effect of the coating 
layer. As the duration of treatment increased, a thicker coating layer was 
produced on hematite, but the increased part could not react with hematite to 
produce further Fe2TiO5. Formation of the top layer of TiO2 would not help 
the water oxidation; instead it might decrease the photoabsorption, leading to 
decreased performance. The Ti L-edge XAS of a Ti-treated hematite sample 
after a treatment for 40 s is also shown in Fig. 1(b). A different peak B with 
doublet peaks B1 and B2 (B1 is higher than B2, indicatng  anatase TiO2) was 
observed, indicating that the top layer after long exposure of TiCl4 is TiO2.

The Ti L-edge spectrum of HF-Ti-treated (30 s) hematite with an ultrathin 
Ti-based layer is shown in Fig. 1(c), compared with the spectrum of Fe2TiO5. 
Similar to TiCl4-treated hematite, HF-Ti-treated (30 s) hematite showed a 

Fig. 2: (a) Illustration of compositions in Ti-treated hematite. (b) Band structure of 
Fe2TiO5 and hematite. [Reproduced from Ref. 2]
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Organometal halide-perovskite solar cells 
attract considerable attention because of their 
advantages of high performance, low cost, pro-
cessability in solution, light weight and flexibility. 
Such perovskite solar cells demonstrate an excit-
ing progress with efficiency of power conver-
sion (PCE) up to 19.3 %. The structure of the 
perovskite film, generally characterized accord-
ing to the uniformity, coverage and pin-hole (or 
gap) between grains, is the critical role strongly 
affecting the PCE. The crystalline characteristics 
of the perovskite layer were reported to play 
important roles affecting the cell performance. 
These structural properties are closely related 
to the exciton diffusion, dissociation of charge 
carriers and transport to the electrodes. The 
characterization of the structure to correlate with 
the processing control of a hierarchical structure 
of a planar heterojunction perovskite layer was, 
however, incomplete because of the limitations 
of conventional microscopes (i.e. scanning elec-
tron microscope and atomic-force microscope) 
and X-ray diffraction (XRD). For instance, XRD 
typically provides limited information because 
of the existence of preferential orientation of the 
perovskite grains.

To extend the current structural observations, 
simultaneous small-angle scattering and wide-
angle X-ray scattering at  grazing incidence 
(GISAXS/GIWAXS) techniques are an effec-
tive tool to probe quantitatively the hierarchical 
structure of a phase-separated bulk heterojunc-
tion structure in polymer solar cells. In particu-
lar, GIWAXS with a two-dimensional (2D) 
detector can provide sufficient information 
about crystallinity, including the orientation of 
all perovskite grains inside the film. Cheng-Si 
Tsao (Institute of Nuclear Energy Research), U-
Ser Jeng (NSRRC) and Chun-Jen Su (NSRRC) 
cooperatively performed synchrotron-based X-
ray-scattering techniques at BL23A1 to probe 
quantitatively the hierarchical structure of planar 
heterojunction perovskite solar cells. The cor-
relation between the crystallization behavior, 
crystal orientation, internal structure on nano- 
and meso-scales and surface morphology of the 
perovskite film as functions of various processing 
control parameters was discussed.

In Tsao’s work, synchrotron GISAXS/GIWAXS 

measurements were simultaneously performed to 
characterize quantitatively the multi-length-scale 
structures of bulk CH3NH3PbI3-xClx perovskite 
films prepared under varied control conditions 
under (1) sequential vacuum deposition and (2) 
one-step solution-processed deposition.1 In the 
one-step solution-processed deposition method, 
the evolution of an hierarchical pore-network 
structure inside the perovskite film into a dense 
grain structure (no internal pore) with a fractal 
surface was tuned with preparation parameters. 
In the sequential vacuum deposition method, 
a quantitative GISAXS analysis revealed how 
a fractal surface of densely aggregated grains 
evolves into a film on tuning the substrate tem-
perature. The corresponding GIWAXS patterns 
demonstrated the variation of the orientation of 
crystalline grains and a phase transformation.

For CH3NH3PbI3-xClx perovskite films prepared 
with sequential vacuum deposition, the critical 
parameter controlling the PCE and film struc-
ture is the substrate temperature for the vapor 
deposition of CH3NH3I onto the PbCl2 film. 
The CH3NH3PbI3-xClx perovskite films prepared 
at substrate temperatures 65, 75 and 85 °C were 
investigated with the simultaneous synchrotron 
GISAXS/GIWAXS measurements. Figure 1 
shows the GISAXS profiles, I(Q), of the vacuum-
deposited CH3NH3PbI3-xClx films at substrate 
temperatures 65, 75 and 85 °C, respectively. The 
GISAXS profiles show the behavior of a power-
law scattering with the characteristic of surface 
fractal (I(Q) ∝ Q-α; 3 ≤ α ≤ 4). The exponent 
α is related to the surface fractal dimension 
Ds according to Ds = 6-α. The surface fractal 

single peak B located between peaks B1 and B2. 
This indicates the formation of Fe2TiO5. The 
spectra of TiCl4-treated hematite and Fe2TiO5 
showed a slight difference in the intensity of peak 
A, attributed to the existence of TiO2 in the top 
layer, but the spectra of the HF-Ti-treated (30 
s) sample and Fe2TiO5 were almost identical 
because of the ultrathin layer. When the FeOOH 
sample on an FTO substrate was immersed in Ti-
dissolved HF solution, Ti ions adsorbed on the 
surface of FeOOH; the etching of FeOOH by HF 
might favor this process. The following annealing 
in air produced amorphous TiO2, which reacted 
with hematite to form an ultrathin layer of Fe2TiO5. 
The Fe2TiO5-hematite heterostructure was thus 
formed to yield satisfactory performance.

In summary, it is revealed by XAS measurment 
that Fe2TiO5 forms a heterojunction with hema-
tite. This heterojunction decreases the photogen-
erated hole accumulation and improves the per-
formance of hematite. The facile synthesis of the 
new heterojunction structure became an effective 
method to improve the performance of hematite 
for solar oxidation of water. The new Fe2TiO5-
hematite heterostructure provides insight into un-
derstanding the enhanced performance of other 
Ti-treated hematite  nanostructures. (Reported by 
Yan-Gu Lin)

This report features the work of Xuhui Sun and his 
co-workers published in ACS Nano 9, 5348 (2015).
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Zoom in the Perovskite Solar Cell with 
X-ray Scattering

Fig. 1: GISAXS profiles of vacuum-deposited films of 
CH3NH3PbI3-xClx prepared at substrate temperatures 65, 
75 and 85 °C, respectively. [Reproduced from Ref. 1]
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revealed that the film surface had a morphology 
of self-similarity at various scales beginning from 
nanometers. The GISAXS profiles show that the 
fractal surface morphologies formed at 85 and 65 
°C were similar whereas the surface morphology 
formed at 75 °C showed a larger scale, indicated 
by the power-law scattering at the smaller Q 
region. The CH3NH3PbI3-xClx film prepared at 75 
°C had a much greater PCE (~ 15 %) than those 
prepared at the other temperatures (6.1 % and 
4.5 % for substrate temperatures 65 and 85 °C, 
respectively). This result is attributed to the film 
prepared at 75 °C having the greatest crystallin-
ity of CH3NH3PbI3-xClx. The grain morphology 
seemed to be closely related to its crystalline 
structure and quality.

In Fig. 2, all 2D GIWAXS patterns show diffrac-
tion rings corresponding to planes (110) and 
(220) at Q = 10 and 20 nm-1, respectively. The 
crystallites with plane (110) oriented (normal) to 
the out-of-plane direction dominate for all films. 
The out-of-plane direction was perpendicular to 
the substrate or film surface (defined as the Q z 
direction marked in the 2D GIWAXS pattern). 
These oriented crystallites were indicated by the 
clear diffraction spot in the Q z direction. The 
perovskite films prepared at 65 and 75 °C also 
showed a significant fraction of crystallites having 
plane (110) oriented to the in-plane direction, as 
indicated by the diffraction spot in the in-plane 
direction. This in-plane direction was parallel to 
the substrate or film surface (defined as the Q x 
direction, also marked in Fig. 2). The relative 
crystallinity was approximately represented by the 
azimuthally averaged intensity of diffraction ring 
(110) in the 2D GIWAXS pattern. The perovskite 
film prepared at 75 °C had the greatest crystallin-
ity and the largest amount of dominant crystallites 
with plane (110) oriented to the out-of-plane 
direction, indicated by diffraction spot (110). 
The new information revealed in this GIWAXS 

work follows. (I) For the film prepared at 65 °C, a 
fraction of CH3NH3PbI3-xClx crystallites rapidly 
decomposed into PbI2 crystallites, as indicated by 
the appearance of a diffraction spot at Q = 9 nm-1 
in the out-of-plane direction. (II) For the film 
prepared at 85 °C, a significant decrease of out-of-
plane-oriented crystallites was accompanied by 
the formation of randomly oriented crystallites, 
indicated by the isotropic distribution of diffrac-
tion rings in the 2D GIWAXS pattern (Fig. 2). 

This result indicated that the key parameter con-
trolling or tuning the decomposition of vacuum-
deposited CH3NH3PbI3-xClx crystallites into PbI2 
was the substrate temperature. According to the 
azimuthally averaged intensities of the GIWAXS 
patterns, the relative crystallinity of CH3NH3PbI3-xClx 
crystallites prepared at 85 °C exceeded that pre-
pared at 65 °C, but the PCE of the former (4.5 
%) was less than that of the latter (6.1 %). The 
grain boundary (GB) of all randomly oriented 
crystallites was speculated to form an isotropic 
distribution of a network. In contrast, the GB 
network formed by the dominant crystallites with 
the out-of-plane orientation (normal to the film 
surface) had an alignment structure that was more 
favorable to transport charge carriers. In general, 
GB plays a beneficial role in collecting charge 
carriers efficiently. The influence of crystal orien-
tation on the PCE was revealed to be larger than 
that of crystallinity, showing the importance of 
the crystallites with the out-of-plane orientation. 
This case became critical for the films without 
a high crystallinity. The high temperature of the 
substrate was the factor controlling changing the 
crystal orientation from a dominant out-of-plane 
orientation to a random or isotropic orientation.

Figure 3 shows GISAXS profiles of the one-
step solution-processed CH3NH3PbI3-xClx films 
prepared with chloride at 0, 10, 20 and 40 %, 
respectively. The GISAXS profiles prepared with 

chloride at 0 and 10 % showed the behavior of 
a power-law scattering (I(Q) ∝ Q-α; 1 ≤ α ≤ 3) in 
the middle Q range (0.007 ~ 0.03 Å-1). Here, the 
exponent values, α, reveal the typical characteris-
tics of mass fractals. The only best-fit model must 
include a structure factor of a fractal network 
consisting of the primary particles or pores. The 
GISAXS pattern is contributed mainly by the 
morphology of the multi-length-scale fractal 
network structure formed from the aggregation 
of primary pores here. Interestingly, the GISAXS 
profile (Fig. 3) of the perovskite film prepared 
with chloride (10 %) demonstrates a distinctive 
fractal pore network. The radius of the pri-
mary pores, pore fractal dimension and network 
domain determined with a model analysis were 
significantly enhanced to 4.0 nm, 2.6 and 115 nm, 
respectively. Notably, when the chloride frac-
tion was increased to 20 %, a nearly fully covered 
film was formed. The corresponding GISAXS 
profile (Fig. 3) shows a power-law scattering with 
the characteristic of surface fractal morphology 
(I(Q) ∝ Q-α; α = 3.7; Ds = 2.3) having a dense 
internal structure. It was explained that the com-
pact and highly dense aggregation of perovskite 
grains forced the internal pores to collapse into a 
dense structure with fractal morphology only on 
the surface. Moreover, when the chloride frac-
tion increased to 40 %, the aggregation of grains 
into a film became over-coalescent; there thus 
appeared a few holes between large grains. The 
corresponding GISAXS profile shows a surface 
fractal morphology with fractal dimension α ~ 3.0 
(Ds = 3). The increased surface fractal dimension 
reflected that the surface became rougher. 

The GIWAXS result (Fig. 4) was also reasonably 
correlated with PCE values. According to the 2D 
GIWAXS patterns, a comparison between the 
intensities of the out-of-plane (110) diffraction 
spots of perovskite crystallites (in the Q z direction 
in Fig. 4) demonstrated a substantial difference in 

Fig. 2: 2D GIWAXS patterns corresponding to vacuum-deposited CH3NH3PbI3-xClx films prepared at substrate 
temperatures 65, 75 and 85 °C, respectively. [Reproduced from Ref. 1]

Fig. 3: GISAXS profiles of one-step solution-processed 
CH3NH3PbI3-xClx films prepared with chloride at 0, 10, 
20 and 40 %, respectively. [Reproduced from Ref. 1]
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order 20 %  >  40 %  > 10 %  >  0, consistent with the performance. This result 
revealed that the simultaneous GISAXS/GIWAXS analysis enabled a com-
plete interpretation of the relation between structure and performance. The 
crystallites with a strong out-of-plane orientation (i.e. the direction normal 
to the film surface) of plane (110), shown by 2D GIWAXS (or GIXRD) 

Fig. 4: 2D GIWAXS patterns of one-step solution-processed CH3NH3PbI3-xClx films 
prepared with chloride 0, 10, 20 and 40 %, respectively. [Reproduced from Ref. 1]

measurement, was closely related to the high device performance. The GB 
network formed by the dominant crystallites with an out-of-plane orientation 
(normal to the film surface) was speculated to have an alignment structure 
that was more favorable to the transport of charge carriers than that of 
crystallites with other orientations. For perovskite films with an internal pore 
network (prepared with chloride 0 and 10 %), the crystallites oriented to the 
out-of-plane direction dominated; no crystallite with the in-plane orientation 
was apparently observed. The dense perovskite films with surface fractal mor-
phology (prepared with chloride 20 % and 40 %) had crystallites with both 
out-of-plane and in-plane orientations. The film with over-coalesced grains 
(chloride 40 %) had a highly ordered perovskite structure (shown by other 
spots at the high Q region between Q z and Q x directions in Fig. 4).

In summary, the structural characterization correlated with the processing 
control of hierarchical structure of a planar heterojunction perovskite layer 
was incomplete due to the limitations of conventional microscopes and 
XRD. The GISAXS/ GIWAXS measurement here provided a comprehen-
sive understanding of the concurrent evolution of the film morphology and 
crystallization correlating with high performance. This result could provide 
insight into the mechanism of formation and a rational synthesis design. 
(Reported by Yan-Gu Lin)  

This report features the work of Cheng-Si Tsao and his co-workers published in 
Sci. Rep. 5, 13657 (2015).
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